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Preface

Test structures are widely used in all manner of scientific and technological endeav-
ors. Their role in the development and monitoring of technology and its applications
in the specific area of microelectronics has become ever more important as the
technology becomes more complex and expensive, while market demands exert
downward pressure on product prices. Scaling of complementary metal oxide semi-
conductor (CMOS) technology to ever smaller dimensions, large investments in
silicon manufacturing lines, and the race to follow Moore’s law to its ultimate limits
have driven special attention to test structures. In addition to sessions at many con-
ferences with themes of microelectronic design, development, and manufacturing,
the IEEE sponsors a conference fully devoted to microelectronic test structures,
the International Conference on Microelectronic Test Structures (ICMTS), with
participants from industry, universities, and research laboratories from across the
Americas, Europe, and Asia. In recent years, several small companies marketing
test chips along with data analysis services have emerged to assist larger companies
engaged in CMOS technology development and manufacturing.

With backgrounds in low temperature physics, much of our earlier experience
in research and development was in the area of superconducting devices and cir-
cuits for magnetic and high-frequency digital and analog applications. Prior to our
work on test structures for CMOS technologies, we collectively worked in various
capacities on a wide range of other large and small projects, from optoelectronics
and photovoltaics to silicon bipolar and CMOS devices and fabrication, with some
continued involvement in basic and applied research in superconductivity. Work on
smaller projects often involved several or all aspects of technology development
from modeling and fabrication to circuit design and test. In larger projects such as
mainstream CMOS silicon technology development, on the other hand, the distri-
bution of technical work and responsibilities is much more modular, although some
management and advisory roles remain broad, but with less depth.

In late 1990s we started to work on the evaluation of IBM’s CMOS technology
performance based on compact models used in circuit simulations. This work was
initially driven by the need to elucidate the trade-offs between SOI and bulk CMOS
for IBM applications. Based on our past experience in physics and technology, an
approach incorporating mode-to-hardware correlation was a natural consequence.
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We started by designing high-speed test structures, sometimes resurrecting ideas that
were used in superconducting technology many years earlier. Bridging high-speed
circuit and product performance to MOSFET characteristics and process recipes was
critical. Acquiring precious silicon real estate on product wafers, meeting test time
budgets, and providing rapid feedback to technology and product teams added an
interesting business spin to the underlying technical effort. Many of our designs are
now in routine use in IBM’s CMOS technology development and manufacturing and
embedded in all of IBM’s high-performance products. A number of these designs
are also shared with IBM’s partner industries in CMOS technology development.

Information on different aspects of design and test of test structures is spread out
in bits and pieces across many textbooks and scientific publications. We have written
this book to provide a single source covering a wide range of the basic concepts of
test structures for digital CMOS technology. Our text features an integrated view of
design, test, and data analysis and includes numerous examples throughout, to serve
as a handbook to those working on test structures. While the focus is on digital
CMOS technology applications, many of the concepts described here are applicable
to other electronic devices and material systems as well.

Our knowledge on this topic was enhanced through work with our colleagues
in IBM Research, in IBM’s Server and Technology Group, and especially from
our collaborations within IBM’s Microelectronics division. Carl Anderson gave us
strong encouragement and support to couple with microprocessor design and test
teams. The manuscript was carefully reviewed by Tak Ning and we are grateful for
his insights into the technical content. We would also like to thank all the indi-
viduals who helped in reviewing the manuscript. Chin Kim gave us input from
a test structure design engineer’s view and Richard Rouse provided a perspective
from semiconductor industry in general. Selected sections of the manuscript were
reviewed by Brian Ji, Mary Lanzerotti, and Jayant Sogani.

Hopewell Junction, NY Manjul Bhushan
Yorktown Heights, NY Mark B. Ketchen
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Since ancient times it has been the nature of man to build physical structures, rang-
ing from the simple to the very sophisticated and complex. It has also been the nature
of man to devise experiments to explain how and why things behave the way as they
do in the physical world. As an end goal or as intermediate steps along the way, such
activities often involve the design, fabrication, and characterization of test structures
of one kind or another from which scientific principles and behavioral patterns are
derived, generalized, and applied on a wider scale.

An early example of a scientific experiment to prove a hypothesis is attributed to
Archimedes, circa 250 BC. In the popular story of the “golden crown,” Archimedes
was able to determine the purity of gold in the emperor’s crown by comparing its
density, as determined in part by the volume of water displaced, to that of lumps of
pure gold and silver [1]. Although there is no known written record by Archimedes
of this event, the story serves well to illustrate the concept of non-destructively
evaluating the properties of an object by learning derived from test samples.

A natural concern in conducting scientific experiments has been the validity and
accuracy of measurements. As far back as 1020 AD, Persian scientist Al-Biruni
wrote a commentary on systematic and random errors in measurement. “He argued
that if instruments produce random errors because of their imperfections or idiosyn-
cratic qualities, then multiple observations must be taken, analyzed qualitatively, and
on this basis, arrive at a common-sense single value for the constant sought, whether
an arithmetic mean or a reliable estimate” [2]. Many sophisticated statistical tech-
niques to account for measurement errors and variability in the data collected from
test samples or structures have been developed since the time of Al-Biruni. The use
of these statistical methods has become ever more important as large volumes of
data are collected and analyzed.

M. Bhushan, M.B. Ketchen, Microelectronic Test Structures for CMOS Technology, 1
DOI 10.1007/978-1-4419-9377-9_1, © Springer Science+Business Media, LLC 2011



2 1 Introduction

The integrity of the design and characterization of test structures has been instru-
mental in separating the winners from the losers in pursuit of some of the great
technological feats of all time. One such example is the invaluable contribution
of the Wright brothers to the field of aviation. In 1901 while Orville and Wilbur
Wright were conducting glider trials in Kitty Hawk, North Carolina, they came to
realize that the lift tables used by them and many of their immediate predecessors to
design and size wings were significantly in error. Subsequently they very carefully
constructed a wind tunnel and over a period of several months beginning in late
1901 made thousands of precise measurements on a wide variety of aerodynamic
test structures. The data from these experiments formed the basis of the design of
the wings and propellers of the first airplane which the Wright brothers constructed
and successfully demonstrated on December 17, 1903. Orville’s comment on the
errors made in earlier designs is noteworthy [3]: “From one way of looking at it,
you might even have called it encouraging, that the data others had used could not
be relied upon. It suggested that maybe the reason others had failed to fly was not
because the thing couldn’t be done.”

Test structures have played an essential and indispensible role in the unprece-
dented growth and success of the semiconductor industry from the invention of
the bipolar transistor in 1947 through today’s widespread use of silicon chips.
Complementary metal oxide semiconductor (CMOS) technology based on Frank
Wanlass’s invention in 1963 has now become the dominant silicon technology for
digital applications. Low power consumption, noise immunity, and scalability to
smaller dimensions leading to very large-scale integration (VLSI) circuits are some
of its attractive features. This technology is now utilized in products ranging from
low-cost consumer electronics to high-performance computer systems.

1.1 Role of Test Structures in CMOS Technology

CMOS technology follows the now-standard principles of planar silicon micro-
fabrication [4-5]. Metal oxide semiconductor field effect transistors (MOSFETsS)
with n-type or p-type channel conduction, generally referred to as n-FET (NMOS)
and p-FET (PMOS), are formed in the silicon substrate. A vertical stack of metal
and dielectric isolation layers is patterned on top of silicon for electrical intercon-
nections. A schematic cross section of a part of a CMOS circuit with an n-FET and a
p-FET and a five-metal-layer stack is shown in Fig. 1.1. The number of metal layers
may vary from three to ten or more. Other active and passive circuit elements such as
p—n diodes, resistors, capacitors, and inductors are also simultaneously fabricated.
Following Moore’s original projection on semiconductor technology scaling
trends in 1965 [6] and MOSFET scaling rules set forth by Dennard and co-workers
in 1974 [7], there has been an exponential growth in the device count per integrated
circuit. This trend of approximately doubling the transistor count every 2 years, cor-
responding to the reduction in minimum feature size by 0.7 x is shown in Fig. 1.2
for CMOS technologies [8]. Every 2-3 years, products in a new CMOS technology
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Fig. 1.2 Trends in minimum feature size and transistor count for integrated circuit chips since
1980. CMOS technologies corresponding to 500, 250, 65, 45, and 32 nm nodes are indicated [8]

generation are introduced in the marketplace. Each technology generation or node is
referred to by the minimum feature size in nm. These nodes are indicated in Fig. 1.2,
from 500 nm in 1993 to 32 nm in 2010. Development is currently under way on the
22 and 14 nm nodes.



4 1 Introduction

During the development of a new CMOS technology node, test structures are
used in both the development of the process technology and the optimization of
device behavior. As the technology transitions into manufacturing, test structures
play an important diagnostic role in climbing the yield learning curve and in provid-
ing valuable data for process monitoring and feedback for centering the fabrication
line. Careful characterization of device and circuit test structures provides input
to models used in designing CMOS products. Test structures both alongside and
embedded within the product facilitate tracking the technology, aid in debugging
product functionality, and enable early learning on reliability.

In manufacturing for mass production, quality control is generally enforced by
monitoring a small set of representative samples at different steps in the produc-
tion process. This ensures that the final product delivered to the customer is within
prescribed specifications. If the test samples indicate the process to be outside the
specified limits at any step, corrective actions are taken to re-center the process
in a timely fashion. Hence, any deviation from the normal process window affects
only a small fraction of the output and helps keep the manufacturing cost down.
Statistical Process Control (SPC) [9], Taguchi [10], and Six Sigma [11] are some
of the commonly used statistical control methods for improving manufacturing effi-
ciency. Quality control is facilitated by design of experiments (DOE) and with the
aid of variability analysis and control charts.

Development and manufacturing of CMOS products follow these same general
principles of process monitoring and quality control with some unique requirements.
The number of process steps being large (>100), manufacturing time of a CMOS
product is typically several weeks. Investment in a state-of-the-art CMOS fabrica-
tion facility (fab) is now running into several billion dollars. At the same time, the
market price of silicon chips and consumer products that utilize these chips has been
steadily declining. For an acceptable return on investment (ROI) from a silicon fab,
a steady flow of silicon wafers must be maintained through the manufacturing line
with nearly full capacity utilization to generate a continuous supply of CMOS prod-
ucts. In this scenario, it is increasingly important that the process be monitored at
each step as the silicon wafers flow through the pipeline and that the fraction of
rejected parts be kept to a minimum.

Characterization in CMOS fabrication is carried out at several different levels of
process integration. At a lower level, processes such as ion implantation, photoresist
patterning, etching, and chemical mechanical polishing are locally characterized on
individual tools. Techniques for such characterization involve, for example, thin-
film resistivity monitoring, line-width measurements, ellipsometry, and optical and
electron microscopy [12]. At a higher integration level, electrical test structures are
used for determining the characteristics and yield of CMOS circuit elements and
functional circuit blocks for logic and memory. These can be tested after completion
of many process steps as illustrated in Fig. 1.3. The MOSFET device and simple
circuit blocks can be tested only after at least the first metal layer, M1, has been
delineated. Hence, the first major test stop for electrical tests occurs immediately
post M1. The processing time to M1 is typically half or more of the total fabrication
time. Following M1, there may be several intermediate test stops prior to testing
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Fig. 1.3 Locations of electrical test stops in a CMOS fabrication line

the final product. The test structures described in this book fall into this category of
electrical tests and cover parametric, functional, and yield characterization.

Electrical test structures provide input for building compact models for
MOSFETs and other circuit elements. These semi-empirical models are based
on known theoretical properties of circuit elements coupled with fitting param-
eters derived from hardware characterization. Such models are used in a sim-
ulation program with integrated circuit emphasis (SPICE) simulator for circuit
analysis. Silicon foundries offer several different types of MOSFETs, from low
power to high performance for digital and mixed signal applications. In addi-
tion, MOSFET properties may be sensitive to physical dimensions and layout. A
large number of test structures are therefore required to cover this multidimen-
sional space for building models that can accurately represent the properties and
functional behavior of all circuit elements. New models are generated as the tech-
nology matures to accommodate significant changes in the process and device
behavior.

Increasing complexity of VLSI circuits has made the use of small test struc-
tures for diagnostics and debug of product functionality, reliability, and yield ever
more important. Signal propagation delays and power are measured on logic gates
and complex circuit blocks at different voltage and temperature application corners.
Impact of process variations, such as of physical dimensions and material proper-
ties, on circuit elements is monitored to determine a manufacturing process window
with acceptable yield. Test structures for product reliability are subjected to acceler-
ated stress, and reliability models are developed to predict product end-of-life. The
measured data from test structures are correlated with model predictions derived
from circuit simulations.

The role of test structures in increasing product yield and in building more accu-
rate models to get the right product design in place is frequently hidden and the
impact of test structures on the revenue stream, although great, is indirect. The large
number of test structures needed to measure the parameters of interest takes up pre-
cious silicon space which could otherwise be used to produce revenue-generating
product chips. Measurement time decreases wafer throughput in the manufacturing
line. Adding more test equipment to increase throughput adds to the capital equip-
ment cost. Finally, a team of engineers is devoted to data mining and analysis and
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correlation of electrical measurements to physical measurements and metrology.
The information gathered in this way needs to be fed back to the technology and
design teams in a timely fashion for appropriate action.

While test structures are critical in maintaining a robust and profitable manufac-
turing line, there is a cost associated with their use. The time taken for testing and the
unavoidable waiting time for test equipment availability add to the total process time
and impact the supply chain. The cost of test structure design, cost associated with
silicon area, cost of test, and cost of data analysis and feedback must be compen-
sated by the savings derived from reduced technology development time or product
rejection rate. Devising and executing an effective and efficient test structure plan is
a complex exercise that plays an important role in determining who profits the most
in the silicon technology game.

1.2 Placement of Test Structures

CMOS fabrication facilities require an ultra—clean environment and use partial or
fully automated wafer-handling systems and tools. These fabs are each dedicated to
a fixed silicon wafer diameter ranging from 100 mm (4 in.) to 300 mm (12 in.), and
many product chips are processed on each wafer. A silicon wafer map with rectan-
gular areas denoting lithographic exposure fields is shown in Fig. 1.4a. The pattern
for each process layer is delineated on a glass plate or mask known as a reticle.
The exposure field (or reticle field) is equal to some fixed reduction of the reticle
pattern. Generally all field sizes are identical on a wafer and at or near the maxi-
mum for the exposure tool in use. In an automated fabrication facility, the whole
wafer is processed and then diced with a diamond or a laser saw to separate each
chip. The width of the saw cut, which is of the order of 30-100 pm, is called the
kerf. The area designated for the kerf or the scribe line, indicated in Fig. 1.4b for a

L]
0
T T
scribe-line single-chip  multi-chip
silicon wafer reticle field  reticle-field

(a) (b) () (d)

Fig. 1.4 Planer views a of reticle exposure fields on a silicon wafer. b Kerf or scribe lines for
sawing the wafer into chips. ¢ Single-chip reticle field. d Multi-chip reticle field with increased
scribe-line area
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single-chip exposure field, is outside the product chip area, and it is removed during
sawing. The scribe line is utilized for placement of test structures for process mon-
itoring in the manufacturing line without any additional demand for silicon space.
The scribe-line area is very limited if there is only one product chip per reticle field
as shown in Fig. 1.4c but significantly larger for multi-chip reticle fields as shown in
Fig. 1.4d.

Silicon technology research, development, and manufacturing organizations take
different approaches to the placement of test structures. A graphical illustration of
representative approaches is shown in Fig. 1.5. In early technology development, the
full reticle field design contains only test structures. At this stage, the “test vehicle”
or “characterization vehicle” is an assembly of test structures, each with its own
independent inputs/outputs (I/Os) to interface with the test equipment. These test
structures usually require partial processing and are designated as short-loop test
vehicles. The designs are relatively simple and the development of different process
modules is carried out in parallel. MOSFET devices are ideally characterized with
a single layer of metal and characterization of metal layers may be carried out with-
out any active MOSFET elements. Only limited space on the reticle field may be
ascribed to more complex, product-like designs. As there may be multiple test vehi-
cles fully devoted to a sub-set of process steps, there is ample space for placement
of test structures.

In the second phase of the technology cycle, full qualification for manufacturing
takes place. In this phase, product-like designs utilizing all process steps and struc-
tures for yield learning with adequate critical area are included on the reticle field.
The space allocated for simpler designs used in the first phase is reduced.

In the third phase where the technology reaches full-scale manufacturing, the
reticle field area is primarily occupied by the product chips. At this point, most
test structures are accommodated in the scribe line, although some are embedded
in the product chip itself for diagnostic purposes. For electrical measurements, the
embedded structures may either have independent I/Os and be tested only at the
wafer level, or share the power supply and I/Os with the product and be tested at
wafer, package, or system level. In either case, they are placed in the unused silicon
space on the product which is typically very limited. Short-loop test vehicles may
be run periodically for full process characterization.

test
structures

o o o
o o o
TIIIIITT

>EI o o

product-chip short-loop
with distributed  test-vehicles
test structures

test-vehicle test-vehicle
with functional
circuit blocks

Development Qualification Manufacturing

Fig. 1.5 Placement of electrical test structures on a reticle field, from technology development
through manufacturing of CMOS products
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From process development through manufacturing, a sub-set of common test
structures is placed on all the wafers for tracking key aspects of the technology.
These test structures are maintained and faithfully migrated to other technology
nodes so that technology comparison in different phases, among different fabrica-
tion facilities, and across technology nodes can be carried out in an unambiguous
fashion.

1.3 Classification of Electrical Test Structures

Electrical test structures are classified in a number of ways based on their func-
tion, content, placement, and test requirements [13]. Frequently used categories
(followed by some examples of each in parenthesis) are listed below. There is con-
siderable overlap among the different categories. As we work our way through the
electrical test structure landscape in this book, the significance of these different
categories and their interrelationships will become more apparent:

A. Function (silicon fabrication process, yield, model build, product debug, and
reliability)

B. Circuit elements or circuit blocks under test (resistors, capacitors, MOSFETsS,

ring oscillators, logic circuits, and memory arrays)

Placement on silicon (scribe line, test vehicle, on-product)

Test metal layer (first, fifth, and last)

Test type (DC parametric, low frequency (<10 MHz), high frequency, and

digital)

F. Test equipment location (manufacturing in-line and laboratory)

mon

1.4 Scope of the Book

In this book we cover the basic ideas and concepts of electrical test structure design,
characterization, and analysis for digital CMOS applications. The implementation
of these ideas and concepts is demonstrated with numerous examples. The impor-
tance of differential design and measurement techniques, compact designs using a
single layer of metal, and test time reduction techniques are emphasized throughout
the book. References at the end of each chapter include text books on related topics,
selected articles from the scientific literature, and application notes from equipment
manufacturers.

Chapter 2 begins with a brief description of the circuit elements in CMOS tech-
nology and scaling rules for circuit parameters. An overview of electrical tests,
from DC to high frequency, is followed by a discussion of the different types of
test equipment and techniques for interfacing to silicon. The nuts and bolts of test
structure macros including I/O pads, signal propagation and delay rules, power dis-
tribution, and some commonly used logic circuit blocks are reviewed. A macro
template concept for achieving high efficiency in design and test is introduced and
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tips on migrating designs from one technology generation to next are given. We rec-
ommend that readers not familiar with test structure design read through Chapter 2
before delving into the other chapters.

Test structures for resistors, capacitors, and MOSFET characterization are cov-
ered in Chapters 3, 4, and 5 respectively. Ring oscillator-based test structures are
described in Chapter 6. In each of these four chapters, five test structure macro
design examples are presented. The first example contains basic design principles
implemented in a single metal layer. The design complexity is gradually increased
in the subsequent examples.

High-speed test structures for measurements of circuit delays with sub-ps pre-
cision are described in Chapter 7. In Chapter 8, test structures specific to partially
depleted silicon-on-insulator (PD-SOI) technology are described. These test struc-
tures are designed to measure the influence of floating-body effects on circuit delays
and the impact of thermal effects on MOSFET characteristics. As in Chapters 3, 4,
5, and 6, Chapters 7 and 8 each contain five macro design examples.

Test equipment for in-line characterization and laboratory bench tests is covered
in Chapter 9. In Chapter 10, standard statistical data analysis methods are introduced
followed by data visualization techniques specific to CMOS technology. Numerous
examples are included to illustrate and expand upon key concepts. Our experience
has convinced us that developing a sound plan for test and data analysis must be an
integral part of the test structure design process.

The subject of microelectronic test structures for CMOS technology is very broad
and multi-faceted. While it is impossible in a book of finite length to address all of
the important issues, we describe a methodology and an approach to this subject that
transcends the content of the book. This approach is more generally applicable to
other electronic technologies as well, such as Si bipolar, GaAs, and photovoltaics.
We hope this book will be of interest to those both with and without previous micro-
electronic test structure design experience and that it will help all to create first-time
correct designs with a high degree of efficiency.
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Electrical measurements are made either by directly contacting the test structure on
a silicon wafer to the test equipment as shown in Fig. 2.1 or after dicing and pack-
aging the test structure. The design of test structures is therefore closely coupled to
the method of interfacing to the test equipment and the capabilities and limitations
of the test equipment itself. Design and test efficiency is improved by standardiz-
ing the footprints of each class of test structures and maintaining a high degree of
commonality among them. Many of the test structures for MOSFET and CMOS
circuit characterization may be implemented at the first level of metal. During tech-
nology development and manufacturing, feedback from such test structures early in
the process cycle can help reduce the fabrication cost of CMOS products.

In this chapter, the essential elements of electrical test structures in CMOS tech-
nology are introduced. Special emphasis is placed on integrating the design effort
with silicon area usage constraints and test requirements. The concepts presented
here for achieving efficiency in design, data acquisition, and analysis are followed
throughout the book.

The following terminology is used loosely throughout the book. A device under
test (DUT) is the circuit element or the circuit block to be characterized. A DUT
may be a MOSFET, a resistor, a ring oscillator, a CMOS circuit block, or a num-
ber of these circuit elements and blocks connected together to form a single unit
such as an array of MOSFETs. A fest structure comprises a DUT and peripheral
circuitry required for carrying out the measurements. A macro contains one or more
test structures, assembled together as a single unit to be placed on silicon. The test
structures within a macro may share peripheral circuits and I/O pads to improve
silicon area utilization and test efficiency.

In Section 2.1, a brief description of CMOS circuit elements and basic logic
gates is given followed by CMOS technology scaling rules. The types of test
equipment used in the manufacturing line and in the laboratory are introduced in
Section 2.2. Silicon-to-test equipment interfaces, which include metal probes and
packages, are discussed in Section 2.3. Nuts and bolts of macro designs covered in
Section 2.4 include I/O pads, signal propagation in logic gates and interconnects,

test equipment

tester-to-silicon
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on-chip buffers, I/O drivers, power distribution, and commonly used logic circuit
blocks. The concept of macro templates, design methodology, and tips on migrating
macros from one technology node to another are described in Section 2.5.

We have assumed that the reader is familiar with at least some aspects of CMOS
technology, circuit design, and test. For an in-depth treatment of these topics, we rec-
ommend standard textbooks on CMOS fundamentals [1-3], semiconductor devices
including MOSFETs [4, 5], microelectronic fabrication [6, 7], and semiconductor
characterization [8].

2.1 CMOS Circuit Elements and Scaling

The two key constituents of digital CMOS circuits are the complementary
MOSFETs, n-FET (NMOS), and p-FET (PMOS), configured to consume power
primarily during switching. A p/n diode is another active element used in I/O protec-
tion, voltage reference, and isolation circuits. Precision resistors are used in CMOS
analog circuit applications such as amplifiers, analog-to-digital (A/D) converters,
and phase-locked loops for internal clock generation. Metal oxide semiconductor
(MOS) capacitors serve as decoupling capacitors for power supply stabilization.
Parasitic resistances and capacitances associated with MOSFETSs and metal inter-
connects have a measurable impact on circuit behavior. These parasitic elements are
characterized and modeled along with the other active and passive circuit elements.

2.1.1 MOSFETs and Diodes

Physical schematic cross sections of an n-FET and a p-FET in a conventional bulk
silicon technology are shown in Fig. 2.2a. The source, S, and drain, D, electrodes
or terminals of the n-FET are formed with heavily doped n-type diffusion, or n+,
regions in a p-type body or p-well. Similarly, S and D electrodes of the p-FET
are formed with p+ diffusion in an n-type body or n-well. The voltage on the gate
electrode, G, which is separated by a thin oxide layer (not shown) from the chan-
nel region between S and D terminals controls the source-to-drain current of the
MOSFET. Contact to the body, B, of the MOSFET is made through a p+ diffu-
sion layer for a p-type body and through an n+ diffusion layer for an n-type body.
Both n-well and p-well may be electrically isolated from the substrate in a twin-well
(twin-tub) process.

Physical layout schematics of an n-FET and a p-FET are shown in Fig. 2.2b in
a standardized format used throughout the book. Only the key design layers are
shown to preserve clarity in the drawings. The drawings are not to scale. Outline
of the n-well is shown for the p-FET, which distinguishes it from the layout of
the n-FET. Layer DF denotes the n+ and p+ diffusion layers, PS is the gate layer,
and HO squares represent vias connecting DF and PS to the first metal layer M1
through a dielectric isolation layer. Each MOSFET has two PS electrodes connected
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Fig. 2.2 Ann-FET and a p-FET: a schematic cross sections, b physical layouts, ¢ circuit symbols
with S, D, G, and B terminals, and d circuit symbols with S, D, and G terminals

in parallel (two-finger design), the outer DF regions form the S terminal and the
region between the fingers is the D terminal. The drain-to-source current /45 is mod-
ulated by the voltages on the G and D terminals with respect to the S terminal, Vg
and Vg, respectively. The /45 increases as the width W of the MOSFET is increased
or its channel length L, is reduced.

Circuit symbols for the n-FET and the p-FET with terminals S, D, G, and B are
shown in Fig. 2.2c. The B terminal is connected to an independent power supply
to control the body-to-source voltage Vg if a twin-well process is used. In most
circuits, terminal B is connected to S (Vs = 0) and three terminal representations
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Fig. 2.3 a Schematic cross sections of p+/n and n+/p diodes. b Circuit symbol of a diode

of the MOSFETs shown in Fig. 2.2d are used instead. MOSFET properties are
described in more detail in Chapter 5.

The cross sections and the circuit symbol of p—n diodes are shown in Fig. 2.3.
One application of p—n diodes is in electrostatic discharge (ESD) protection circuits.
An ESD circuit provides protection to the thin gate oxide layer of MOSFETSs from
damage by a high-voltage build-up on the I/O pads (Section 2.4.5). Diodes are also
used in temperature sensing and temperature-insensitive bandgap voltage reference
circuits.

2.1.2 Precision Resistors and Capacitors

The schematic cross section of a resistor formed in the silicon n-well is shown in
Fig. 2.4. Contact resistance is reduced with n+ diffusion implants. Resistors may
also be defined in the PS layer. These precision resistors are primarily used in analog
circuit designs.

The MOS capacitor provides a higher capacitance per unit area than do metal
capacitors. These capacitors, placed across the power supply, stabilize the voltage
spikes generated during switching of CMOS circuits. The schematic cross section
of a decoupling capacitor (DECAP), is shown in Fig. 2.5a. Contact to the n-well is
made through an n+ diffusion layer, and the PS layer forms the second electrode of

A Z | «—— M1
<—— HO
M N+ N+
Fig. 2.4 Schematic cross oxide, oxide
section of a resistor element i}?{: n-well -
in silicon, formed in an n-well N = —
with n+ diffused regions for p-type silicon substrate

low resistance contacts
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Fig. 2.5 a Schematic cross section of a gate oxide capacitor (DECAP) with two adjacent sections.
b Equivalent circuit of a DECAP

the capacitor, separated by the gate oxide layer from the n-well. An equivalent cir-
cuit of the DECAP is shown in Fig. 2.5b. There is a parasitic resistance contribution
from the PS and diffusion layers and via contacts in series with the capacitor. When
using DECAPs for voltage stabilization, an upper limit on the application frequency
is set by the RC time constant of the DECAP.

Silicon film resistances and p/n junction capacitances add parasitic elements to
CMOS circuits. Parasitic bipolar transistors are formed by n—p—n and p—n—p layers
in the n-FET and p-FET, respectively. By design, these transistors are prevented
from turning on and rendering a CMOS circuit inoperative (latch up).

2.1.3 Interconnects

The active and passive devices defined in silicon are electrically connected together
with metal layers deposited on top of silicon. In CMOS technologies, a planarized
vertical stack of three to as many as 12 or more Cu or Al metal layers is offered for
interconnects. The metal layers are vertically separated by an inter-level dielectric
(ILD) material. Holes or vias are etched in the ILD layers, which are then filled with
metal to serve as contacts between vertically adjacent metal layers. The lower metal
layers are thinner and the allowed minimum linewidth is small to accommodate
dense local wiring. The wire thicknesses and linewidths are increased in higher
layers to meet the current-carrying requirements of clock and power distributions
across the chip and to reduce parasitic resistances in long signal wires. Generally,
product chip wiring is facilitated with wires travelling in orthogonal directions in
vertically adjacent layers.

The schematic cross section of a planar five-layer metal stack with two thin (1x)
layers and two thick (2x) layers with twice the minimum dimensions of thin layers
is shown in Fig. 2.6a. The fifth metal layer, MT, which is also the top layer, is
thicker and may have a protective coating of Al for ease of probing or packaging.
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Fig. 2.6 a Metal wiring stack with two thin layers M1 and M2, two 2x thick layers M3 and M4,
and a top layer MT. b Planar view of M1 and M2 layers with and without redundant vias. Via layer
HO connects DF and PS to M1; H1, H2, H3, and H4 inter-level vias above M1 are shown in a
stacked configuration

The symbols for the metal layers are MX, where X is the layer number starting with
1 at the bottom, and the via layer above MX is HX. Other layers between M4 and
MT may be present in CMOS product chips.

Via layers HO—H4 are square or rectangular in shape. The material for the lowest
layer via, HO, contacting DF or PS layers to M1 wires is tungsten or tungsten alloy
and has a higher resistance than Cu and Al. Via dimensions are smaller than the
metal line dimensions and therefore vias are more susceptible to open-circuit fail-
ures. Process yield is improved with wider metal lines and redundant vias wherever
possible. A planar view of metal interconnects between layers M1 and M2 with and
without redundant vias is shown in Fig. 2.6b.

Resistances and capacitances associated with interconnect wires are measured
and modeled for circuit simulations as they add to signal propagation delays and
introduce coupling between signal lines. Spurious metal between wires may cause
electrical shorts. Breaks in wires and insufficient metal in vias create electrical
opens. These “shorts” and “opens” are detrimental to product yield. Test structures
are designed to detect the presence of such defects.

In a CMOS manufacturing flow, the first electrical test stop for full active devices
occurs immediately after M1 delineation. In Chapters 3, 4, 5, 6, 7, and 8, a number
of macro design examples of moderate complexity, implemented at the M1 metal
level, are provided. Such designs facilitate electrical characterization early in the
process cycle.



18 2 Test Structure Basics
2.1.4 Physical Layout and Ground Rules

Electrical characteristics of circuit elements in CMOS products are dependent on the
properties and physical dimensions of various material layers. In the 65 nm CMOS
technology node and beyond, charge carrier mobility enhancement in strained sil-
icon layers and across wafer and local temperature gradients during processing of
the silicon wafer impose physical layout dependency on MOSFET characteristics.
Linewidth and layer thickness variations arising from photolithographic processes,
reactive ion etching (RIE), and chemical mechanical polishing (CMP) are influenced
by local pattern density of films, and location of the test structure on wafer. Parasitic
resistances and capacitance of silicon diffusion layers, polysilicon or metal gate
electrodes, and metal interconnects are therefore dependent on the process recipes
as well as their physical layouts.

The ground rules (GRs) for physical design in each technology are provided to
the designers by the technology development team or the silicon foundry. The GRs
include minimum and maximum dimensions of shapes on all layers, inter-layer and
intra-layer spacing and overlap between layers, allowed shapes in a layer, and their
pattern densities. There are additional rules arising from design for manufacturabil-
ity (DFM) which further restrict design styles in favor of higher product yield. The
extent of incorporation of DFM GRs may vary from product to product in the same
technology node. The physical layout styles for CMOS gates and circuit blocks may
vary with the layout of the on-chip power distribution grid. Hence in designing test
structures, it is important to follow the layout styles which best represent the product
chips of interest.

We have adopted a standard physical layout style for illustrating the macro design
concepts presented in this book. This style, with key design layers on a grid, is
typical of the 65 nm CMOS technology node and beyond. In Appendix A, a stan-
dardized set of physical dimensions of layers and electrical parameters of circuits
used in examples throughout the book are listed. These properties have been selected
to simplify calculations and are in the range of the 65 and 45 nm CMOS technology
nodes but do not represent any specific CMOS foundry. Description of a standard
macro template with a linear array of 25 I/O pads (1 x25 padset) is also included.

2.1.5 CMOS Logic Gates

In combinational logic, the most commonly used circuit blocks for carrying out
simple logic operations are inverter, NAND, and NOR. Other circuits such as XOR,
XNOR, AOI, and OAI are also available as single blocks in a circuit design library.
These circuit blocks are referred to as static logic gates. Except during signal tran-
sition through a logic gate, the input and output voltage levels of these logic gates
are held either high or “1” or low or “0,” where “1” and “0” represent Vpp and
GND potentials. This basic CMOS family of logic gates comprises n-FETs and
p-FETs and one or two metal layers for interconnects. Single n-FETs and p-FETs,
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or both MOSFET types connected in parallel, act as switch elements in signal lines.
The static logic gates and switches form the basic building blocks of more com-
plex functional circuits such as decoders, multiplexers, adders, and multipliers. In
this section, we describe the circuit schematics and logic operations of logic gates
(inverter, NAND, NOR, and XNOR) and MOSFET switches.

A static logic gate may have one or more inputs and a single output. A signal
transition occurs when the output voltage level changes in response to changes in
one or more input levels. If the transition results in an output changing from “0” to
“1,” it is called a pull-up (PU) transition. A pull-down (PD) transition occurs when
the output changes from “1” to “0.” The signal propagation delay across a logic gate
is commonly defined as time delay from the mid-point of the transition-inducing
waveform to the mid-point of the output waveform.

The physical layout and the circuit schematic of a CMOS inverter comprising
an n-FET and a p-FET are shown in Fig. 2.7a, b, respectively. The gates of the
p-FET and the n-FET are connected at the PS level. The metal wires at the top
and the bottom are connected to the Vpp and GND terminals of the power supply.
An inverter circuit symbol with power supply connections is shown in Fig. 2.7c.
This “mixed-mode” representation of a logic gate or a circuit is a useful way of
combining its symbol with the physical arrangement of the power grid in the layout.
The relationship between voltage levels at input node A and output node Z with A
either at “0” or “1” is shown in the logic truth table in Fig. 2.7d.

The NAND, NOR, and XNOR logic gates have two or more inputs and a sin-
gle output. Any one or multiple inputs may switch voltage states at a time. It is
convenient to add the number of inputs to the name of the gate. For example, a
two-input NAND gate is referred to as NAND?2. Circuit schematics, symbols with

Voo Voo
I: A D—Do—u Z
GND
A ——aoZ

v

GND Az
K
110

(a) (b) (d)

Fig. 2.7 An inverter: a physical layout, b circuit schematic, ¢ a mixed circuit and physical
representation with symbol and power busses, and d logic truth table
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Fig. 2.8 Circuit schematic, symbol with power busses, and logic truth table of a a NAND2, b a
NAND3, and ¢ a NOR2 logic gate

power busses, and truth tables for a NAND2, a NAND3, and a NOR?2 are shown in
Fig. 2.8a—c. Circuit schematic, symbol with power busses, and logical truth table for
an XNOR?2 are shown in Fig. 2.9.

In Fig. 2.10, the three commonly used MOSFET switch configurations for pass-
ing or blocking a signal are shown. The switch is opened or closed by turning the
MOSFET channel current off or on with a control signal applied to its gate. An
n-FET switch, referred to in this configuration as an n-passgate or n-passtransistor,
is more effective in passing a “0.” A p-FET switch (p-passgate or p-passtransistor)
is more effective in passing a “1.” A transmission gate shown in Fig. 2.10c with
both MOSFET types connected in parallel is used for effectively passing either a
“1” or a “0.” If a single control signal is used for both the n-FET and the p-FET in



2.1 CMOS Circuit Elements and Scaling 21

2-input XNOR
B D—G N (XNOR2) Z=AeB
—
. Vop A[B[Z
0|01
A
— | H B @% z 010
1/0(|0
A - GND 1011
Fig. 2.9 Circuit schematic, symbol, and logic truth table of an XNOR2 logic gate
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Fig. 2.10 MOSFET switches to pass or block a signal from A to Z with a control input S:
a n-passgate, b p-passgate, and ¢ transmission gate

the switch shown in Fig. 2.10c, an inverter is included to provide a complementary
control signal to the gate of the p-FET.

For validation of models used in circuit simulations, the AC behavior of these
logic gates is characterized to correlate the measured signal propagation delays,
power, and other circuit properties with model predictions. Test structures for high-
speed characterization of logic gates are covered in Chapters 6, 7, and 8.

2.1.6 CMOS Scaling Rules

With advances in lithography and semiconductor fabrication tools, the feature sizes
in CMOS technologies have been following the trend predicted by Gordon Moore
in 1965 [9]. Since then minimum feature size has been shrinking by a factor of
~0.7x every 2 years, with the potential of doubling the maximum transistor count
on product chips. The technology node name reflects the approximate physical gate
length (in nm) of the MOSFET, which is the minimum dimension of the PS layer
in the direction of current flow in the channel. CMOS scaling is also described in
the context of the minimum contacted gate pitch, which is the sum of PS-to-PS
spacing and gate length with HO contact via in-between the two PS shapes. The
trends in minimum contacted pitch dimension and minimum SRAM cell area with
technology nodes are shown in Fig. 2.11. Typically, other minimum dimensions in
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Fig. 2.11 Contacted gate pitch and SRAM cell area scaling trends of 0.7x and 0.5x per
technology node, respectively [10]. Inset depicts PS-contacted pitch

silicon and in lower metal layers and vias are scaled by about the same factor as the
contacted pitch.

In addition to feature sizes and circuit density, the power supply voltage is also
scaled. In a constant electric field scaling scheme (constant Vpp /L, and Vpp/fox),
Vpp is scaled by the same factor as feature size. In practice, to maintain volt-
age compatibility between different generations, Vpp is scaled more gradually. In
a generalized scaling scheme, the vertical and horizontal electric fields increase
at the same rate, preserving the shape of the electric field pattern as the feature
size is reduced. In Table 2.1, the multiplication factors for scaling key MOSFET,
wire, and circuit parameters are listed [4], where S (<1) and 1/Sy (Sx < 1) are the
multiplication factors for feature size and electric field, respectively. Prior to the
introduction of high-dielectric constant (HK) materials for the gate oxide in the 45

Table 2.1 Generalized rules for scaling MOSFET, wire, and circuit parameters to smaller
dimensions [4]

MOSEFET or circuit parameter Multiplication factor (S < 1, Sy < 1)
Contacted gate pitch S
MOSFET dimensions (Lp, W, fox) S
MOSFET capacitance S

Vbb NYAYS
Ion ~ §/Sk
Circuit delay (C-V/I) S
Power density (1/850)?
Circuit density 1/8?
Metal wire thickness (1x wire) ~S
Metal wire width (1 x wire) ~S
Metal wire resistance per unit length (Ry,) 1/82
Metal wire capacitance per unit length (Cy,) ~1
Voltage drop per unit wire length (IonRy) 1/(5Sy)
Delay per unit wire length (Ry,Cy) 1/8?

Delay for wire length scaled by S 1/8
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dummy PS

Fig. 2.12 a Inverter layout with two PS fingers. b Inverter layout scaled by 0.7 x. Neighboring PS
dummy shapes at the same pitch as in the inverter are also shown

and 32 nm technology nodes, to limit the gate oxide tunneling current, the gate oxide
thickness #,x was scaled more gradually than feature size.

Physical layout of an inverter (with two PS fingers) and its 0.7 x scaled version,
with a factor of two reduction in area, are shown in Fig. 2.12. Faithful printing of
layer design dimensions smaller than the wavelength of the optical source in the
photolithography exposure tool has led to many challenges. Prior to optical mask
generation, the design dataset is modified using an algorithm for optical proximity
correction. Assist features are placed on the mask to reproduce the design dimen-
sions on the wafer. RIE and CMP processes are sensitive to local area coverage and
it is important to keep the pattern densities of different layers nearly constant over a
desired length scale. This is accomplished by either manually adding dummy shapes
on each layer that are electrically isolated from the circuits or using a tool to auto-
matically fill any available space with dummy shapes. The dummy shapes for the
PS fingers are included in Fig. 2.12.

2.2 Electrical Measurements and Test Equipment

In early technology development and in process monitoring in the manufacturing
line, prior to the availability of all active elements or metal interconnect layers,
electrical characterization is primarily focused on DC or low-frequency tests. High-
frequency and digital tests are performed on more complex test structures after
partial or full process integration of the active circuit elements with interconnect
layers. Automated test equipment (ATE) for DC parametric, digital, and RF tests are
commercially available. A more detailed description of test equipment for CMOS
devices and circuits is covered in Chapter 9.
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Laboratory test equipment for DC tests comprise one or more independent power
supplies; voltage, current, resistance, and capacitance meters; pulse generators;
frequency counters; and other high-frequency test equipment. A semiconduc-
tor parameter analyzer (SPA) is used for full /-V and C-V characterization of
MOSFETs and diodes. These SPAs are programmable and provide a user-friendly
interface with built-in data analysis features.

In-line DC parametric ATE provide a more efficient means of data collection
than laboratory test equipment. These testers typically comprise up to eight source
measure units (SMUs) which can be configured as voltage and current sources or
meters. An electronic switch matrix is used to connect any SMU to one or multiple
locations allowing flexibility in I/O configuration. The two test modes for measuring
I-V characteristics and resistances are voltage force current measure (VFIM) and
current force voltage measure (IFVM). Parametric ATE with a low level of parallel
test capability is also available. This parallelism provides significant reduction in
test time.

An impedance meter is used for measuring stand-alone capacitors. Capacitance
test structures, with CMOS circuit integration schemes, can be measured with a
standard parametric tester. Frequency measurements from the kHz to the GHz
range are made with a frequency counter, an oscilloscope, or a spectrum analyzer.
Impedance meters and pulse generators for AC measurements may be incorporated
in parametric ATE.

ATE for digital tests (at frequencies as high as a few GHz) are equipped with
internal clocks and have the capability of handling programmable bit-stream logic
inputs and outputs. These testers are fast and capable of making many measurements
in parallel. Limited DC tests can also be carried out but the measurement accuracy
in current ranges below 1 WA and in voltage ranges below 10 mV is poor compared
to parametric ATE. Measurements at RF and microwave frequencies require special
fixtures, cables, and careful impedance matching to couple the test equipment to the
test structures.

Test structure efficiency may be enhanced by judicious use of the available fea-
tures in the test equipment. Prior to designing a test structure, it is a good practice
to become familiar with the characteristics and limitations of the designated test
equipment. Some of the important factors to consider are number of independent
source and sense elements, range and accuracy of measurements, frequency limits,
measurement time, and parallelism. Whenever software packages or test algorithms
are provided by the test equipment manufacturer, it is helpful to design test struc-
tures within the constraints of the existing code and avoid the overhead of custom
software development.

2.3 Silicon Interface to Test Equipment

Electrical connections are made between the macroscopic test equipment and cables
to the microscopic CMOS circuit elements of typical dimensions ~1 pwm. These
connections are facilitated with sharp metal needles or wires contacting large
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conducting I/O areas on silicon with dimensions of ~40 pm. The two primary phys-
ical configurations of these I/O contact areas in a macro are planar metal pads and
solder bumps. Electrical tests at the wafer level are conducted with metal probes
contacting the pads or bumps. Contacts to an individual chip in a package are made
by wire bonding to planar metal pads or flip-chip bonding of solder bumps by reflow.
I/O layout and contacting techniques are selected on the basis of the process step at
which tests are conducted, test structure geometry, I/O count, current and power
requirements, frequency of I/O signals, and number of test repetitions.

Example distributions of I/Os for a macro with planar pads and solder bumps are
shown in Fig. 2.13a, b. Planar I/O pads have one or more layers of metal and are
generally placed on the periphery of a macro or some other geometrical arrange-
ment suitable for landing probe needles or wire bonds. Pb—Sn alloy solder bumps,
also called controlled collapse chip connections (C4s), can be distributed across the
surface of a macro or a chip.

For wafer-level tests, contact to I/O pads can be made with metal cantilever
probes on planar metal pads or with vertical probes on solder bumps as shown in
Fig. 2.13c, d. Cantilever probes are constructed from a hard material such as tung-
sten, rhenium—tungsten, beryllium—copper, and a palladium alloy. The probes are
pressed down and a low resistance contact is made with a mechanical scrubbing
action to break through the oxide layer on the metal surface.

Macros with a limited number (~10) of I/Os can be tested in a laboratory bench
setup with individual probes mounted on a wafer probing station. The probes are
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Fig. 2.13 a Planar I/O pads. b I/O solder bumps. ¢ Cantilever probing of planar pads. d Vertical
probing of solder bumps. e Wire bonding. f Flip-chip bonding
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manually positioned and aligned one at a time to the I/O pads with the help of
micromanipulator arms to control X, Y, and Z motions, and an optical microscope.
Alternatively, a probe card with contact needles (up to ~100 or more) can be manip-
ulated as a single unit and brought into contact with an underlying array of I/O pads
on silicon. Motorized and programmable probing stations with micro-positioning
capability for precision alignment are commercially available for test structures with
a large number of I/O pads and smaller pad geometries. In silicon manufacturing,
automated wafer probing stations and probe cards with a customized arrangement
of probe tips to match a standardized footprint of I/O pads are used for a large
set of macros to be tested. A more detailed discussion on the configuration of
probe cards and the impact of their use on macro design and test are included in
Section 2.3.1.

Individual macros for extended or repeated testing, for stress and reliability char-
acterization, and for other non-standard tests are packaged in a chip carrier after
dicing the silicon wafer. The diced chip is mounted on the package platform with an
epoxy adhesive or by the formation of a metal eutectic bond. One end of a fine wire,
15-50 pm in diameter, is bonded to the I/O pad and the other to the metal post on
the package as shown in Fig. 2.13e. There are two types of wire bonding processes.
Ball bonding is used with copper and gold wires with good thermal and electri-
cal conductivity. A ball of metal is formed at the tip of the wire by heat and then
attached to a heated bonding surface by applying pressure and ultrasonic energy.
Ultrasonic bonding alone is used with Al and Al alloy wires. In all cases, a protec-
tive coating of Al on the pads is preferred. Minimum pad area for wire bonding is
~1,600 pm?. Both manual and automatic wire bonding machines are commercially
available. With an automated setup, many thousands of reliable bonds can be made
within an hour.

Macros with solder bumps (C4 s) are packaged with a flip-chip technique as
shown in Fig. 2.13f. The package substrate has metalized areas matching the C4
pattern on the macro. The chip is placed upside down on the substrate and attached
to it by applying heat and pressure to reflow the solder and create a bond. Dummy
C4s may be added on the macro to achieve uniform pressure during bonding. This
technique is useful for large macros or chips with hundreds or thousands of I/Os
for signals and for power distribution across the macro. With inherent low con-
tact resistance, capacitance, and inductance, flip-chip techniques are well suited for
measurements at high frequencies.

2.3.1 Probe Cards

A high density of I/O connections is achieved with the use of appropriately con-
figured probe cards [11]. A probe card comprises metal probes mounted in a ring
on a printed circuit board or ceramic substrate in a predefined geometrical arrange-
ment. Simplified views of probe needles and a common probe card design are shown
in Fig. 2.14. This mechanically robust card with very delicate probe needles can
be manually aligned to the I/O pads on silicon in a laboratory environment. In an
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Fig. 2.14 a Side view of probes mounted around a ring on a printed circuit board (PCB). b Top
view of a probe card schematic with eight probes mounted on a PCB with a plug-in connector

industrial setup, the probe card is mounted on a computer-controlled wafer probing
station for automatic positioning and alignment to a specified macro location on the
wafer.

The schematic of a test station in a manufacturing line is shown in Fig. 2.15.
A wafer handler automatically loads and unloads wafers from a cassette which can
hold 20-25 wafers. In a 300 mm silicon fabrication line, the cassette is replaced with
a foup for keeping wafers in a clean and controlled environment. The wafer is placed
on a temperature-controlled vacuum chuck. The probe card is mounted in a test head
positioned above the wafer and a computer-controlled micromanipulator arm aligns
the probe card to a specified X, Y location on the wafer with an alignment accuracy
of &1 wm. The height of the probe card above the wafer is adjusted to facilitate
loading and unloading of wafers and for applying desired pressure on the probes to
establish low resistance ( ~1 €2) ohmic contacts.

Only a single probe card with <10-1,000 probe wires may be mounted on the
probe station at a time. At the completion of the tests on one site, the wafer is
stepped to the next site. With the step-and-repeat capability of the wafer-handling
system, the probe card stays in alignment as the wafer is sequentially positioned
to different macro locations on the wafer. Electrical wires connect the probe card to
the test equipment. The entire wafer loading—unloading, probe card alignment to the
test structure, test code for controlling the inputs and outputs of the test equipment,
and data transfer to a database for characterization and analysis are automated using

data bus
test
-F.)rObe i E htzztd — tgst computer
silicon wafer \Wafer manip- equipment
Han dIerT ulator

Fig. 2.15 Components of a test station, including wafer handler, test head with probe card assem-
bly, a manipulator arm for positioning the test head, test equipment, and computer interface for
data acquisition
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computer control. The test station is housed in a controlled environment, as probe
alignment precision and contact pressure are sensitive to fluctuations in ambient
temperature and mechanical vibrations.

Custom probe cards to match the footprint of I/O pads of a macro can be pur-
chased commercially. Probes are sufficiently electrically isolated from each other
to reduce DC leakage currents and cross-coupling of high-frequency signals to
acceptable levels. Probe cards for current measurements in the pA to fA range are
constructed on ceramic substrates to improve DC electrical isolation. Probe card
specifications include the maximum operating voltage and current-carrying capabil-
ity of the probes. Currents exceeding the maximum limit may cause thermal heating
and ultimately result in probe meltdown. High voltages may result in excessive
leakage currents in the low current measurement ranges.

Probe cards for measurements at wafer temperatures exceeding 100°C over an
extended period of time may include heat reflectors to keep the card temperature
within an acceptable range. There are also constraints on the card materials used
for measurements at temperatures below —25°C and if the probe card is placed in
a refrigerated system. These special probe card designs ensure mechanical integrity
of the low resistance electrical contact to the I/O pads under different conditions.

For high-speed measurements at frequencies above 1 GHz to as high as 50 GHz,
signal I/O lines are shielded by using GND-signal-GND (G-S-G) pad arrangements
shown in Fig. 2.16. Capacitors are incorporated in DC 1/O lines to smooth out any
noise spikes. These capacitors are mounted close to the probe tips and also on the
printed circuit board.

Some mechanical rubbing motion is required for the probe tip to break through
the thin native oxide layer to contact the metal I/O pad surface. Hence, probe tips
tend to accumulate debris. The probes are cleaned with an abrasive material such
as alumina or tungsten carbide after a predetermined number of touchdowns. The
cleaning procedure, repeated after an assigned number of touchdowns, takes tens
of seconds to perform and adds to the total test time. Repeated touchdowns and
abrasive cleaning damage the probe tips, and the probe cards have to be replaced
periodically. Qualifying different probe card designs and changing probe card on
an ATE are time consuming. In a manufacturing environment, the time to test
a macro must be minimized to increase wafer throughput and hence profit mar-
gins. It is therefore important to standardize the I/O pad geometry on as many
macros as possible and avoid frequent exchanges of probe cards in a manufac-
turing line. New materials and probing techniques are evolving to improve probe
lifetime.

GND SIG GND SIG GND SIG GND

+ probe tip

Fig. 2.16 1/0 pad arrangement for high-frequency signals: GND-Signal-GND (G-S-G)
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2.3.2 Advanced Probing Techniques

Thin flexible interposers (TFIs) have now largely replaced vertical probes for con-
tacting very high-density C4s. Micro electro-mechanical system (MEMS) probe
cards are available for full wafer testing. With a pad pitch of 50 um, and low contact
pressure allowing millions of touchdowns between probe card replacement, MEMS
technology offers an attractive alternative to traditional needle probes.

In failure analysis, to contact circuit elements in the absence of I/O pads,
extremely small probes (pico-probes) are used. These delicate pico-probes can
make contact with a metal area less than 1 wm?. The current-handling capability
of such probes is of the order of 1 mA, and alignment is carried out via atomic
force microscopy. The test capability is further limited as the maximum number of
pico-probes in a test setup is ~5.

In picosecond imaging circuit analysis (PICA), circuit delays are measured by
detecting light emission during switching. Although this is a powerful technique for
measuring circuit delays and relative signal arrival times in complex circuits, spe-
cial sample preparation techniques are required, limiting its use to failure analysis
applications. A number of other electron and optical emission techniques have been
developed for failure analysis of CMOS circuits [8].

Development is underway to replace mechanical probing techniques with
non-contact wireless methods. Each I/O pad is connected to an antenna and
trans-receiver circuit and high-frequency wireless communication is established
between the test structure and the test equipment. One application of the non-
contact technique for measuring the frequency of a ring oscillator is mentioned in
Section 6.5.

2.3.3 Macro Area and Test Time Efficiency

There are several factors to be considered in optimizing overall macro efficiency.
The area occupied by a macro on silicon must be minimized so that either more
macros can be placed on a test vehicle or more product chips can be produced
per wafer. This must be done without compromising the information obtained from
test structures for quality control of the manufacturing process and product debug.
Compact macros with minimum available probe pitch and I/O pad area, shared I/O
pads, and multiplexing schemes to increase the contents and tests per macro are
some of the ways to improve macro efficiency.

The total test time is the sum of measurement time, indexing time which includes
stepping and alignment, and probe cleaning time. Test efficiency, defined as (time
per test x tests per macro x number of macros)/(total time), increases with the
number of tests per probe touchdown. Test efficiency for an electrical test time
of 0.01s per test, indexing time of 0.5 s, and a cleaning time of 50 s per 100
touchdowns is shown as a function of number of tests per macro in Fig. 2.17. It
is apparent that increasing the number of tests per touchdown improves test effi-
ciency. This is facilitated by using multiplexing schemes to increase the number of
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Fig. 2.17 Test efficiency as a function of number of tests per macro
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Fig. 2.18 Probe card design considerations

DUTs per macro and by increasing both the number of I/O pads within the macro
and corresponding probes per probe card.

Test time can be significantly improved further by testing a number of DUTs in
parallel. Design considerations for parallel testing for various types of DUTs are
covered in the examples in Chapters 3, 4, 5, 6, 7, and 8. Probe card design and I/O
pad layout contribute directly to macro area and test efficiency as mentioned above.
In addition, probe cards impact measurement accuracy and limit current, voltage,
and frequency ranges over which measurements are made. These considerations are
discussed in a number of places in this book as indicated in Fig. 2.18.

2.4 Nuts and Bolts of Test Structure Macro Designs
The form factor (width/height) of macros placed in the scribe line is typically

between 5 and 25, although large area macros may have a form factor approach-
ing unity. In the macros designed for wafer-level probing, planar I/O pads serve as
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landing areas for cantilever probes mounted on probe cards. The I/O pads are placed
in a linear array on one or both sides along the longer dimension of the macro.
Pads frequently occupy a significant fraction of the total macro area and hence their
utilization must be carefully optimized in creating area-efficient designs.

The constraints on macro geometry for scribe-line placement pose a greater chal-
lenge in signal and power distribution than does a large square or rectangular CMOS
product chip with uniformly distributed I/Os. Computer-aided-design (CAD) tools
developed for CMOS chip floorplanning and for power and timing optimization are
typically not easily adapted to test structure designs. Often these tools may not be
available to technology developers and test vehicle designers as the risk of a few
malfunctioning test structures does not justify the cost of licensing and customizing
these tools and providing training to a small design team. It is therefore prudent for
a test structure macro designer to follow general circuit design principles and use
rules of thumb described here and illustrated in examples throughout this book.

In this section, common features in macro designs which include I/O pads,
electrical wiring, I/O drivers, ESD protection circuits, and power distribution and
voltage stabilization are described. Placement of DUTs and peripheral circuits is
dependent on the DUT types, measurement requirements, and I/O pad sharing
schemes. Discrete circuit element DUTs, such as resistors and MOSFETs, and
small-area circuit DUTs may be placed in the space between pads as shown in
Fig. 2.19a or even under the pads. Large-area DUTs and peripheral circuits are
placed along one or both sides of the I/O pad array as shown in Fig. 2.19b, c. The
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Fig. 2.19 Examples of placement of test structures (hatched areas) with respect to a linear array
of I/0O pads: a small-area DUTs placed in the space between pads. Large-area test structures placed
b along one side and c along both sides of a linear pad array
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majority of test structure macro designs examples in this book use a standard 1x25
padset described in Appendix A. The pads are numbered from left to right and in
many cases the pad label indicates the I/O function.

2.4.1 I/0 Pads

I/O pads are square or rectangular shapes of conducting material deposited on sili-
con to define landing areas for probe needles or wire bonds. In a regular linear array
of pads, pad pitch is defined as the sum of pad width and pad spacing. The I/O pad
resistance is minimized with the use of low resistance materials such as Cu and Al.
During CMOS processing, wafer probing is done on Cu pads. At the final step of
wafer processing, the pads are covered with a layer of Al which forms a thin oxide
passivation layer on its surface when exposed to air. This oxide film is less suscepti-
ble to corrosion and mechanical damage than is Cu. It is easily punched through by
the application of a mechanical scrubbing action when contact is made with probe
needles or wire bonds. Al pads are also more suitable for measurements at high tem-
peratures than are Cu pads. Prior to the M1 process step, however, DF or PS layers
may be used for an early evaluation of silicon and MOSFET gate layers.

When a multi-layer metal stack is available, I/O pads may be patterned in any
one or all the metal layers. If the I/O pads have several metal layers, interconnect
vias between adjacent layers may be included in the pads. In Fig. 2.20a, the pads
include stacked metal layers and interconnect vias. Contact to the DUTs can be
made at any metal layer. Stacking metals in this way has the advantage of reducing
the pad resistance. This arrangement is also useful when a DUT is first tested at
metal M1 and subsequently re-tested at higher metal levels. In Fig. 2.20b, a unique
DUT is placed at each metal level, significantly reducing the silicon area per DUT.
The disadvantage is that each DUT is accessible only at the corresponding metal
level and cannot be used for further diagnostics after a higher metal layer in the
stack is deposited. In Fig. 2.20c, the DUT is placed partially under the M2 layer

0O MX Ovia @DUT

| M4
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[ M1

(a) (b) (c)

Fig. 2.20 Example cross sections of I/O pads in metals M1-M4 and relative placement of DUTs
or parts of test structures: a test at any metal level, b test at only one metal level, and ¢ test at M2
or above
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Fig. 2.21 a Schematic cross section of an I/O pad stack, showing a mushroom pad at the M4 metal
layer. b Planar view of mushroom pads for landing two probes on each pad

to provide a larger surface area for the test structure design at M 1. In this case, the
tests are carried out at the M2 level or above. Other such schemes may be utilized
for minimizing macro area. Complex DUTSs and test structures designed with several
metal layers are contacted only at the top layer.

Repeated testing may cause physical damage to the metal layers. As a result, the
pad contact resistance may increase or there may be a failure to make an electri-
cal contact altogether. One approach to overcome this problem is to increase the
pad area and shift the probe contacting point in repeated touchdowns. The pad
area may be increased with rectangular pads without affecting the pad pitch. This
increases the macro area but the macro can still be tested with the standard probe
card. Alternatively, the pad area may be increased only in the top layer, without
impacting the test structure area allocation, as shown in Fig. 2.21a. These so-called
mushroom pads are useful for repeated testing carried out after the top metal layer
delineation on the wafer.

Increasing the I/0 pad area provides an option of landing two probes on a single
pad as shown in Fig. 2.21b. This arrangement facilitates a four-terminal Kelvin mea-
surement as briefly discussed here and again in more detail in Section 3.2.3. Circuit
schematics indicating parasitic resistances in series with the DUT for one and two
probes per I/O pad are shown in Fig. 2.22. In Fig. 2.22a, with one probe per pad,
the parasitic resistance is series with the DUT is 2 (RS + Rp). Here Ry is the contact
resistance between the DUT and the probe tip, which includes the resistance of the
pad itself and wire resistance between the pad and the DUT. R, is the resistance of
the metal probe and the cable connecting to the test equipment. With two probes
per pad, the contribution of R, is eliminated by forcing current through one pair of
probes (contacted to AH2 and AL2) and measuring voltage across the second pair
(AH1 and AL1). Mushroom pads are therefore useful for improving measurement
accuracy. The probe card design is appropriately modified to enable four-terminal
measurements with mushroom pads.

The physical layouts of the metal pads must follow the technology GRs. With the
introduction of CMP of metal layers in standard CMOS processing, large solid areas
of metal are forbidden because of dishing effects. Instead of a solid metal pad, a wire
mesh design is used to reduce the effective metal area as illustrated in Fig. 2.23.
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Fig. 2.22 Circuit schematics
showing parasitic resistances
in series with a DUT
contacted with (a) two probes
and (b) four probes. Ry is the
resistance from the DUT to
the pad and Ry, is the probe
contact resistance

Fig. 2.23 Physical layout of
1/0O pads with (a) solid metal
and (b) metal cheesing to
form a mesh per technology
GRs

S
Sect. 2.4.1 Q@x

2 Test Structure Basics

Rp Rs R Rp
AH DO O AL
(a)

(@)

soooocncocasaanag

v holes

Pad dimensions

DUT placement

probe pitch
pad area and spacing
macro dimensions

in between
adjacent
under

1/0O pad
design

Fig. 2.24 Physical and electrical characteristics of 1/O pads
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The physical and electrical considerations for I/O pad design are summarized in

Fig. 2.24.

2.4.2 Signal Propagation Delay of CMOS Logic Gates

The maximum operating frequency of a product is limited by the propagation delays
of signals traversing circuit paths within a machine cycle time. Measurement of
signal delays of logic circuit blocks and other high-speed characteristics is therefore
an essential part of CMOS technology characterization. In addition, macro designs
for DC and AC characterization may employ CMOS circuits for performing logic
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functions within a DUT or in peripheral control logic. For robust macro designs, the
use of CMOS static logic gates is preferred.

Although sophisticated circuit simulators are available to carry out CMOS cir-
cuit designs, simple rules for estimating logic gate delays are very useful in sizing
DUTs and their placement and in macro floorplanning early in the design phase.
In a majority of macro design examples in this book, the sizing of logic gates and
interconnect wires can be carried out with the delay rules described here. The RC
equivalent circuit of logic gates described in this section also sets the foundation for
extracting MOSFET and wire parameters from measurements of logic gate delays.

A pulse propagating through an inverting logic gate and associated timing dia-
gram are shown in Fig. 2.25a, b. When the voltage level at the leading edge of the
pulse at node A transitions from a “1” to a “0,” the voltage at node Z rises from a
“0” to “1” after a time delay tpy. This is a signal-falling-at-A to signal-rising-at-Z
transition, also referred to as a fall-to-rise or pull-up (PU) transition. Similarly, the
logic gate undergoes a rise-to-fall or pull-down (PD) transition for the trailing edge
of the pulse with a propagation delay of tpq4. In circuit simulations, the gate delays
Tpu and Tpq are measured between 50% voltage levels (Vpp/2) at circuit nodes A
and Z. As indicated in Fig. 2.25¢, the time for the signal level to transition from 10
to 90% Vpp is the rise time 7, or the fall time t¢. The signal propagation delays
through a logic gate and rise/fall times depend on the RC load on the logic gate, in
conjunction with its effective width, and current drive strength as explained below.

A MOSEFET acts as a non-linear resistance whose value is a function of the gate-
to-source and gate-to-drain voltages. This resistor, in parallel with the MOSFET
capacitances, forms an RC network. The RC network representation of a logic gate
is very helpful in relating logic gate characteristics to those of its constituent circuit
elements.

The circuit schematic of an inverter and its simplified equivalent RC circuit is
shown in Fig. 2.26a, b. The capacitance at input node A is the sum of the gate
capacitances of the p-FET and n-FET which include gate-to-source, gate-to-drain,
and gate-to-body capacitances (Section 4.1.3). This capacitance is expressed as

Cianp + CimnWa = Cin (Wp + Wn) = CinW, 2.1

JA_L 7 W ;I: L\lﬂ/
M M Time kT Time

(a) (b) (c)

Fig. 2.25 a Inverter signal input and output. b Timing diagram for a PU and a PD transition. ¢ Fall
and rise times of signals on an expanded timescale
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Fig. 2.26 Inverter: a circuit schematic and b equivalent RC model. ¢ An inverter of width W,
driving another inverter of width W5 and d a simplified RC model of the circuit schematic in ¢

where Cipp and Cin, are the p-FET and n-FET gate capacitances per unit width,
respectively, W, and W, are the widths of the p-FET and n-FET, respectively,
and W = W, + Wy. For simplification, it is assumed that Cinp = Cipn = Cin.
Similarly, the net output drain-to-source capacitance per unit MOSFET width Coy,
is expressed as

Coutpr + CoutnWh = Cout (Wp + Wn) = CouW, (2.2)

where Coup and Coum are the p-FET and n-FET drain-to-source capacitances per
unit width, respectively, and as with Ciy, it is assumed that Coutp = Coutn = Cout-
In the RC model shown in Fig. 2.26b the inverter changes state as its internal
switch is toggled between two possible positions in response to changes in volt-
age levels at input A. The effective resistances of the p-FET and the n-FET during
switching are Rgwp/W)p (: rswp) and Rgwn/Whn (= rswn). Here, Rgyp and Rgwn are the
effective resistances for a unit width of each MOSFET. Unlike the capacitance, rswp
and gy decrease as the MOSFET width is increased. With input A at ““1,” output
Z is at “0,” connected to GND through Rgwn/Wy. When input A transitions from a
“1” to a “0,” the switch toggles to its upper position, and output Z is pulled up to a
“1” with an RC time delay determined by Rswp/W), and the total capacitance being
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charged. When input A subsequently transitions from “0” to “1,” the switch closes
through Rgyn/ Wy and the capacitance is discharged. Typically the current drive per
unit width of a p-FET is smaller than that of an n-FET and Ry > Rswn. This can
be compensated for by making W, > W, such that

Rowp _ Rown (2.3)

Wp Wh
When Eq. (2.3) holds, the PU and PD delays are equal (rpu = rpd). In circuits such
as ring oscillators, or a chain of inverting logic gates, the measured gate delay is an
average of PU and PD delays. In general, a switching resistance ry,, of a logic gate
can be defined as the specific switching resistance Ry, divided by the relevant gate
width W. For an inverter W = Wy, + W}, and rqy = (rswp + Fswn) /2.

The signal propagation delay through a logic gate 7 is ~RC. In the case of a
logic gate of width W driving a logic gate of width W> as shown in Fig. 2.26c¢, d,
the signal propagation delay t from A to Z, averaged over PU and PD transitions, is
given by

R
T = WL‘]V (CoutWI + CinW2) = st (Cout -+ FO x Cin) . (2-4)

The ratio of the input capacitance of the load inverter to that of the driver inverter
is the fanout (FO ~ W, /W)). If there is more than one gate connected to the output
of the driver, W, includes the widths of all the gates. As an example, FO is equal to
three when a logic gate drives three other identical gates. Parasitic R and C elements
of interconnect wires also add to the delay. Estimation of equivalent FO for logic
gate and wire loads is discussed in Section 2.4.4.

For a logic gate, all three delay parameters Ci,, Cout, and Rgy vary with Vpp,
temperature, and MOSFET properties such as gate oxide thickness and channel
length. These delay parameters can be derived from circuit simulations or from
ring oscillator-based test structures of the type described in Chapter 6. The delay
parameters include the parasitic R and C elements associated with the MOSFET
physical design. Although transient simulations are carried out to predict circuit
behavior accurately, the simplified RC model can be used to estimate propagation
delays within ~10% of the true values. These estimates are adequate for designing
test structures where precise relative timing of signals is not required. Normalization
of R and C parameters to MOSFET widths is helpful in sizing MOSFETSs in CMOS
circuits and in migrating these circuits from one technology node to another.

2.4.3 WireR, C, and L

Electrical connections between DUTs and I/O pads, between circuit elements within
DUTs and circuit blocks, and between DUTs and peripheral circuits are made with
metal interconnect layers. Metal wires are also used for power supply distribution
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4/\*/

Fig. 2.27 A metal segment of width w, thickness d, and length / along the direction of current
flow /7

>

within a DUT and across a macro. The resistances and the capacitances of these
metal wires form parasitic circuit elements which degrade voltage levels and signal
waveforms applied to the CMOS logic gates and increase signal propagation delays.

A metal conductor segment of width w, thickness d, and length [ along the direc-
tion of the current / is shown in Fig. 2.27. The resistance of this segment R is
expressed as

R=p 2.5)

@’

where p is the resistivity of the metal. The resistance can be expressed in terms of
the sheet resistance pg, of the metal layer:

l
R = psh— = Pshsqs (2.6)
w
where

Psh = . @7

[UID

The ratio //w in Eq. (2.6) is the number of squares ngq. Sheet resistance is
expressed in units of 2/LJ. The pg, of a metal layer is calculated from the known
resistivity and layer thickness or obtained from electrical measurements on test
structures of the type described in Chapter 3. For CMOS circuit designs, pgy of
different conducting layers in a technology is supplied by the silicon foundry as part
of technology definition.

The resistance of a wire can be roughly computed from the wire geometry by
dividing it in squares and then counting ngq. In Fig. 2.28, three different wire geome-
tries are shown with dashed lines indicating a square. Note that the direction of
current flow in the two identical wire geometries shown in Fig. 2.28a, b being
orthogonal, their resistances differ by a factor of 25. In more complex wire geome-
tries of the type shown in Fig. 2.28c, a simple method for estimating effective ngq
is to calculate nyq for a solid metal of this shape and divide it by the fractional area
occupied by the metal. Here, the solid block has two squares in the direction of cur-
rent flow, and the fraction covered by the metal is 0.63 which gives a resistance of
3.17 psnh compared with 3.5p4, from a resistance network of four parallel resistors
of 14 squares each.
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Fig. 2.28 Planar views of wire geometries with resistances of a Spgn, b 0.2p4, and ¢ ~3.17 pg.
Dashed lines outline square shapes in the metal regions

Equation (2.6) is valid only for long and wide rectangular wires and does not take
current crowding in wire bends and edges into account. A more accurate determina-
tion of resistance values of complex geometries can be obtained from the parasitic
extraction models available for CMOS circuit design.

In DC circuits and wires connecting a DUT to an I/O pad, the voltage drop across
the resistive wires (= IR) lowers the voltage level at the DUT or the circuit element.
Wire connections to the gates of MOSFETSs can have resistances of a few k2 for
carrying DC currents in the pA to nA range. Metal wires for power supply distribu-
tion carry current of a few mA and have more stringent requirements to minimize
the IR drop as discussed in Section 2.4.6.

Wire capacitance comes into play in AC circuits in the form of power consump-
tion during switching, time delay in signal propagation, and cross talk between
adjacent wires. This parasitic capacitance is charged and discharged each time the
voltage on a node transitions between a “0” and a “1” or any intermediate voltage
level. Just as in the case of wire resistance, a rough estimate of capacitance can be
made for sizing logic gates and wires in macro designs.

The capacitance of two parallel conducting plates shown in Fig. 2.29, each of
length [ and width w, separated by a dielectric material of thickness & and relative
dielectric constant ¢ is given by

ggplw  eg50A
C= = , 2.8
W p (2.8)

where A is the area of the plate and & (: 8.854 x 10712 F/m) is the permittivity of
free space. Capacitances of conducting layers in a CMOS circuit with more complex
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Fig. 2.29 A parallel plate
capacitor of length /, width w,

and plate separation h w
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geometries are dependent on the geometry of the entire conducting network and
the dielectric properties of the non-conducting materials in the network. A rough
estimation of wire capacitances can be made from the capacitance per unit length
values provided by the silicon foundry as part of the technology definition.

For ease of wiring in high-density circuits, the metal layers are generally
designed with long dimensions in orthogonal orientations on vertically adjacent lay-
ers. Cross sections of the first two or three metal layers, M1, M2, and M3, are shown
in Fig. 2.30 for three different geometrical arrangements. The M2 capacitance to M 1
and M3 layers are Cgown and Cyp, respectively. The lateral capacitances to the adja-
cent M2 wires are Clef; and Crigh. For these narrow wires, the parallel plate model is
not valid as the electric field lines extend beyond the area between the metal plates.
In long narrow wires, [ >> w, it is therefore convenient to specify a capacitance
per unit length. This wire capacitance per unit length Cy, is the sum of all four
capacitances:

Cy = Cup + Caown + Cleft + Cright- (2.9)

There are additional but smaller capacitance contributions from second nearest
neighboring metal wires. However, the rules of thumb are that the vertical compo-
nents Cgown and Cyp increase with w and the lateral components Ciefy and Crigpe
increase as the separation s is reduced. In thin, dense wires, the lateral components
dominate over the vertical components.

The capacitance per unit length C,, of different metal layers embedded in the
same ILD material is nearly unchanged as long as w, s, and & scale by about the
same factor. In order to reduce wire capacitance, SiO, the dielectric material of
choice in earlier technology generations, is now being replaced with different lower
dielectric constant materials. Hence, C,, of metal wires is dependent on the sur-
rounding dielectric material properties in the stack. A capacitance calculator based
on 2D or 3D electric field modeling for metal wires is usually available as an aid to
circuit design.

M3 M3
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+
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Fig. 2.30 Schematic cross sections of wire geometries for metals M1, M2, and M3, with M2
length orthogonal to M1 and M3, a for an isolated M2 wire, b for fully populated M2 wires of
minimum width w, and ¢ for one of the M2 wires of width 2w
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The inductance of an on-chip wire of length / can be expressed as

L = guol = Lyl (2.10)

where 1o = 1.26 x 107 H/m (= 1.26 pH/pum) is the permeability of free space,
g is a geometrical factor, and L, is the inductance per unit length. The value of
the function g varies slowly with the cross-sectional geometry and relative positions
of the signal wire and current return paths (Section 4.5). In most on-chip wiring,
g has a value in the range of 0.5-1.5. As will be clarified in a subsequent exam-
ple, inductance does not play a significant role in on-chip signal paths for most
test structures. Inductance of probes and cables may be significant and result in
instantaneous changes in voltage (spikes) in response to rapid changes in current.
The effect of inductance on power supply distribution in AC circuits is discussed in
Section 2.4.6.

A distributed RLC model of a long wire is shown in Fig. 2.31a. The conductance
of the dielectric material is assumed to be negligible and not shown in this trans-
mission line representation of a wire. Typically, the wire lengths within a macro are
limited by buffer insertion to restore signal waveforms as discussed in Section 2.4.4.
In this case, a simplified lumped element RC model shown in Fig. 2.31b can be used
for sizing wire dimensions. If Ry, and Cy, are the resistance and capacitance per unit
length of a wire of length [, respectively, the signal propagation delay across the
wire, to a first order, is expressed as

Ry, Cy 2
= Swhwh (2.11)
2
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Fig. 2.31 a Distributed transmission line RLC model of a long wire with / = 1 in each section.
b Lumped RC model of wire of length /. ¢ An inverter driving a second inverter through a wire of
length [

Ao

0z



42 2 Test Structure Basics

In Fig. 2.31c, an inverter drives another identical inverter through a wire of
length /. The wire has a source R and C, in this case the switching resistance
Rgw /W and output capacitance Co W of the driving inverter, and is terminated
with the gate capacitance of the load inverter Ci,W. Let us look at a practical
example using the parameters in Appendix A to get a feel for what is and what
is not important. Consider a case where Ry, = 2.0 Q/pm, Cy, = 0.2 fF/um, and
Ly = 05pH/pwm. If a wire of length / = 100um connects the two inverters
with W = 2 um each (Rgw/W = 1,000 Q, CinW = CoutW = 2.0fF), the relevant
characteristic times include the RC time constant, the L/R time constant, and the
electromagnetic wave propagation delay through the wire I,/ (LyCy). Neglecting
the 200 © wire resistance, the lower limit on the RC time constant is 1,000 2 x
24 fF = 24 ps, whereas L/R = 50 pH/1,000 © = 0.05 ps and I/ (LwCyw) = 1.0 ps.
The RC time constant of the circuit dominates, as it is 480x the L/R time constant
and 24 x the electromagnetic wave propagation delay.

DC inputs for digital or analog controls to the gates of MOSFETS in circuits such
as decoders or bias circuits generally carry very low currents — the standby current
flowing through these wires is the gate oxide tunneling current which is typically
in the pA to nA range. These DC input signals can be carried over high resistance
wires without any penalty and the location of the I/O pads with respect to the DUT
is not important. The wires may have high resistance segments of PS or DF lay-
ers, with pgy of 10-30 2/, for crossing under metal wires in M1 testable macros.
Note that any additional current and associated voltage drop during a change in the
DC input voltage level has no impact on measurements made on a DUT at a later
time.

2.4.4 Buffer (Driver) Sizing and Noise Reduction

A logic gate may drive other logic gates and interconnect wires. When signals are
carried over distances of the order of a few mm or more across a macro, the inter-
connect wire delay may become significant. A circuit schematic of a logic gate D1
of total width W driving a wire of length / connecting it to the input of a logic gate
D2 of width W5 is shown in Fig. 2.32. The signal delay from A1l to A2 is given by

1% Rew1C Ry Cyl?
T = Rt | Cint—= + Coutt ) + [ ™ 4 RyCiaWo ) [+ 2 (2.12)
Wi Wi 2

In short wires, Rgy1 >> Ryl, and Eq. (2.12) reduces to

stl Cwl

Wi (2.13)

Wo
T = Rywi <Cinl — + Coutl) +
Wi

In this case, for estimating signal path delay, only wire capacitance needs to be
considered and the wire RC delay can be ignored. As an example, again using the
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Fig. 2.32 a A logic gate D1 of width Wy driving another logic gate D2 of width W», through a
wire of length /. b Voltage pulse waveforms at nodes Al, Z1, A2, and Z2

parameters in Appendix A, a 40 pm long M1 wire of width 0.1 pm has a resis-
tance of 80 €2 and a capacitance of 8 fF. Hence, its RC time constant is 0.32 ps.
When driven by a standard inverter with W = 2 pm and Ry, = 2,000 Q pm, the
Ryw1Cwl/ W delay is 8 ps which is much larger than the RC delay of the wire itself.
Such wire lengths are considered “short.” Thus for estimating delays, wires within a
DUT, placed in the 40 wm space between I/O pads, are considered as pure capacitive
loads.

Characterization of a complex DUT often requires that the output signal from
the DUT be sent through various on-chip circuits to an off-chip driver. Similarly,
in the case of high-speed bench tests, fast input signals may have to travel through
active circuitry before reaching the DUT. It is important that the necessary signal
integrity be maintained as inputs and outputs pass through this circuitry. In one
common situation, the output signal from a DUT is fed to a frequency divide-by
circuit or an off-chip driver that is hundreds of micrometers or more away. In these
long wires (stl pe Rwl), the rise/fall time at the input of the receiver gate is sig-
nificantly longer. The shape of a pulse travelling from Al to Z2 for a long wire is
shown in Fig. 2.32b. The pulse amplitude at A2 is lowered, and as the wire length
is increased, the pulse may ultimately disappear. The maximum length of a wire is
therefore restricted and the rule of thumb is to maintain the rise/fall time at A2 to be
< one-third of input signal pulse width T\,. The rise/fall time to reach 90% of Vpp
at A2 is ~2.27. The maximum length of wire /o« is expressed in terms of the delay
parameters [12] as

2 (T CinW: 05
lmax = |:(S2 + m (% - stl (Cout + 1‘;/1 2))) - S:| B (214)

where,

S = CinW> + Rswi1 )
Cw Ry W,

If signals have to travel over distances longer than the /.x, additional logic gate
drivers are inserted in the wires to maintain signal integrity. These drivers or buffers
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(a) (b) (©)

Fig. 2.33 Buffers with a one, b two, and c¢ three inverter stages

may be a single-stage, two-stage, or three-stage inverters as shown in Fig. 2.33.
The second and third stages are wider than the first stage so that the buffer can
drive a longer wire at its output but with less loading to the previous stage. The
device width ratios in the buffer stages (FO) are ~3—4. A one-stage buffer is useful
in designs implemented at the M1 metal level and wherever the available space is
limited. The two-stage buffer outputs a non-inverting signal. This is an advantage
in designs sensitive to the logic-level input. The three-stage buffer is suitable in I/O
drivers as discussed in Section 2.4.5.

In test structure macros, precise calculation of I, is not required. Generally
there is enough physical space to add buffers and a rule of thumb is to limit the
equivalent FO to ~10. Consider a 1,000 pm long signal path. From Appendix A,
a 0.2 pm wide M1 wire, 1,000 pwm in length, has a total capacitance of 200 fF
and a resistance of 1,000 2. Our standard two-finger inverter has (Cin + Cour) W =
4 fF and Ry, /W = 1,000 2. An FO = 10 for this inverter is a 20 fF capacitive
load equivalent to a 100 wm segment of 0.2 pm wide wire with a resistance of
100 2. Standard inverter buffers may be distributed at a spacing of 100 wm along
the wire path. A buffer spacing of 100 wm is especially convenient as it matches the
I/0 pad pitch in a standard macro. This strategy reduces buffer design complexity,
standardizes DUT loading, and facilitates polarity adjustment by the addition of a
single inverter if necessary.

An alternative is to use fewer buffers of a larger size. In the extreme case, one
could drive the 1,000 pm segment of wire with a single large 20-finger inverter.
With Ry /W = 100 €2, the 1,000 2 wire resistance is now dominant. This buffer
will actually deliver the signal to the far end of the line >2x faster but will draw a
> 5x higher instantaneous current with approximately the same total charge transfer.

Signals travelling on long wires are subject to coupled noise from neighboring
wires. In test structure macros, it is highly advisable to keep the space between
nearest neighbors to > 4 x the minimum spacing and avoid cross talk in signal wires.

2.4.5 I/0 Drivers and ESD Circuits

DC outputs from a DUT or a circuit are connected to voltmeters, current meters, or
SMUs. The I/0 pads dedicated to these outputs are connected to the test equipment
through probe needles or bonding wires and cables. The additional series resistance
of these connections is taken into account in determining measurement accuracy.
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An I/O driver circuit is included in the DUT or macro when high-frequency outputs
are fed to AC test equipment such as a frequency counter, a standard oscilloscope,
a sampling scope, or a spectrum analyzer. This is to ensure that the AC signal is not
degraded by RC loading of the connectors and cables. A two- or a three-stage buffer
shown in Fig. 2.33b, c also serves as an 1/O driver.

When measuring frequency output of a ring oscillator and counting the num-
ber of transitions between a high- and a low-voltage level in a specified period of
time, a voltage swing of 2 Vpp/2 at the test equipment is desirable. The output
stage is generally designed to have a total impedance of ~50 Q. As there is some
series resistance in the output line, we can design an I/O inverter driver with an
impedance of 40 . For Ry of 2,000  pm from Appendix A, we get Wp~30 um
and W;,~20 pm. The inverter can be drawn with 30 PS fingers in parallel so that each
finger width is <1 wm. The driver is placed close to the I/O pad and the resistance
of the wire connecting the output of the driver to the I/O pad is minimized.

High-frequency circuit delay measurements using a differential technique are
made using a sampling oscilloscope as described in Chapter 7. The I/O driver in
this case has higher impedance, a lower output current, and a low output voltage
swing to minimize cross talk. The output stage of the buffer is typically designed
with Wp~12 pum and W;~8 um, to give an output impedance of ~100 €.

DC inputs from power supplies or SMUs are directly connected to a DUT or a
circuit. When the input is connected to the gate of a MOSFET, the thin gate oxide
is susceptible to damage from electrostatic discharge (ESD) from momentary high
current spikes. Human handling of the silicon may also generate large discharge
currents as the human body can build a static potential of up to 25,000 V which can
discharge to ground through an electronic device. This effect is more pronounced
in a low-humidity (<40%) environment. When handling test structures on the bench
or when handling packaged chips, use of grounding wrist straps by operators is rec-
ommended to prevent the body from building up static charge. Antistatic-treated
garments and floor mats also provide protection from ESD damage. Automated
wafer probers prevent direct human contact with silicon and further reduce the
circuit failure from ESD.

Current spikes may be generated when power supplies are turned on or off and
damage the thin gate oxide in MOSFETs. Power supply output transients can be
suppressed by incorporating a low-pass filter. Standard ATE may be equipped with
low-noise power supplies to minimize such undesirable spikes.

Damage from ESD and current spikes generated by test equipment can be pre-
vented by a protection circuit connected to the input I/O pad. One version of ESD
circuit is shown in Fig. 2.34. It comprises a dual-diode structure which acts as a
current sink and a voltage clamp. The p*/n diode suppresses positive transients and
n*/p diode suppresses negative transients. Two or more p*/n diodes in series may
be used on the Vpp side to increase the voltage-handling capability. As the current
flows mainly in the periphery of the diode, the current sinking capability is increased
with a striped design to maximize the perimeter to area ratio. The diode area is opti-
mized for current-handling capacity as well as for capacitance in high-frequency
I/Os in RF circuits. A resistor of a few hundred ohms is connected in series with
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Fig. 2.34 An ESD protection

circuit with dual diodes and a p+/n

resistor to limit the peak /0

current pad —VW\ (><\' Z
n+/p

the input pad to serve as a current limiter. This circuit occupies a large area and
recommended only if a macro is handled in the lab for repeated testing.

2.4.6 Power Supply Distribution

Electrical measurements on test structures require external power supplies to deliver
either constant voltage or constant current to the DUT. In the vast majority of test
structures for measurements of resistance, capacitance, MOSFET parameters, ring
oscillators, and signal propagation delays, a constant voltage is applied and the out-
put voltage or current is measured. The accuracy of measurements is dependent on
the actual voltage delivered to the DUT which is given by

V = Vpp — IppR, (2.15)

where Vpp and Ipp are power supply voltage and current, respectively, and R is the
resistance in series with the DUT. This series resistance has several components.
Resistance of the probe, I/O pad, and probe-to-pad contact is part of the probe card
and I/O pad design. Resistance from the I/O pad to the DUT is dependent on the
wire connections within the macro. The third component is the resistance of the
power distribution within the DUT itself. Voltage drops in the wires comprising
the DUT may introduce a variable voltage distribution within the DUT. The effect of
voltage reduction on a linear property of the device is proportional to the percentage
change in applied voltage. In case of a non-linear device, such as a MOSFET in the
subthreshold region, the percentage error in the measurement may be much larger.

The total series resistance, comprised of all the components mentioned above, is
typically of the order of 1-5 Q. If the measurements are made at a power supply
voltage of 1.0 V and the test circuit draws 1.0 mA of current, the error in measure-
ment for a linear circuit element will be well under 1%. The error for a non-linear
DUT such as a diode or a MOSFET will vary with the region in which the DUT is
operating and can be considerably larger as discussed in Chapter 5. In the case of
precision measurements where measurement accuracy of better than 0.5% for linear
circuit elements is desired, the rule of thumb is that the circuit should draw a current
of <1 mA per I/O pad. If the circuit draws more current, a number of I/O pads can
be connected in parallel to achieve the desired measurement accuracy. Alternatively,
a three- or a four-terminal measurement configuration can be used.
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Fig. 2.35 a Interdigitated M1 power grid for placement of circuits in the space between the 1/0
pads. Planar views of metal layer patterns designed to meet GR maximum width requirements:
b M1 metal and ¢ metals M1 and M2

Power distribution schemes within the macro and DUTs vary with the physical
size of the test structure, power requirements, and I/O signal frequencies. A com-
mon configuration for DUTSs testable at the M1 metal level is shown in Fig. 2.35a,
where the DUT receives its power through interdigitated fingers emanating from
adjacent Vpp and GND pads. The power grid resistance can be lowered by effec-
tively increasing the M1 wire width beyond the GR maximum by cheesing the metal
as shown in Fig. 2.35b. The Vpp and GND busses can be strapped with additional
layers of metal to further lower the across-DUT voltage variations, when tests are
conducted beyond the M1 test stop, as shown in Fig. 2.35¢c. Results from tests at
higher levels of metal can then also be compared with those of M1 tests to assess
any impact of internal voltage drops.

In DUTs testable only at upper levels of metal, the power supply distribution sys-
tem can be configured to be a product-like grid design with multiple metal layers.
The layers alternate in orthogonal directions, with via interconnects between ILD
layers as shown in Fig. 2.36. In Fig. 2.36a, vertically adjacent logic gates share the
Vpp and GND wires and their physical layouts are alternately flipped. In Fig. 2.36b,
with independent Vpp and GND wires on M1, all logic gates have the same orien-
tation. Both of these arrangements may span many pad pitches and employ multiple
Vbp and GND pads for test structures drawing current of more than a few mA. M3
and M4 and higher metal layers may be added parallel to M1 or M2 to reduce power
grid resistance. The effective power grid sheet resistance for two metal layers of the
same thickness, and equal linewidth and spacing is ~0.5x the sheet resistance of
a single solid metal layer, plus a correction term for via resistance. The power grid
resistance for the arrangements described here may be estimated in the initial design
phase and for floorplanning, as discussed in Section 2.4.3.
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Fig. 2.36 Power grid with a shared Vpp and GND wires, and b independent Vpp and GND wires
for adjacent cells

Design and analysis of the power delivery and distribution system becomes more
complex for DUTs in which the power supply current /pp varies with time. In the
ideal case, the DUT is powered by a perfect voltage source in conjunction with a
perfect GND. In practice, the situation is similar to that shown in Fig. 2.15, where
the power supply is located remotely in the ATE or is a stand-alone unit in a test
rack. The voltage source is connected to the circuit to be tested through coaxial
cables, probes, and on-chip wires, which can be approximately represented by an
RLC network, a version of which is shown in Fig. 2.37. If the current drawn by the
circuit is constant, the reactive components in the circuit play no role and only the
series resistances act to modify the voltage applied to the circuit from that delivered
at the source, as previously described.

When the current drawn by a DUT varies with time due to internal switching
of circuits, the reactive components in the power supply system can become very

1/0 pads

needles probe card

coaxial cable

needle DECAP  \ probe card DECAP

DECAPs embedded elsewhere in macro
DECAP embedded in DUT

,_| // 77777777777777777
( h o
[ DuT power
supply
¥ macro

Fig. 2.37 RLC network of wires connecting the power supply in the test equipment to the DUT.
DECAPs may be added as indicated



2.4 Nuts and Bolts of Test Structure Macro Designs 49

DUT
PPN U S S — B S S
(a)
K 4ns —2

1 1
1 =1 2 + Vpp HbUT GND+ 5 || 6 (b)
1 1

Fig. 2.38 a A DUT comprising a delay chain with 1,000 inverters. b DECAP placement relative
to a DUT and 1I/O pads for reducing Vpp droop in a transient measurement

important. An extreme but not uncommon case is one in which a circuit is operated
in an isolated pulse mode. As an example, consider a delay chain of 1,000 inverters
with FO = 1 shown in Fig. 2.38a. With one PS finger per MOSFET and W,, +
Whn = 1.0 wm, this delay chain can be placed entirely within the 40 pm x 60 pm
space between two pads, with power supply connections as shown in Fig. 2.38b. The
chain is inactive for a long period, biased at Vpp = 1.0 V, and drawing a leakage
current of a few pwA. At some point in time, a voltage step input is applied to the
chain and a single edge propagates from one end to the other, over a time period
of approximately 4.0 ns (4.0 ps delay/stage). When one inverter goes through a PU
transition following a PD transition in the previous stage, a net charge of

Oc = Ciotal VDD = 8IpDT (2.16)

is transferred from Vpp to ground. Here §Ipp is the current drawn during the com-
bined PU and PD transitions occurring over time t. With Cgy, (= Cip + Cou) W =
2.0 fF and Vpp = 1.0V, this amounts to about 2.0 fC of charge. With 500 such
pairs of inverters in the chain, a total of 1.0 pC of charge is transferred from Vpp
to GND, corresponding to a current of about 0.25 mA flowing during the 4 ns tran-
sient. With an ideal power supply connected directly to the chain, this charge would
come directly from the supply with a voltage of Vpp remaining across all of the
inverters during the event. With all the parasitic elements in series with the power
supply shown in Fig. 2.37, the true Vpp and GND are in fact isolated somewhat
from the delay chain. Any charge coming directly from the power supply has to
pass through a significant inductance, of the order of 1 wH, to get to the circuit. In
addition, the power supply itself is likely to have an internal time constant larger
than the entire event duration. It is thus inevitable that the power supply voltage
across the circuit will droop significantly during the event and that the performance
of the circuit will be strongly influenced by this droop. Designing a robust power
supply distribution for AC applications requires sophisticated tools and impedance
models for probe cards and other accessories. In almost all test structures, simpler
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design techniques using the guidelines described below are sufficient to produce the
desired measurement accuracy of <1%.

One way to minimize such a transient Vpp droop is to provide significant ballast
or decoupling capacitance in very close proximity to the circuit so that inductance
between the DUT and the external power supply plays a negligible role. This can be
accomplished by placing a bank of DECAPs within the macro itself. Questions that
immediately arise are just how much DECAP area is sufficient and where should it
be placed? The total area between two I/O pads is 40 pm x 60 pm = 2,400 pm?.
If this area is packed with DECAPs with a capacitance density of 5 fF/um?, the
resultant total capacitance is ~ 12 pF and can store ~12 pC of charge at 1.0 V. If
this capacitance is tied directly across inverter delay chain experiment, the 1 pC of
charge required to power the transient event can be provided by the DECAPs, but
with an associated voltage droop of ~8%. With additional DECAPs to add another
12 pF in the available space, either between I/O pads or elsewhere within the macro,
the droop can be decreased to ~4%.

The physical configuration for limiting the voltage droop to 2% during a 4 ns
transient with four RLC loops is shown in Fig. 2.38b. The inductance of each loop
of Ly, x distance around the loop from Eq. (2.10) is <0.6 nH for the largest loop. For
the four loops in parallel, the total inductance reduces to <0.15 nH. The effective
resistance of the active circuit during the transient for an ~0.25 mA current draw at
a Vpp of 1.0 V is ~4 k. Thus, the L/R time is <1 ps, while the RC time for a C
value of 48 pF is ~200 ns. This implies that the charge in the DECAP is available
to sustain the circuit Vpp (RC >> L/R).

The approach described above works well when a standard low-frequency probe
card is used, which is typically the case for in-line test. For smaller circuits it is
often possible to include sufficient decoupling capacitance immediately adjacent to
or imbedded within the DUT itself.

Even in a circuit switching periodically and drawing a nearly constant steady-
state current, such as a ring oscillator (RO), there can be dips and spikes in the
current draw that will at most involve a disturbance with an integrated area of < Q.
Furthermore, averaged over the cycle of the ring oscillator, the sum of the charge
involved in the dips and spikes is zero against the background of the average con-
stant current. If the RO stage delay varies linearly with Vpp, the net effect on RO
frequency from these variations will be negligible. As a specific example, for a 101-
stage ring oscillator the minimum charged capacitance at any time is of order 200
fF corresponding to a stored charge of about 200 fC at 1.0 V. Assuming the transient
charge is provided by other nearby devices in the ring oscillator, the resultant local
Vpp variation would be less than 1%. This can be further mitigated (by as much as
10x) by placing explicit DECAP cells in close proximity, for example, a 200 wm?
bank of DECAPs with an associated charge of about a 1 pC. In this case, adding
DECAPs to further reduce the Vpp variations is optional; however, such additional
capacitance also helps to provide immunity from other sources of power supply
noise. The rule of thumb here is to add DECAPs if there is otherwise unutilized
space within or near the DUT.
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Custom probe cards can provide other decoupling options. As an example, a
manufacturer may provide a probe card with a combination of very wide bandwidth
I/0s of 50 2 impedance having built-in decoupling capacitors along with a set of
DC I/Os. Such cards are routinely used for high-speed bench tests where both I/O
impedance of 50 © and good decoupling are required. Referring to Fig. 2.37, a
manufacturer may be able to place ~120 pF decoupling capacitors within 300 pm
of the needle tips. This large decoupling capacitance is no more than 1 nH away
from DUTs in the macro. In addition, DECAPs of ~100 nF can be located further
back in the probe card. This can substantially ease the requirements for DECAPs
embedded within the macro itself.

There is one other power supply decoupling option that can be used in a high-
speed probe card with low, but variable, current draw. With this option, the DUT is
powered directly through a very wide bandwidth high-speed line driven by a 50 2
source. When the current draw changes from say 0.0 to 0.25 mA, there will be an
immediate 1.25% drop in Vpp corresponding to the 12.5 mV, 0.25 mA signal edge
that will be sent back to the 50 €2 source. This arrangement is equivalent to driving
the experiment directly with an ideal voltage source in series with a 50 €2 resistor. It
sacrifices a high-speed line that could otherwise be used to deliver or observe a fast
signal and it is really useful only when the current drawn is low.

In a macro comprising multiple complex DUTs, it is frequently of advantage
to have several power supply sectors. This scheme has an additional advantage of
enabling accurate determination of the off-current (IDDQ) of individual or small
groups of DUTs. In the case of parallel test, it can also enable one to obtain the
on-current of individual DUTs. This partitioning of power delivery is especially
important in situations where the output of a complex DUT is sent off-chip at high
or moderate speed via an off-chip driver, concurrently with operation of the DUT.
The off-chip driver and associated buffers and other I/O devices should always be
placed on a dedicated power supply to provide isolation between the DUT(s) and the
I/O. The off-chip driver itself may draw a current 10-20 times larger than that of an
active DUT. A driver delivering 1.0 V into a 50 2 line requires 20 mA! Since in-line
probe cards typically have no DECAPs, there is a large droop in the power supply
of, for example, an off-chip driver providing a 1 MHz square wave output from a
ring oscillator macro to the input of a frequency counter. The frequency counter can
be set to have an input impedance of either 50 2 or 1 M. In either case, there is a
large transient every 500 ns, while a non-ideal yet robust 1 MHz signal is received
by the frequency counter. It is important to prevent these transients from impacting
the measurement accuracy.

Multiple power supply sectors require additional power supply I/O pads. A work-
able solution is to have a common GND for all sectors and a dedicated Vpp pad for
each sector. As will be shown in subsequent sections, there may still be several GND
pads, but they are electrically connected internally within the macro and also some-
times at the probe card or external electronics. It should also be noted that while
multiple power supply sectors do cost I/O pads, this can be mitigated somewhat by
using power supply voltage inputs as control signals for the I/O circuitry.
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Important cross-checks can and should be performed to verify adequate isolation
between different power supply sectors. A voltage sense line may be connected to
the power supply grid in a sector to measure the voltage levels for experimentally
validating the macro designs.

2.4.7 Differential Measurement Schemes

Absolute measurement of many device and circuit properties is complicated by
end effects from wire parasitics and signal distortion. A majority of these spuri-
ous effects can be eliminated with differential design and measurement techniques
used in many of the examples in this book.

In Fig. 2.39a, two sets of nominally identical DUTs are connected in series with
the number of DUTs in one set being greater by at least one than in the second set.
The difference in parameter values for the two sets gives a measure of the parameter
value of a single DUT, eliminating any end effects. The total number of DUTs in
a series-connected set may be increased to correctly account for end effects that
penetrate beyond a single DUT. In Fig. 2.39b, the differential method is applied to
circuit elements connected in parallel. This is suitable for capacitance and MOSFET
current measurements. In both of the methods described here, additional I/Os or
peripheral circuits to select one or the other set of DUTs are required. It is also
assumed that the difference in properties of nominally identical DUTSs from random
variations does not compromise the differential measurements.

The configuration shown in Fig. 2.39c¢ is suitable for AC test structures. An input
signal is steered through circuit block EA or EB by setting control switch “S” to a
“1” or a “0,” respectively. All other peripheral circuits and I/Os for the two measure-
ments are identical and the difference in delay between the two blocks is determined.
The two circuit blocks may comprise different number of circuits in series or cir-
cuits differing in a property of interest. Applications of this technique are covered
in Chapters 7 and 8.

A1o{E1 {E2 {E3 }o Z1
A2 o 0 Z2

(@

Ao Cki_F

Fig. 2.39 Differential measurement schemes; DUTs connected a in series and b in parallel. ¢ Input
S sets the signal path through either circuit block EA or EB
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2.4.8 Commonly Used Circuit Blocks

In characterizing circuit behavior, the DUTs may comprise one or more types of
logic gates described in Section 2.1.5. Logic gates are also used in the peripheral
circuitry of test structures. Other circuit blocks commonly employed in periph-
eral circuits of both DC and AC test structures are buffers, latches, decoders,
multiplexers, and shift registers.

Decoders and multiplexers are used for reducing the number of I/Os and hence
the area of macros comprising, for example, arrays of DUTs. In a decoder, there are
N inputs and 2V outputs. By setting different combinations of input voltage levels,
the voltage level of any one and only one of the 2" outputs is set to a “1” or a “0,”
while all other outputs remain at a complementary level of “0” or “1.” A decoder
can also be configured to set none or all the outputs to the same level. A two-input
decoder (also called a 2-bit decoder) circuit schematic implemented with NAND2
and inverter logic is shown in Fig. 2.40a. The symbol and the logical truth table for
the decoder are shown in Fig. 2.40b, c respectively.

A multiplexer is used for passing only the selected input level to the output.
One implementation of this is an “OR” function with NAND?2 and inverter logic as
shown in Fig. 2.41, along with its symbol and truth table. This scheme is well suited
for macros with large aspect ratios placed in the scribe line. The circuit schematic
in Fig. 2.42 is of a two-way multiplexer or demultiplexer. It is implemented with
n-passgates for passing “1.” A complementary circuit with p-passgates is used for
passing “0” and another version with transmission gates works well for passing

E1 A1|AO|E1|E2|E3|E4
E2 ojoj1(0|0|O0
E3 o|1jol1|0|0
1/0Jo0jO0|1]0
E4 1/1]0|0|0]1

(c)

Fig. 2.40 A 2-bit decoder: a circuit schematic, b symbol, and ¢ logic truth table
E1 o E1 E1|E2|E3|E4| Z
E2 o Eo E1{ 0| 0| O|E1
E3 ol z 0|E2| 0| O|E2
E3 o[o0[E3|0|ES3
E4 o> Z o 000 E4Es

(@) (b) (©

Fig. 2.41 An “OR” circuit implemented with NAND2 and inverter logic gates for multiplexing:
a circuit schematic, b symbol, and ¢ logic truth table
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Fig. 2.42 A two-way multiplexer/demultiplexer implemented with n-passgates: a circuit
schematic and b logic truth table

either “1” or “0.” The decoder and multiplexer circuits in Figs. 2.40, 2.41, and 2.42
can be operated with DC inputs.

The decoders and multiplexers in peripheral circuits may utilize low-leakage,
slow switching devices to minimize background leakage power. The circuit blocks
draw a small current during switching and the switching speeds and output voltage
levels are not critical for macro functionality. Hence, a higher power grid resistance
can be tolerated allowing greater flexibility in the placement of I/O pads with respect
to the circuits.

Memory elements in CMOS logic circuits are built with latches to hold a “1” or
a “0”. Static CMOS latches are also useful in test structures for controlled initializa-
tion of an event, for generating a sharp rising signal edge or pulses, and in counters
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Fig. 2.43 A level-sensitive latch: a circuit schematic, b symbol, and ¢ timing diagram showing
CLK, DAT, and OUT signals
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and shift registers. A commonly used robust design is the level-sensitive latch also
called a Level-sensitive scan design (LSSD) latch. One implementation of an LSSD
latch is shown in Fig. 2.43. Input signal DAT is captured in the latch and appears
at OUT as long as it arrives before the falling edge of the clock (CLK) signal. The
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Fig. 2.44 Master—slave (MS) latch: a symbol and b timing diagram
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Fig. 2.45 a Circuit schematic of a scan chain comprising five MS latches. b Timing diagram

showing sequential activation of latch outputs for an input clock pulse width 7y, and time
period T,



56 2 Test Structure Basics

same latch design is also used to store the output of a high-speed circuit which can
then be read out as a DC signal at any time after the completion of a switching event.

A master—slave (MS) latch is constructed with two LSSD latches with comple-
mentary CLK inputs (Fig. 2.44). A shift register built with five MS latches is shown
in Fig. 2.45. This circuit block can be used for sequentially selecting one DUT in
each CLK cycle. Combining a shift register with a decoder gives the greatest flex-
ibility in selecting one out of a large number of DUTs with very few I/Os. In a 2D
array, row and column decoders are used to select a DUT in the array. By combining
a shift register with a decoder, as shown in Fig. 2.46, with only two inputs, any one
of 16 DUTs may be selected. This type of scheme is used for reducing I/O count
and packing a large number of DUTs in a compact macro.

Digital circuits and latches require clock signals which may be provided by the
test equipment or generated inside a macro (on-chip). The circuit schematic of a
ring oscillator for generating on-chip clock waveforms is shown in Fig. 2.47. The
ring oscillator comprises an odd number of inverting stages and the clock can be
turned on or off by toggling the EBL input between “1” and “0.” The frequency of
the output signal is lowered with a frequency divider circuit. This circuit is covered
in detail in Chapter 6.
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Fig. 2.46 A circuit schematic with two inputs for selecting any one of 16 experiments. This circuit
comprises a shift register and a 4-bit decoder
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Fig. 2.47 Circuit schematic of a ring oscillator to generate on-chip clock signals
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2.5 Macro Templates and Design Methodology

A macro is devoted to a single test structure or DUT or a set of independent DUTs. In
technology characterization, similar measurements are carried out on a large num-
ber of DUTs. For example, MOSFET and ring oscillator measurements are made on
many flavors of device types, sizes, and physical layouts, and resistances and capac-
itances are measured for all metal layers. Design and test efficiency are significantly
improved by creating a macro template for a set of similar DUTs. A macro tem-
plate comprises standard DUT designs and the required peripheral circuitry. The
template design is optimized for area, number of I/O pads, and ease of test and
data analysis while maximizing the total number of DUTs. New macros are created
by substituting different DUTs into replicas of the macro template without alter-
ing the peripheral circuits and I/O pad assignments. In this section, we discuss the
design considerations of macro templates, followed by examples of discrete element
macros and macros designs with 1D arrays and 2D arrays of DUTs.

In a macro template, a shell is created into which DUTSs with similar character-
ization requirements are inserted. The template is assembled using the guidelines
covered in the previous sections. A standard cell library may be created for the cir-
cuit blocks in common use following the practice in product designs. Circuit block
and DUT designs may also be shared amongst different templates for improving
design efficiency and for consistency. It is generally a good practice to keep the
form factor of the macro (width/height), number of available I/O pads, probe card
options, and wiring constraints in mind while creating a circuit diagram and physical
layout of a macro template. When macros are tested in a manufacturing line, total
test time is reduced by maintaining a standard I/O pad footprint for all the macro
templates which can then be tested with the same probe card.

Another advantage of the macro template concept is that only the template needs
to be fully checked for technology compliance and design verification. Some of
the commonly used checking tools are design rule checker (DRC) and layout vs.
schematic (LVS). Complex macro templates may require logic verification, along
with noise and power analysis. Once the physical layout is completed, parasitic
extraction and circuit simulation tools are used for checking macro functionality.
After the checking process is successfully completed, different DUTs can be substi-
tuted in the replicas of the template to create new macros. Macros generated from
a common template may also share the test procedures and the software used for
data analysis. This facilitates generation of standardized charts for displaying and
reviewing the data in an automated fashion. The test and data analysis methodol-
ogy for macros sharing the same template is discussed in more detail in Chapters 9
and 10.

2.5.1 DUT Designs and P cells

DUT designs may be generated with a parameterized cell (P cell) approach fol-
lowed in standard cell libraries in product designs. A P cell is defined in SKILL
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D1 4D2pD3| D4
(b)

Fig. 2.48 a Example macro template section with three DUTs. b Expanded view of a DUT with
replaceable blocks D1-D4 having fixed I/O pin locations

programming language to create physical layouts of a family of DUTs within
user-defined and technology GR constraints. The DUT specifications (dimensions,
spacing, and locations for each layer) are entered as variables in a spreadsheet as
inputs to the SKILL code. The spreadsheet also serves to document the DUT and
macro content. With this approach, the effort to create documentation is reduced
and any errors in characterization originating from incorrect documentation are
minimized.

The concept of using standardized DUT and macro designs is illustrated in
Fig. 2.48. The area of each DUT type and its placement in the macro template are
specified. The positions of wires or contacts (displayed as “pins” in the schematic)
from the DUT to the I/O pads or other circuits in the macro are fixed to allow
replacement of the DUTs in a straightforward manner. The DUTs can be replaced
without altering the macro wiring and I/O pad assignments. Similarly, circuit blocks
within a DUT are arranged in a hierarchical fashion. These can also be easily
replaced with blocks of different design or physical layout as long as the position of
the I/O connections within each block is unchanged.

2.5.2 Discrete Element Macros

In discrete element macros, the DUTs are directly connected to the I/O pads and
there are no active peripheral circuits. In early technology development and in short-
loop test vehicles with a limited number of metal layers and no active elements, there
are a large number of discrete element DUT macros. A number of different schemes
are used to improve silicon area utilization by I/O pad sharing. Two examples are
shown in Fig. 2.49. In Fig. 2.49a, each terminal of a MOSFET is connected to an
I/O pad and only six MOSFETSs can be accommodated in our standard 1x25 padset
macro. In Fig. 2.49b with pad sharing between the S and D terminals of adjacent
MOSFETsS, and common G and B terminals for all, the number of MOSFETS in a
macro is increased to 22. The economy in space utilization is usually at a cost of
reduced measurement accuracy for some parameters and a higher vulnerability to
defects.
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Fig. 2.49 Discrete element macros for MOSFET characterization: a with isolated I/O pads and
b with shared 1/O pads

Test time is reduced if a number of DUTS are tested in parallel. In Chapters 3, 4,
and 5, we provide examples of discrete element macros for resistance, capacitance,
and MOSFET characterization with different degrees of parallel test capability,
respectively, and present the advantages and drawbacks of such designs.

2.5.3 One-Dimensional Array Macros

The area and test efficiency of discrete element macros is improved with a moderate
level of design complexity in one-dimensional (1D) arrays. A number of such 1D
array designs with active and passive elements can be implemented at the M1 metal
level. These macro designs are very useful in the technology development phase and
for process monitoring early in the manufacturing cycle.

A 1D array comprises DUTs connected either in series or in parallel. In the exam-
ple of parallel-connected DUTs shown in Fig. 2.50, a decoder is used to select any
one of the DUTs. A voltage is applied to I/O pad AV1 and the measured current
flows only through the selected DUT. This design functions correctly as long as
none of the DUTs is shorted and the total leakage current of the unselected DUTs is
negligible compared to the current through the selected DUT. Different schemes to
reduce the leakage current by applying negative bias or adding resistance in series to
the unselected DUTs may be used to allow a larger number of DUTs to be placed in
parallel. A number of 1D arrays are placed within a macro and the arrays share the
decoder input pads A0, Al, A2, and A3. A pair of arrays may also share a common
GND pad to improve area efficiency. The arrays can be tested in parallel to reduce
test time.

In an array of series-connected DUTS, a switch of the type shown in Fig. 2.10 is
inserted in series with each output node and a decoder connects the selected node
to the I/O pad AV1 as shown in Fig. 2.51. A constant current flows through all the
DUTs, and the voltage at each node is measured sequentially. This design is ideally
suited for measuring resistors. The presence of an electrical open in any DUT is
easily detected by a single measurement of these series-connected DUTs, a useful
feature in yield test structures. As in the case of parallel-connected 1D arrays, the
series-connected arrays can also be tested in parallel.
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Fig. 2.50 A 1D array of DUTs connected in parallel with a 4-bit decoder to select any one of 16
DUTs represented by a solid circle

Al GND
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ool L

A0 A1l A2 A3

Fig. 2.51 A 1D array of series-connected DUTs shown as solid circles. A multiplexer connects
the selected output node to the I/O pad AV1 through a switch placed in the DUT

Arrays with identical DUTSs give a measure of statistical variations in the DUT
parameters. All DUTs can be measured together to get the average parameter value
and the standard deviation is obtained from the individual measurements. This fea-
ture is useful in DFM and process development applications for collecting moderate
statistics while conserving silicon area and test time.

2.5.4 Two-Dimensional Array Macros

Macros comprising one or more two-dimensional (2D) arrays are commonly used
when measurements on a large number of DUTs are required. These array designs
are complex and the form factor is usually not suitable for placement in the scribe
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line. The wiring of DUTs and peripheral circuits requires several metal layers,
design tools for checking, and careful consideration of measurement errors due to
parasitic elements and leakage currents of circuits used for steering signals in the
array. The area occupied by the I/O pads is minimized with the use of decoders,
scan chains, and other circuits. Such 2D arrays are therefore very useful in yield
macros in which sufficient critical area is necessary as discussed in Section 3.3. A
wide variety of 2D array designs have been demonstrated for resistors, capacitors,
MOSFETs, ring oscillators, and various combinations of them. Here, we present
some of the basic ideas of 2D array designs. Specific examples and references are
included in other chapters.

In Fig. 2.52, the concept of a 2D array is shown with 4-bit row and column
address decoders to test 256 DUTs. The row and column decoders uniquely select
one DUT in the array to connect it to an SMU for making the desired measurements.
Each DUT circuit includes four switches to steer inputs applied via AVF1 and AVF2
to the DUT and outputs from the DUT to ZVM1 and ZVM2. A representative switch
design to select a circuit is shown in Fig. 2.53a. Decoder inputs CAD and RAD from
the column and row decoders must both be “1” to turn on the transmission gate
and connect input A to Z. The switch connections to a resistor DUT are shown in
Fig. 2.53c, using the circuit symbol in Fig. 2.53b. This design has full flexibility in
isolating the resistor DUT for making a four-terminal measurement but also a large
overhead of 32 MOSFETs per DUT. This design can be simplified by replacing

A0 A1 A2 A3

S S S

column decoder

1] 2] 8] 4 5] 6] 7] 8] 9o[10] 1112]13]14] 15[ 16]

1 e 666666666666606
1 6666666666600
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At e
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5 5
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Fig. 2.52 A 2D array with 4-bit row and column decoders and a 16 x 16 matrix of 256 DUTs
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Fig. 2.53 a Circuit schematic and b symbol of a switch. ¢ Resistor DUT with four switches to
connect its inputs and outputs to the respective 1/0 pads

the transmission gates with n-passgates for the GND voltage connections and
p-passgates for Vpp connections, thereby reducing the number of MOSFETS to 20.
The I/O pad count in a 2D array is further reduced by using a shift register in place
of or in combination with decoders.

A macro and DUT template for 2D arrays is very useful in simplifying the
designs, and sharing probe cards and test codes among different macros. Macro
design migration to other technology nodes, while maintaining the same I/O pad
footprint, allows the use of a common custom probe card across different technology
generations in a manufacturing line.

2.5.5 High-Speed Macros

High-speed measurements are classified by high-frequency operation (10 MHz to
several GHz) or by single-shot pulse events with rise/fall times of <100 ps. Macro
designs for these types of measurements can be classified by the test equipment
requirements. In a situation where parametric ATEs are most commonly used, as in
a manufacturing line at the M1 test stop, circuit delay and some transient measure-
ments can be accommodated in a standard 1x25 padset macro and tested using the
same DC probe card. With the high-speed actions taking place within the macro and
with only DC input and outputs, the macro is immune to noisy manufacturing test
environment. Inputs and outputs for such a macro are shown in Fig. 2.54 [13]. The
DC inputs control latches, decoders, analog tuning of delay, and rise/fall times for
generating pulses, selecting experiments, and tuning signal waveform shapes. The
output is either a DC voltage output of a latch or a low-frequency (<10 MHz) signal
from a ring oscillator.
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latch set/reset  analog inputs
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—— DC voltage/current
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Fig. 2.54 High-speed macro with DC inputs and DC or low-frequency outputs

The second type of high-speed macro may have either high-frequency (~10 MHz
to several GHz) inputs and outputs or signals with <100 ps rise and fall times or both.
In this type of macro, pads for high-speed I/Os are best arranged in a GND-signal—
GND fashion and a probe card matching the macro footprint of this pad arrangement
is required. Macro templates for high-speed measurements are very useful and allow
the use of a common probe card for a large variety of experiments. With a differ-
ential time measurement scheme, sub-ps time resolution can be achieved in bench
measurements. High-speed macro designs are covered in Chapters 7 and 8.

2.5.6 Scaling of Macro Designs

Semiconductor packaging and probe card manufacturers have been making
advances to follow CMOS scaling. However, although the feature size on silicon
has been scaled by ~0.7x in each technology generation, the probe pitch has not
been shrinking at the same rate. For example, the I/O pad area has been reduced
from 90 pm x 60 pwm with 60 pwm pad spacing at the 180 nm technology node to
40 pm x 40 wm with 40 pm spacing at the 45 nm technology node. This is a factor
of 3.3x reduction in pad area and 1.5x reduction in space between the pads com-
pared to a 16 x reduction in circuit area. Because of this difference in scaling factors
for I/O pads and CMOS circuits, not all aspects of macro designs can be faithfully
scaled in migrating designs from one technology node to the next.

Three different scenarios in migrating macro designs are illustrated in Fig. 2.55.
In Fig. 2.55a, the pad size and the pitch remain the same but as the DUT size shrinks,
longer wires are required to connect the DUT to the pads. In order to maintain a
constant parasitic resistance of these wires, the wire widths should be increased in
a scaled design. In the second case shown in Fig. 2.55b, a DUT is accommodated
between the pads after scaling, thereby reducing the parasitic R and C values. The
height of the macro is also reduced and the entire macro is compacted. In the third
case in Fig. 2.55c¢, the pad size is reduced from 60 pm x 60 pum to 40 pm x 40 pm
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Fig. 2.55 Migration of
macro designs with a DUT 1 2 1 —E— 2 (a)
scaling factor of 0.7x a for
the same pad size and pitch
with DUT between the pads
and b for the same pad pitch

with the DUT shifted from |_ _|
outside pads to between pads.

¢ Pad dimensions scaled by
~0.7x

removable wire segments test structure

e \ /

1 2 (a)

1 2 (b)

Fig. 2.56 Physical placement of test structure showing a wire segments to be removed to
accommodate a scaled pad pitch and b placement with scaled pad pitch

and the pad pitch from 120 to 80 pm. The design can now be nearly faithfully scaled
by ~0.7x.

In some cases, a change in pad pitch may be introduced during the technology
development or the manufacturing phase. In this situation, modified designs need
to be revalidated. If pad pitch changes are anticipated, the templates can be created
with wire segments which are removed and the design collapsed to fit a different
pad pitch as shown in Fig. 2.56, thereby maintaining the integrity of the design with
minimum effort.
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DC resistance measurements of precision and parasitic resistors form an impor-
tant part of CMOS technology characterization. Sheet resistances are measured to
monitor and control material properties such as film thickness and doping levels
in silicon layers. Resistance measurements are utilized in monitoring product yield
loss caused by electrical opens in metal wires and inter-level vias, or shorts between
neighboring wires. In metrology and for process tuning applications, linewidths are
extracted from resistance measurements. For CMOS circuit simulations, electrical
models of resistors are constructed based on data collected from test structures.

In this chapter, properties of resistor elements are described in Section 3.1.
Resistance measurement techniques are covered in Section 3.2. DUT designs for
resistance and yield characterization are described in Section 3.3. In Section 3.4,
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five examples of test structure designs, ranging in complexity from discrete resis-
tors to 2D arrays, are provided. Metrology applications and extraction of process
variations from resistance measurements are discussed in Section 3.5.

A comprehensive treatment of resistance measurement techniques for semicon-
ductor materials and devices can be found in reference [1]. A list of selected
publications on film resistance measurements and resistor macro designs is provided
in the reference section.

3.1 DC Resistance

The electrical resistance of a metal wire is determined by connecting its two ter-
minals to a constant voltage source and measuring the current flowing through it.
This method of measuring resistance was first reported by George Simon Ohm
in 1827 and the well-known Ohm’s law bears his name. The application of resis-
tance as a measure of quality control of commercial copper for underwater telegraph
cables was established in 1857 [2]. In 1958, Van der Pauw reported a method for
measuring specific resistivity of semiconductor films of any arbitrary shape [3].
Over 50 years after his publication, resistance measurements in the semiconduc-
tor industry still continue to challenge engineers as sub-pwm geometries, parallel test
methods for rapid data collection, and defect detection and localization techniques
are incorporated in test structure designs.

Resistance test structures are employed for (1) measurement of resistances of
circuit elements, (2) measurement of sheet resistances of conducting layers, and (3)
detection and localization of electrical opens and shorts. DUT designs to measure
contact, parasitic, and wire-end resistances are included to correct for measurement
errors and to build accurate resistor models. Variability and matching charac-
teristics of resistors are measured to determine systematic and random process
variations. Temperature coefficient of resistance is measured to cover the operat-
ing range of CMOS products, which is typically —40°C to 120°C. Test structures
for metrology applications such as linewidth extraction exploit the dependence of
resistance on layer geometry. Macro designs and measurement methods are depen-
dent on the resistance range, desired measurement accuracy, number of DUTs to be
accommodated, allocated silicon area, and test time constraints.

3.1.1 Properties of Resistors

The resistance R of a uniformly conducting film is a function of its sheet resistance
psh and its physical dimensions as discussed in Section 2.4.3. In the case of a straight
long planar wire of length /, width w, and thickness d, the relationships are restated
here:

/
Rzpsh_3 (31)
w
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and

P
Psh == (3.2)

where p is the resistivity of the film. The term //w is the number of squares (Cs)
Ngq in the film and pg, is expressed in units of €/C]. If the dimensions of the film
are precisely known, pg, can be calculated from the measured value of R using
Eq. (3.1). In resistor elements with complex geometries or very small dimensions,
current crowding at the edges, end effects, and shape distortion during processing,
such as corner rounding, are taken into account in modeling the resistance.

Metal resistivity p and in turn R vary approximately linearly with temperature:

Ry =R {1+TCR(T>, —T1)}, (3.3)

where R; and R, are resistances at temperatures 71 and 73, respectively, and TCR
is the temperature coefficient of resistance. The TCR of Cu and Al metal layers and
of heavily doped (n+ and p+) silicon layers is ~0.35%/°C and slightly smaller for
precision resistors. A 5°C increase in the temperature of a copper wire produces an
~1.65% increase in its resistance.

The temperature dependence of precision resistors in silicon can be more
accurately approximated by adding a quadratic term:

Ry =R, {1 +TCR; (T5 — T}) + TCR, (T> — T1)2} , (.4)

where the coefficients TCR| and TCR; are determined empirically. If the tempera-
ture dependence is more complex, other terms may be added to get a best fit to the
experimental data. The temperature dependence of resistance is exploited in tem-
perature sensors to measure silicon chip temperature and to detect local temperature
variations in CMOS products.

The voltage drop V across a conductor is a function of the current / flowing
through it and its resistance R as stated by Ohm’s law:

V =IR. (3.5)
The power dissipation P in the resistor is
P =IR. (3.6)

The heat generated by the current flow results in an increase in the resistor tem-
perature, thereby changing its resistance. Measurement error arising from internal
heating in a resistor can be minimized as discussed in Section 3.3.

The measurements of interest for conducting layers are as follows: (1) pgh, (2)
resistance per unit length (R/[) for minimum linewidth, and (3) R/l for specific
linewidths, line spaces, and pattern densities. Precision resistors are defined in either
silicon diffusion or polysilicon (unsilicided) layers with pg, of 50-1,000 /. The
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Table 3.1 Resistance ranges for conducting layers, vias, and defects in the 65 to 45 nm CMOS
technology nodes

Conducting element Properties

Precision resistor psh = 50—1,000 /(]
Silicided silicon diffusion/polysilicon psh = 10—20 /0
Metal wire psh = 0.01-0.20 /0
Interconnect via, HO R=1-300Q
Interconnect via H1 and higher R =10.001-2 @
Electrical open >10° Q@

Electrical short <1073 Q

minimum allowed linewidths for the metal layers are restricted by technology phys-
ical ground rules (GRs). Thick metal layers with smaller values of pg, have wider
minimum linewidths compared to thin layers. Hence, R/l values of metal layers may
vary over a wide range, from ~5 Q/pum for the M1 metal layer to ~0.001 Q/pm for
thick metal layers.

Single via resistances for HO (silicon to first metal M1 contact) have been steadily
increasing with technology scaling, from ~1 €2 in earlier technology generations to
as high as 300 €2 in the 32 and 22 nm technology nodes. Resistances of vias between
thick metal layers may be as low as 0.001 2. The resistance limits for detecting
electrical opens and shorts in metal wires and vias may be set >10° Q for opens and
<1073 for shorts. The resistance ranges of conducting layers, vias, and defects are
summarized in Table 3.1.

3.2 Resistance Measurements

The resistance range of conducting layers, vias, and defects spans over 12 decades.
Standardization of test equipment and test structure macro templates is simplified if
all resistor DUTs have resistance values in the range of ~1-1,000 2. This can be
accomplished by appropriately sizing the resistor DUTs as discussed in Section 3.3.
The resistance measurement accuracy requirement is generally < 1% for precision
resistors and metal wires and more relaxed for opens and shorts. Higher precision
is obtained by accounting for parasitic resistance contributions of I/O pads, probe
contacts, and cable connections to the test equipment. Test equipment requirements
and methods of improving measurement accuracy are described in the following
sections.

3.2.1 Resistance Range and Test Equipment

A selection of standard off-the-shelf resistance meters, with measurement accura-
cies of 0.1~1%, cover resistance ranges from very low (107>—107% Q) to very high
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Table 3.2 Test current and

voltage ranges of off-the-shelf Resistance (£2) Test current Test voltage
resistance meters 1075 100 A 1 mV

1073 10A 10 mV

1.0 100 mA 100 mV

103 1 mA v

100 1 pA 1V

10° 1 nA v

1012 1 pA IRY

101 1 pA 1,000 V

(103 —10% Q) The test current and voltage ranges for resistance measurements are
shown in Table 3.2. At the low resistance end (< 1€2), the current level is increased
to keep the voltage drop across the resistor to > 1mV. At the high resistance end
(2 1012 52) voltage level is increased to maintain the current in a measurable (pA)
range. The optimum test levels and measurement accuracies are dependent on the
specification of the test equipment which should be carefully considered prior to
designing resistor DUTs.

In silicon manufacturing, resistance measurements are carried out with paramet-
ric ATE mentioned briefly in Chapter 2 and covered in more detail in Chapter 9. The
SMU s in these testers are set to either voltage force current measure (VFIM) or cur-
rent force voltage measure (IFVM) configurations. A suitable voltage force range
for parametric ATE is ~10 mV to 10 V and the current measure range is ~10 nA
to 100 mA. An upper limit on the current is set by the current handling capability
of probe needles, which is typically <100 mA. The lower limit on both current and
voltage is set by the measurement accuracy of the ATE. Typically, the range over
which resistance measurements may be made with a precision of 1% is thus ~0.1
to ~10° Q.

The optimum resistance measurement range is further restricted at the low end by
parasitic series resistances and at the high end by test time. Wire connections from
the resistor DUT to the I/O pads and probes may add a parasitic series resistance of
a few Q at each DUT terminal. Their effect is minimized by optimizing the physical
layout of the DUT and by designing the DUT resistance to be at least a few hundred
2. Measurement methods to reduce the parasitic contact resistances are described
in Section 3.2.3.

At the high resistance end, because of the large RC time constant of the DUT,
the time to reach full applied voltage at the DUT terminals gets longer. In the VFIM
mode, the internal measurement time of the tester in the low current (nA to pA
range) is larger than for currents in the mA range. Hence, the measurement time is
longer, decreasing the test throughput. As an example, the total measurement time
for a 100 € resistor is ~10 ms increasing to ~200 ms for a 10'? Q resistor.
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3.2.2 Two-Terminal Measurements

In a two-terminal resistance measurement, a voltage Vr is applied across the two
I/0O pads connected to the resistor element, and the current /;;, flowing through the
resistor is measured. Alternatively, a current /r is forced into the resistor and the
voltage across its terminals Vy, is measured. The resistance R is then

_Vf_Vm

R = . 3.7
A (3.7

An advantage of a two-terminal measurement, also known as a two-wire or a
two-probe measurement, is that only two I/O pads per resistor DUT are required
as shown in Fig. 3.1. In practice, however, the measured resistance Ry, includes
the resistance of the on-chip wire connections from the I/O pads to the DUT ter-
minals, Rg; and Ry, and the sum of probe-to-pad contact, probe wire, and cable
resistances Rp:

Rm = R+ Ry + Ry + 2R, (3.8)

Probe contact resistance is dependent on the pressure applied to the probe tips,
extent of skidding, and electrical properties of the pad material. In an ideal test setup,
R, is <1 Q for all pad connections and R (= Rs; = Ry») can be designed to be
<1 Q. The DUT resistance limits are set by the desired measurement accuracy. For
example, assuming 2 (RS + Rp) ~ 4 Q, R must be >400 €2 to limit the measurement
error to <1%.

3.2.3 Four-Terminal (Kelvin) Measurements
The accuracy of a resistance measurement is improved with a four-terminal mea-

surement scheme shown in Fig. 3.2a. This method, first developed in 1861 by Lord
Kelvin, to measure small resistances is also known as Kelvin sensing. A current is

R Rs1 R RsZ
lm,f Im,f
i i U:Q Q:Q
AH AL
Vim GND
AH AL
Vim GND

(a) (b)

Fig. 3.1 Two-terminal resistance measurement of a an ideal resistor R and b a resistor R with
parasitic wire resistances Rs; and Rz, and contact/probe/cable resistances Ry, in series
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AH2 AHA1 AL1 AL2 AH2  AH1 AL
() (b)

Fig. 3.2 Resistance DUT R and its parasitic resistances Ry, Rs2, and R), are shown for measure-
ment configurations: a four-terminal and b three-terminal

forced through the outer terminals AH2 and AL2, and the voltage across the inner
terminals AH1 and AL1 is measured. Alternatively, a voltage is forced at the outer
terminals and the resultant current / and the voltage across the inner terminals Vi, are
measured. As the current flowing through the inner voltage sense leads is negligibly
small, any voltage drop across the series resistor R}, is ignored.

In a third arrangement shown in Fig. 3.2b, only three terminals are used by com-
bining the functions of AL1 and AL2 pads. In this configuration, more DUTSs can
be accommodated with the same number of I/O pads compared to a four-terminal
measurement scheme. A correction for resistance R}, in the common AL node can
be determined from the difference between two-terminal and three-terminal mea-
surements or by dedicating a DUT with R = 0. These schemes are discussed in
more detail in Section 3.4.1. When only two I/O pads are available per DUT, a four-
terminal measurement can be made by landing two probes on each pad as described
in Section 2.4.1 and thereby reduce Rp,. To exclude the resistance of cable connec-
tion from the probe to the test equipment, the probe card may be designed with two
cables per probe tip.

3.2.4 Contact Resistance Measurements

Probe-to-pad contact resistance, which is included in Rp, is typically <1.0 €2 but
may increase to 5 €2 or more with misalignment and mechanical wear of the probe
tips and I/O pads. As this resistance is in series with the DUT resistance, its impact
may become significant in a two-terminal measurement.

In silicon manufacturing, a test for mechanical and electrical integrity of probe
contacts may be carried out on each reticle field after a certain number of
probe touchdowns. A test structure macro for monitoring probe contact resistance
described here also serves for checking probe alignment and for probe contact pres-
sure adjustment. The basic design of the macro is shown in Fig. 3.3. Each pair
of I/O pads is electrically shorted together with a low resistance metal (<1 €2)
wire. The resistances of these short metal segments, dominated by their respec-
tive probe contact resistances, are measured and the data evaluated to ascertain
the quality of probe contacts. A correction term for the DUT resistance, derived
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[EL] LE) [EL] LE ] [EL]

«— probe tip

Fig. 3.3 Top view of a macro for measuring probe contact resistances

from these measurements, may be used for improving the accuracy of two-terminal
measurements.

An upper resistance limit for Ry, typically ~2-5 €2, is defined for test quality con-
trol. If the measured resistance values exceed this limit, data collected on a reticle
field or wafer may be rejected and the probe card replaced. In order to prevent loss of
data, probe cards are periodically replaced after a specified number of touchdowns.

3.2.5 Sheet Resistance Measurements

The sheet resistance of a film of uniform thickness and any arbitrary shape can be
determined by the Van der Pauw method [3]. The DUT is contacted at four points
along the periphery of the film as shown in Fig. 3.4a, keeping the contact area small
compared to the area of the film. A current is forced through two adjacent contacts
and the voltage measured across the other two contacts. This procedure is repeated
by starting with two other adjacent contacts. For example, resistance R17 34 is deter-
mined by passing current through Al and A2 and measuring the voltage across A3
and A4. Similarly, resistance R»34; is determined by passing current through A2
and A3 and measuring the voltage across A4 and Al. The sheet resistance of the
film is given by

7 (R12,34 + Ro341
Psh = ——( )F 3.9)
In2 2

where F is a correction factor whose value depends on the ratio R1234/R23.41. If the
shape of the film is symmetric as shown in Fig. 3.4b, R1234 = Rp341 =R, F =1,
and Eq. (3.9) reduces to

A1 A2
Al A2

Fig. 3.4 Thin film with four
contacts A1-A4 to facilitate
psh measurements by the Van
der Pauw method of a an Ad A3 A4 A3
arbitrary shape and b a

symmetric shape @) (b)
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Fig. 3.5 Physical layout of a DUT for measurement of pg,: a resistance bridge and b Greek
Cross

7R

A bridge structure for measuring resistance of a metal wire is shown in Fig. 3.5a.
A four-terminal Kelvin resistance measurement is made with a constant current /
flowing from A1 to A2. The accuracy of voltage measurement is improved by taking
the average of V| and V5. The pg, of the metal layer is estimated from known / and
w of the wire using Eq. (3.1).

As feature sizes are reduced, the linewidths of narrow wires may depend on the
lithography and etching processes and may deviate from the dimensions defined
in the DUT designs. The linewidth and film thickness of a metal layer may also
be influenced by chemical mechanical polishing (CMP) process and its sensitivity
to local pattern density variations. An independent test structure for sheet resis-
tance measurement coupled with the bridge structure for resistance measurement
described above is therefore very useful for characterizing material layer properties.

A Greek cross, shown in Fig. 3.5b, is commonly used for measuring pg of nar-
row wires with an accuracy of <1% [4]. In this application of the Van der Pauw
technique, first the voltage V(43) is sensed at terminals A4 and A3 with the cur-
rent /(12) flowing from terminal Al to A2. The direction of current is reversed to
correct for any voltage offsets arising from, for example, thermoelectric effect, and
1(21) and the voltage V(34) are measured. This procedure is repeated by forcing the
current between A2 and A3 and measuring the voltage between Al and A4. The
resistances with the orthogonal measurements are as follows:

V(43) — V (34)
1(12) —1(21)

V(14) -V 41)

d Rygpy= —2 =7
ame BN =T 2132

Riz34 =

where 1(21), 1(32), V(34), and V(41) are negative quantities. Assuming the resistor
material to be homogeneous and of uniform thickness, pgy can be calculated from
Eq. (3.9) with F = 1. Accurate measurements of linewidths may be made with a
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Fig. 3.6 a Planar views of electrical opens in wires. b Cross section of a defective via causing an
electrical open. ¢ Planar view of a metal short between two wires

combination of a bridge structure and a Greek cross. This application is discussed
in more detail in Section 3.5.

3.2.6 Electrical Opens and Short Detection

Process or particulate-related defects may result in electrical opens in metal wires
and vias, and electrical shorts between neighboring wires in the same layer and in
vertically adjacent layers. An open is defined as a resistance greater than a specified
value and similarly a short is defined as a resistance smaller than a specified value.
Some examples of defects in metal wires and vias are shown in Fig. 3.6. In Fig. 3.6a,
an electrical open in a metal wire occurs due to missing metal, and linewidth nar-
rowing in a bend in a wire results in a high resistance. In Fig. 3.6b, incomplete
metal filling in a metal interconnect via causes an electrical open. In Fig. 3.6¢c, two
metal wires are shorted together because of incomplete metal etching caused by a
particulate or a defect.

3.3 Resistor DUT Designs

In this section, examples of DUT designs for resistance measurements of conducting
layers and interconnect vias, and for defect monitors are provided. The lower limit
for the DUT resistance is based on desired measurement accuracy. The upper limit
is based on available area, minimum current limit, and test time. DUT placement in
the macro is based on available area and generally compact designs are preferred.
For determination of resistor matching characteristics, or extraction of linewidth
and end resistance using a differential pair of resistors, DUTs are placed in close
physical proximity and in identical local environments. The physical layout of DUTs
must meet the technology GRs except where these rules are deliberately violated to
determine a process window.

In the case of a two-terminal measurement, it is preferable to keep the DUT
resistance >400 2 as discussed in Section 3.2.2. A rough estimate of resistor DUT
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Fig. 3.7 Planar views of metal wires with a minimum width and spacing, and b double width and
spacing. Via chain segments ¢ of metal M(X—1) and MX travelling in the same direction, and d for
orthogonal M(X—1) and MX

area A for specified values of R, pg, linewidth w, and spacing s shown in Fig. 3.7a, b

is given by

_Rww+y)
Psh .

A (3.11)

A few examples of calculated A, for a wide range of pgy and geometries for 400
Q resistor DUTs, are listed in Table 3.3. Such DUTs can be placed in the space
(60 wm x 40 pwm) between our standard I/O pads (Appendix A) for silicon and
polysilicon resistors and thin metal layers with narrow linewidths but generally not
for thick metal layers.

Resistance per interconnect via, from HO to vias connecting top metal layers,
may vary by as much as five orders of magnitude. The DUT for measuring average
via resistance comprises a chain of vias. The length of the via chain is dependent on
the desired total resistance and available area. The allowed via dimensions, spacing
between vias, and metal overlap past vias, as governed by technology GRs, should

Table 3.3 Estimated area of a 400 2 resistor DUT for conducting layers

Layer Psh (2/0) w (jLm) s (jum) ~Area (um?)
Precision resistor 100 0.20 0.20 0.32
Polysilicon 10 0.04 0.16 0.32

Thin metal 0.2 0.10 0.10 40

Thick metal 0.01 0.35 0.35 9,800
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be taken into account in calculating the area per via. Two example layouts of via
chains with parallel and orthogonal metal layers are shown in Fig. 3.7¢c, d.

The approximate area of a DUT with N vias, for the geometries shown in
Fig. 3.7¢, d, is given by

A=Nw+s)w+ys). (3.12)

The DUT areas for via chains, for the case w = s and a total resistance of 400
2, are listed in Table 3.4. The resistance of the metal lines connecting the vias must
be taken into account when measuring low resistance vias. A reference DUT with
the same geometrical outline as the via chain with only one of the metal layers is
shown in Fig. 3.8. The resistance of the reference DUT is subtracted from the via
chain resistance. If the two metal wires in the via chain have significantly different
resistances per unit length, two reference DUTs may be included.

Four-terminal DUTs are designed to accurately measure resistance values of
<400 Q. The lower resistance limit is set by the desired accuracy of measurement
and the voltage accuracy of the tester. Let us assume a desired measurement accu-
racy of +1% and a tester voltage accuracy of =1 mV. For a 10 2 resistor, this sets
Vi =100 mV and I, = 10 mA.

Temperature rise from Joule heating in the DUT adds to the measurement error
and an upper current limit needs to be considered. The increase in temperature AT
of the DUT during the measurement time of a few ms or more is dependent on the
power dissipation, thermal properties of the DUT and the surrounding insulators,

Table 3.4 Estimated areas of a 400 €2 via chain DUT

Via Rlvia () No. of vias w=s (um) ~Area (pm?)
HO (Si to M1) 50 8 0.1 0.32

H1 (M1 to M2) 1.0 400 0.1 16

H3 (M3 to M4) 0.1 4,000 0.5 4,000

HX (to MT) 0.005 80,000 2.0 1,280,000

m m m m |
m m [m [l‘\ ‘ ‘
| ow
m m [ = h [IM(X-1)
— — = via

(a) (b)

Fig. 3.8 Planar views of a a via chain and b a reference metal serpentine
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DUT area, insulator thicknesses, and cooling effect at the edges. In general, AT can
be expressed as

AT = RyP, (3.13)

where Ry, is the thermal resistance and P is the power dissipated in the DUT [5]. An
exact calculation of Ry may be complex but often an approximation is sufficient.
Consider, for example, a DUT consisting of a conducting film of length / and width
w, dissipating energy uniformly at a rate P. If this film is vertically separated from
the underlying silicon substrate by an insulating SiO, layer of thickness #/, then
using a parallel plate approximation, Ry, can be calculated as

h

= —. 3.14
wilK ( )

Rin

Here K is the thermal conductivity of SiOs (~1.4 x 107® W/um°C) and the
silicon substrate is assumed to be a thermal “ground” at a constant temperature 7.
Equation (3.14) holds only if 4 << w, [, and the heat flows uniformly in the vertical
direction with no lateral flow at the DUT edges. It sets an upper limit on AT.

Consider, for example, a precision resistor element with / = 20um and
w = 2 um placed on a SiO; film of thickness 7 = 1 wm. With a pg, of 100 /07,
it has a resistance of 1,000 2. If the resistance measurement is carried out with a
current of 1.0 mA, with a heat dissipation of 10~3 W, the increase in resistor temper-
ature calculated from Eqgs. (3.13) and (3.14) is 18°C. For a TCR of 0.35%/°C, the
measurement error from this self-heating is ~6%. Edge and end effects will lower
this but a substantial error is nevertheless introduced. The error is reduced to <0.1%
if the current is lowered to 100 wA. Note that cooling effects from the connecting
metal wires produce non-uniform heating across the resistor, limiting the tempera-
ture rise, especially in small-area resistors. For a specified AT, an upper limit of the
current flowing through a DUT can be estimated from the relationship

_ wAT (3.15)
" [Rth psh . )

Although the measurement error from heat dissipation in the DUT can always be
reduced by lowering the current flowing through it, a lower current limit is set by
the accuracy of the tester. In low resistance DUTs, the minimum current is set by the
accuracy of voltage resolution, typically in the range of 1.0-10 mV for ATE. In very
high resistance DUTS, although the heating effect may be small, the measurement
accuracy is worse as the current is lowered to the nA range. The test time for high
resistance DUTs is also longer as the time to reach the full applied voltage across
the DUT is governed by the resistance and self-capacitance of the DUT.

Another consideration in sizing DUTs is the effect of statistical variations.
Linewidth variations in narrow wires are averaged over the length of the wires. In
a chain of vias, large deviations in a single or a few vias may be undetectable. As
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an example, consider a series chain of 10,000 vias with a mean resistance of 10,000
Q and a standard deviation o of 1% or 100 Q. If, because of a local defect or an
incomplete processing, one of the vias has a resistance of 100 €2 (100 times its nom-
inal value of 1.0 €2), the via chain resistance will increase by 1%. This increase is
well within 30 (4= 3%) of the distribution and hence not detectable. If on the other
hand, the number of vias in the chain is reduced to 1,000, the increase in resistance
by 100 2 (10%) due to one defective via can be easily detected.

Metal and silicon precision resistor DUTs, delineated by rectangles or serpen-
tines, may be placed in the space between two I/O pads. Physical layout examples
for a short DUT and a long narrow wire serpentine DUT are shown in Fig. 3.9. Pad
connections may be on the same metal layer as the resistor or a different layer, in
which case a number of vias between the metal layer connection to the pads and
the wide contact metal are included to reduce the parasitic series resistances. This
resistance at the ends, which may include via contact resistance and spreading resis-
tance, may be eliminated by designing two DUTs of different lengths and taking the
difference in their measured resistance values. DUTs in thick metal layers, where
the minimum area for desired accuracy is larger than the area between the pads,
comprise long serpentines placed in the area above the pads.

A number of DUT layouts are used to detect opens and shorts between hori-
zontally or vertically adjacent metal layers. Comb and serpentine layouts are used
for detecting opens and shorts between metal lines in a single layer and also for
measuring wire resistances. Line drawings of a serpentine and a comb are shown in
Fig. 3.10. A very high resistance between AH and AL indicates an electrical open in
the line in Fig. 3.10a. A short is detected as a very low resistance measured between
pads AH and AL in Fig. 3.10b. A maize and a multiple serpentine design (MPS)
shown in Fig. 3.11 are very useful for monitoring both opens and shorts as well as
for measuring wire resistances and capacitances. A more complex DUT with two
entangled via chains for detecting opens and shorts between two metal layers is
shown in Fig. 3.12.

For resistance measurements, it is desirable to keep the DUT area small to
achieve a compact layout and to minimize spatial variations. DUT area for defect
monitors, on the other hand, must be large to detect the occurrence of relatively rare
random defects. The critical area for a certain type of defect is defined as the effec-
tive DUT area vulnerable to the occurrence of that defect type and can be expressed

AL AH

Fig. 3.9 Planar views of physical layout of a a short, wide resistor and b a long, narrow resistor.
The resistors are placed in the space between I/O pads
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Fig. 3.10 Line drawing of defect monitors: a a serpentine for resistance measurements and b a
comb structure
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Fig. 3.11 Line drawings of defect monitors: a a maize and b an MPS structure, both used for
resistance measurements and for monitoring opens and shorts
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Fig. 3.12 Top view of two entangled via chains in two metal layers to detect via opens and leakage
paths between vertically adjacent layers
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as yA, where A is the area of the DUT and the area efficiency y is generally <1.
The critical area necessary to detect a given defect type increases as defect density
is reduced in the manufacturing line. DUT layouts may be optimized to maximize
y and thus improve DUT efficiency for defect detection [6]. As an example, y of
defect test structures is increased by interleaving and entangling the serpentines and
chains.

Early in technology development, the defects are typically process limited and
relatively smaller area coverage but more varied layout styles are needed for sys-
tematic and random defect detection. As the technology matures, the defects are
limited by particulates and the necessary critical area increases. However, a larger
area is more readily available in test vehicles used in early technology development
and in short-loop test vehicles than on a product wafer with limited scribe-line area.
A large number of passive test structures may be placed on test vehicles, while
complex high y designs with control circuitry are placed on product wafers.

The defect density DD is calculated from the measured yield and the DUT critical
area as

1-Y
DD = ——, (3.16)
YA
where Y is the yield of the DUT [7]. The relationship between DUT yield and area
is shown in Fig. 3.13. A DUT is most effective as a defect density monitor when its
yield is well away from both 0 and 1.

Electromigration in wires carrying current causes metal agglomeration in the
direction of current flow, creating metal-deficit areas. The wire resistance increases
with time and ultimately the wire becomes non-conducting, thereby resulting in an
electrical open. Electromigration is enhanced at high current densities and at high
chip temperatures. The wire resistance may also increase with both self-heating
and local heating from surrounding circuit activity which can further accelerate
electromigration-induced failures. Resistance test structures are employed to deter-
mine electromigration failure rates. Careful consideration is given to the DUT

1.0~

Yield
/
/

Area

Fig. 3.13 Conceptual plot of yield as a function of chip area for a CMOS product
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designs designated for accelerated stress tests for electromigration. Typical wire
lengths are of the order of a few hundred pm and widened at the two ends to reduce
contact resistance. Standard DUT designs for electromigration have been developed
by the National Institute of Standards and Technology [1].

3.4 Resistor Macro Designs

There are six major considerations in the design of resistor macros: (1) availability
of MOSFETs, (2) number of metal levels, (3) number of resistor DUTSs per macro
and the DUT area, (4) resistance range and desired accuracy of measurements, (5)
parallel test capability of the test equipment, and (6) test time budget.

Resistor macros placed on short-loop test vehicles for technology development
or for routine process monitoring may not undergo MOSFET processing. The DUTs
in these macros are built with one or more conducting layers but without any active
circuit elements or peripheral circuitry. The number of DUTs within a macro is
severely limited by the number of available pads. Silicon utilization is improved
with the availability of CMOS active circuit elements in macros comprising 1D or
2D arrays of DUTs. These complex designs are area efficient and suitable for yield
monitoring and for characterization of variability in resistor elements.

In this section, five examples of macro designs for resistance measurements and
defect monitoring are described. The macro configurations with two-, three-, or
four-terminal measurements covered in Example 1 can be implemented with only
a single conducting layer. In Example 2, with multiple metal levels, more com-
plex pad sharing schemes to increase the number of DUTSs per macro are feasible.
Designs of 1D arrays with and without a decoder circuit for DUT selection are
described in Example 3. These 1D array designs, using MOSFET control circuits,
can be implemented at the M1 metal level and multiple arrays are placed within one
macro. In Examples 1, 2, and 3, DUTs can be accommodated in a minimum size
macro with our standard 1x25 linear array of pads shown in Appendix A. Complex
2D arrays in Examples 4 and 5 are utilized for large-area yield structures including
defect localization for failure analysis. In each example, requirements for parallel
test implementation and schemes for test time reduction are included.

3.4.1 Example 1: Discrete Resistor Macros

Macro designs for discrete resistors are implemented with a minimum of one con-
ducting layer. These types of designs are particularly suitable for both resistance
measurements and defect detection in short-loop test vehicles or in test vehicles
early in the technology development cycle. I/O pads may be configured for two-
terminal, three-terminal, or four-terminal measurements with different degrees of
I/0O pad sharing. The relative merits of I/O pad configurations and test methods are
examined for each macro design type.
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In Fig. 3.14, different I/O configuration options for two-terminal, three-terminal,
and four-terminal measurements with isolated or shared pads are shown. In
Fig. 3.14a, b, all DUTs are electrically isolated. In Fig. 3.14c, d, DUTs are connected

R1 R2 R3 R4 R5 R6
1 2 3 4 5 6 7 8 9 10 1 12

—V—- (a)

R1 R2 R3

—V-

R1 R2 R3 R4 AR5 R6 R7 R8 R9 RI10 Ri1

/i l imiﬁziﬂs ?4 iqs i%imimfmfmo

1 2 3 4 5 10 11 12
—V—> (e)
/i l ?FH %Fm’é’ §R3 $H4 %FE
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1 2 3 4 5 6 7 8 9 10 11 12
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Fig. 3.14 1/O pad assignments for resistor measurements: a for isolated two-terminal DUTs,
b for isolated four-terminal DUTSs, ¢ for series-connected two-terminal DUTs, d for series-
connected four-terminal DUTS, e for star-connected three-terminal DUTS, and f for star-connected
four-terminal DUTSs. Current / and voltage V for measuring resistor DUT R2 are indicated
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in series and pads are shared between adjacent DUTs. In Fig. 3.14e, f, the DUTs
are connected in a star configuration, with at least one common pad for injecting
current in all the DUTs. Only two-terminal measurements are possible for DUTs
in Fig. 3.14a, four-terminal measurements in Fig. 3.14b—d, f, and three-terminal
measurements in Fig. 3.14e. More DUTSs can be accommodated in the arrangement
shown in Fig. 3.14c compared with the arrangement in Fig. 3.14d. However, for
four-terminal measurements in series-connected DUTs shown in Fig. 3.14c, current
to the I/O pads flows through adjacent DUTs and this scheme works only if none of
the neighboring DUTs are electrically open.

For the different configurations discussed above, the total number of DUTs in
1x25 padset macros is listed in Table 3.5. Macro templates may be created for the
selected configurations. Macro designs based on a common template can share test
automation software.

When a large number of macros are present, a significant reduction in test time
is obtained by measuring the DUTs in parallel [8]. In standard parametric ATE,
the number of SMUs is generally < 8 and only a few DUTs can be tested in par-
allel. ATE designed with an independently controlled SMU for each I/O pin may
be equipped with as many as 200 SMUs and in this case, a large number of DUTs
(50-100) can be tested in parallel.

Isolated DUTSs may be measured in parallel in either VFIM or IFVM modes. In
series-connected DUTs, IFVM mode is preferred if no DUTs are open. A current is
forced through the DUTs and the voltages across the DUTs are measured in parallel.
The difference in the measured voltages between two adjacent pads gives the voltage
across the DUT. A shorted DUT has no impact on the measurement and the short
can be easily detected as the voltage drop across it is extremely small.

If open mode failures are expected in series-connected DUTs, the VFIM method
may be used for parallel testing. The test method is illustrated in Fig. 3.15 for four
series-connected resistors. A voltage is forced at each node and the current in the
SMUs, Ini, Im2, Im3, Ima, and Ipys, recorded. The voltage across a DUT is the dif-
ference in its node voltages. The currents through the DUTS, 111, I12, I;3, and 4, are
computed as shown in Fig. 3.15a, taking the sign of the currents into consideration.
The resistance of a DUT (R2) is given by

Table 3.5 Total number of DUTs in a 1x25 padset macro for the configurations shown in
Fig. 3.14

Macro type Total DUTs Measurement Comments

a 12 Two-terminal Isolated

b 6 Four-terminal Isolated

c 24 Two-terminal Four-terminal if no opens
d 11 Four-terminal Four-terminal

e 21 Three-terminal Three-terminal

f 11 Four-terminal Four-terminal
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Fig. 3.15 a Series-connected DUTs configured for parallel test. Force voltages at the nodes:
b monotonically increasing and ¢ alternating
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R2 (3.17)

If R2 is open, it can be easily detected as I, = O (or |[,1| = — |Im2]). The force
voltage is incremented at each node monotonically as shown in Fig. 3.15b. Note that
if the DUT resistances are exactly the same, |I;y1| = — |I;n5/, and the current drawn
by the intermediate SMUs is zero. The force voltage can be alternated, as shown in
Fig. 3.15c, to limit the absolute maximum applied voltage on a node.

In case of star-connected DUTs, the VFIM mode is used for parallel test. A
voltage is forced on the common node and the currents through all the DUTs are
measured in parallel. If a DUT is open, it does not influence the measurement, but its
presence is detected as no current flows through it. If one or more DUTS are shorted,
the currents in the corresponding SMUs will hit compliance. A second measurement
pass is made after disconnecting the failing DUTs.

A drawback of star-connected DUTs is the measurement error from /R drop in
the common line. Care should be taken to ensure that the common line resistance is
low and any voltage drop in it is insignificant. Additional I/O pads may be used to
feed into the common line to reduce /R drops. Alternatively, the common line may
be held at GND and by alternating the force voltage on each node, the current in the
common line is balanced as long as the resistor values of the DUTs are similar.
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In the macro designs discussed here, test time is substantially reduced by parallel
testing. When testing a large number of such macros, the probe index time to step
from one macro to the next can become a substantial fraction of the total test time
and ultimately limit the test efficiency as discussed in Section 2.3.3.

3.4.2 Example 2: Passive Array Macros

The types of macro designs in this example are implemented with more than one
conducting layer in the metal stack to facilitate low resistance multiple metal wire
connections. The number of DUTs in a macro is substantially increased with more
complex I/O pad sharing schemes. However, parasitic wire resistances may be
higher and these resistance values, relative to the DUT resistance, must be carefully
considered in the physical layout of the macro.

In one example shown in Fig. 3.16, a group of DUTs is formed by connecting
one terminal of all the DUTs to a single I/O pad. The other terminals of the DUTs
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Fig. 3.16 a Circuit schematic of a section of a passive resistor array macro with four DUTs/group,
and b its 2D array representation. Wire connections for resistor R02 to the I/O pads are highlighted
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are connected to a set of pads in a way that no two DUTSs share the same two pads
[9]. The implementation of this scheme in a standard 1D linear pad array macro
is shown in Fig. 3.16a, and an equivalent 2D array representation in Fig. 3.16b. A
group comprises four DUTs with one common terminal. The second access terminal
of each DUT is shared with DUTSs in the other three groups. For convenience, the
wires from the access I/O pads 5, 6, 7, and 8 travel the length of the macro so
that connections may be tapped for all the groups in the macro. Resistance of these
wires should be much smaller than the resistance of the DUTs. This design is well
suited for applications in which measurement precision is not critical such as a yield
monitor for open and short detection.

Four DUTs can be measured in parallel with a dedicated SMU for each of the
common terminals (pads 1, 2, 3, and 4). The current flowing through the DUTs
is measured with one of the second terminals (pad 6 for R02) held at GND. The
other three access pads (5, 7, and 8) are left floating to prevent parasitic currents
in the other DUTs from interfering with the measurement. Hence, the number of
parallel measurements is equal to the number of groups. An alternative approach for
reducing the parasitic current flow is to add a diode in series with each DUT [10].

The total number of DUTs in a 1 x25 padset macro as a function of the number of
DUTs in a group is shown in Fig. 3.17. The maximum number of DUTS in a macro
is achieved with the number of DUTs per group equal to the number of groups
(N = 12), and the total number of DUTs is ~ N?. This optimization is much the
same as the area of a rectangle of a given perimeter being maximized for equal
length and width, and scaling as the square of the perimeter.

3.4.3 Example 3: 1D Addressable Array Macros

In an integrated process, with the availability of at least one n-FET type and one
p-FET type, I/O pad sharing schemes with the aid of CMOS peripheral circuits
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Fig. 3.17 Total number of DUTs in a macro with 25 I/O pads as a function of number of DUTs
per group
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are possible. The macro designs become more complex, but the area efficiency is
improved with an increase in the total number of DUTs per macro. Test efficiency
is also improved with parallel testing.

Here, we describe macro designs which incorporate a number of active 1D arrays
of DUTs in which a single DUT in an array is addressed at a time [11]. In one design
using a decoder for DUT selection, each array may contain as many as 32 DUTs and
seven arrays may be accommodated in a macro with a 1x25 padset. We show how
this design can be implemented for test at the M1 metal level. The small resistor
arrays can be placed in the space between pads to minimize macro area. This design
is particularly suitable for precision resistors, MOSFET parasitics such as PS and
DF resistors, HO vias, and may also be used for monitoring random variation in
linewidths for all metal levels. Two related designs without the use of a decoder but
with MOSFET switches to select a DUT are also described.

The basic building blocks of the macro template are an electrical 1D array com-
prising 16 or 32 DUTs, a 4- or a 5-bit decoder for DUT selection, and a control
circuit for each DUT. The control circuit is used for steering a current through the
selected DUT and measuring the voltage across it. Macro area efficiency is improved
if a three-terminal measurement is made and a correction applied for the common
GND wire resistance.

A DUT circuit configured for a four-terminal measurement is shown in
Fig. 3.18a. The DUT design is simplified for a three-terminal measurement shown
in Fig. 3.18b along with its symbol in Fig. 3.18c. The DUT is selected when the
CAD input is high or “1.” A voltage applied to the AVF node generates a current
through the resistor. The voltage across the resistor is measured between the AVS
and GND nodes. If the CAD input is low or “0,” only the leakage current of the
n-FETs flows through R. By placing two n-FETs in series, this background leakage
current of the n-FETs is reduced substantially. Alternatively, low leakage n-FETs
may be used, if available.

A number of DUT circuits are placed in parallel and a decoder selects the DUT
to be measured. The array placement in the space between two I/O pads along with a
4-bit decoder is illustrated in Fig. 3.18d, using the symbol for a three-terminal DUT
shown in Fig. 3.18c. The 16 DUTs are placed in three rows between the AVF and
GND pads. The AVS wire is connected to a nearby I/O pad. Since this is the voltage
sense wire, a higher series resistance to the pad is acceptable. A number of arrays
are placed within a macro as shown in Fig. 3.19. The decoder input pads for A0,
Al, A2, and A3 in all the arrays are shared. Two adjacent arrays share a common
GND connection to conserve I/0 pads. Two I/O pads, one at each end of the macro,
supply the decoder Vpp (Vppc). The decoder GND is supplied by the array GND
pad. All the GND pads are connected inside the macro to form a common GND.
The decoder draws current only during switching and the switching speed of the
decoder is not critical. A large transient voltage droop in the long Vppc wires is
therefore acceptable.

The circuit schematic of a 4-bit decoder is shown in Fig. 3.20. The decoder func-
tion is implemented with NAND?2 and inverter logic. The schematic is arranged to
illustrate its physical implementation at the M1 metal level. The Vppc, GND, and
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Fig. 3.18 Resistor DUT circuit schematic for a four-terminal measurements and b three-terminal
measurements. ¢ Symbol for the circuit in b. d A 1D array with 16 DUTs and a 4-bit decoder for
DUT selection, configured for three-terminal resistance measurements
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Fig. 3.19 Floorplan of a macro section showing I/O pad sharing between arrays

other horizontal wires are drawn in M1. The Vppc and GND busses are split to
allow the placement of horizontal M1 wires. The underpasses are in short sections
of PS layer. In the 65 nm technology node and beyond, the direction of travel of long
PS wires may be restricted. In this case, macro orientation on silicon is considered
in floorplanning the test vehicle or the scribe line early in the design phase. The



3.4 Resistor Macro Designs 91

A3

NN

NN N7

NN N7

I e e

N
T

\V4

.
|

g

%
|

1000

0111 o<}

o
—
o
—

(I
o
o
o
o

Fig. 3.20 Circuit schematic of a 4-bit decoder for a 1D resistor array, oriented to illustrate wiring
at the M1 metal level

detailed physical layout of a similar decoder in a 1D MOSFET array is described in
Section 5.4.3.

The physical layout of the DUT circuit is shown in Fig. 3.21 with the circuit
schematic reproduced from Fig. 3.18b. The AVF and GND wires travelling in the
horizontal direction in each row are directly connected to the I/O pads. The AVS
wire crosses the AVF bus in DF layer, runs parallel to the power supply wires in
each row, and then connects to a nearby I/O pad. The resistor element is positioned
within this DUT template which is carefully sized to accommodate 16 or 32 DUTs
in an array.

In a three-terminal measurement, the series resistance of the common GND wire
is included in the measured resistance. For a precise resistance measurement, this
parasitic resistance must be subtracted from the measured resistance. There are two
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Fig. 3.21 Resistor DUT circuit for a 1D array: a schematic and b physical layout

possible ways to determine a correction. In one option, all resistor elements com-
prise a short metal wire with negligible resistance in one array in the macro. The
resistance of all DUTs in this case is simply the GND wire resistance as shown in
Fig. 3.22. These reference offset values are subtracted from the corresponding mea-
sured resistances in the other arrays. In a second option, metal shorts are placed as
the resistor elements in the first and last DUT of each array. The correction factor for
each DUT location in the array is obtained from a linear fit between the resistances
of the DUTs at the two ends.

With a shared GND pad in two adjacent arrays, a total of seven arrays are accom-
modated in a standard 1x25 padset macro. The I/O pad assignment for such an

Fig. 3.22 Parasitic GND
resistance Ry in series with
the DUT as a function of
DUT # fpr the cir?uit 1‘ “1 ‘7 1‘0 1‘3 — 1‘6
schematic shown in

Fig. 3.18d DUT #




3.4 Resistor Macro Designs 93

12 3456 7 8 9101112131415161718 1920212223 24 25
VIA|A|G|A|A|A|A|G|A|A|A[A|A|A[A|A|A|G|A|A|A[A|G]|YV
D|V|V|N|V|V|V|VIN|V|V|O|1][2|8|4|V|V|N|[V|V|IV|V|IN|D
D|S|F|D|F|S|S|F|D|F|s S|F|D|F|S|S|F|D|D
Cl1]1 2|2(3|3 414 5|5 66|77 c

Fig. 3.23 1/0O pad assignment for a macro with seven 32 DUT 1D arrays, implemented at the M1
metal level

arrangement is shown in Fig. 3.23. The decoder inputs are placed in the center of
the macro and the two I/O pad numbers for the decoder Vppc are 1 and 24. In the
45 nm technology node and beyond, 32 DUTs can be placed in 1D array situated
between two I/O pads with a spacing of 40 wm. Hence the total number of DUTs
in a minimum size macro is 224. Only six arrays may be placed in this macro if
substrate or n-well and p-well contacts are needed.

One limitation of the M1 implementation with 32 DUTS is that the resistor area
is small (~ 1 wm?). This is acceptable for HO, precision resistors, and short lengths
of PS and DF and thin metal wires. For thicker metal wires, the DUT and array size
is typically larger and the array is placed above the I/O pads. With the availability
of more metal layers, the use of PS and DF layers for underpasses is eliminated.

A drawback of this array design is that in early technology development the
decoder employing ~100 logic gates may have a low yield. In such applications,
a simplified 1D array implementation may be carried out without a decoder, but
with fewer DUTs per macro. A number of resistor DUT circuits are connected in
parallel between two I/O pads. In this multi-DUT unit (md-unit), an independent
voltage bias (CAD) line is dedicated to each DUT circuit (Fig. 3.18a—c). This con-
cept is illustrated in Fig. 3.24 with six DUT circuits connected in parallel between
AVF and GND. A single DUT is selected for resistance measurements by setting the
corresponding CAD (AVg) input to “1” and keeping all other CAD inputs at “0.”
Measurement precision is improved with the GND resistance correction scheme.

When the seven 1D arrays in Fig. 3.23 are replaced by md-units, each with seven
DUTs, a standard macro can accommodate 49 DUTs. The CAD inputs for selecting
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Fig. 3.24 A resistor md-unit with six DUT circuits in parallel. The AVg pads are shared with
other DUT circuits in the macro. The DUT circuit is identical to the circuit and symbol shown in
Fig. 3.18b, ¢
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DUTs are shared by all md-units and all seven md-units can be tested in parallel. A
more favorable design has six md-units. With 10 DUTs in each md-unit, the total
number of DUTs in the macro is 60. The macro design is compact and either three-
terminal or four-terminal measurements can be made. Each md-unit is functional
with any of the DUTs shorted or open.

In another simplified version of a 1D array macro, DUTs within md-units are
connected in series. This design is preferable if none of the resistors are expected to
fail in an open-circuit mode. A series-connected md-unit with five resistor elements,
configured for four-terminal measurements on all the DUTs, is shown in Fig. 3.25.
Two series-connected n-FETSs act as a switch to select the node at which voltage is
measured at AVS. The switch is turned on with a voltage applied to the gates of the
n-FETs. All md-units in a macro share the pads for the switch inputs (AVg1-AVg6)
and can be tested in parallel. The DUTs and the n-FETs in the switches should be
carefully sized to minimize the leakage current contribution of the n-FETs to the
DUT resistance measurement.

In Fig. 3.26, the physical layout of the center section of an md-unit macro with
25 pads is shown. Each md-unit has independent AVS and AVF pads but shares a
common GND pad with an adjacent md-unit. The current or voltage force terminals
of the md-unit have short, low resistance wires connecting to the I/O pads. The
control wires, AVg1-AVg6, travel across the width of the macro and underpasses
from the md-unit are in PS or DF layers for implementation at the M1 metal level.
As these control wires connect the n-FET gates to the I/O pad, series resistances of
a few k2 are acceptable.

AVg6
AVg5
AVg4
AVg3
AVg2-
AvVg1
}7 J
}_
AVF GND AVS

Fig. 3.25 Series-connected md-unit with five resistor DUTs configured for four-terminal measure-
ments

GND AVgl AVg2 AVg3 AVgd AVg5 AVge GND
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Fig. 3.26 Physical layout of the center section of a macro with md-units. Pads 11-16 are control
inputs for the switches and two md-units share a common GND terminal (pad 8)
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Table 3.6 Total number of DUTs for four-terminal measurements in a 1D array macro with 25
1/0 pads

DUT select DUT connection DUTs/unit No. of parallel tests Total DUTs
Decoder Parallel 30 7 210
Switch Parallel 8 6 48
Switch Series 9 6 54

Series-connected md-units can also serve as efficient yield monitors for electrical
opens as, for example, with a chain of vias. By first measuring the total resistance
of the series-connected DUTSs, an open in any one of the DUTs can be detected in
a single measurement. If the DUTs are nominally identical, any significant devia-
tion from the expected mean resistance value indicates the presence of one or more
deviates. Individual DUT measurements may then be made to locate these deviates.

In Table 3.6, the total number of DUTs in a 1x25 padset macro for all three
array designs is summarized. In each design, four-terminal measurements for all
the DUTs (with a parasitic resistance correction for the common GND terminal
in parallel-connected DUTs) are possible. With 210 DUTs per macro, the 1D array
design having decoder selection scheme has a clear advantage. The md-unit designs,
on the other hand, have less design complexity.

The efficiency of md-unit macro designs is improved if two 1x25 padset macros
are placed adjacent to each other and the control I/O pads are shared. The number
of DUTs in a 1x50 padset macro, configured for four-terminal measurements, is
listed in Table 3.7. For md-unit designs, there is a fourfold increase in the number
of DUTs, and 12 such md-units can be tested in parallel. The number of DUTs in
a macro can be increased if a three-terminal measurement configuration is used for
some or all the DUTs instead. Note that a series-connected md-unit is functional
only if there are no open DUTs.

3.4.4 Example 4: 2D Array Macros Implemented at M1

The number of DUTs per macro is significantly increased with the 2D array design
concept introduced in Section 2.5.4. The DUTS are arranged in an N X Ny, matrix
where N, and N; are the number of DUTs in a column and a row, respectively.

Table 3.7 Total number of DUTs for four-terminal measurements in a 1D array macro with
50 1/0O pads

DUT select DUT connection DUTs/unit No. of parallel tests Total DUTs
Decoder Parallel 30 16 480
Switch Parallel 18 12 216

Switch Series 19 12 228
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Column and row decoders set the address of the DUT to be measured and connect
the voltage or current force and sense wires to the selected DUT.

One feature of the 2D array design described in Section 2.5.4 is that any single
DUT may exhibit an electrical open or short without affecting the measurement of
other DUTs in the matrix. The location of defective DUTs with an open, a short,
or a resistance value outside a set limit is known from the decoded address bits of
the DUT. By first establishing the physical locations of a defective DUT in a large
array from electrical measurements, failure analysis techniques, such as optical and
electron microscopy, can be used more efficiently to determine the root cause of
failure.

Large 2D array designs do have some drawbacks. The designs are complex and
often require the aid of more sophisticated design and checking tools. They do not,
in general, fit in a standard 1x25 padset macro. Because of the number of wires
across the macros and crossovers, four or more metal layers are needed for wiring
the DUTs. In this case, the macros can only be tested at a test stop later than M1 in
the manufacturing line.

Here, we begin with the discussion of 2D arrays with a simplified macro design
implemented in a 1x25 padset at the M1 metal level. The 2D array comprises rows
of series-connected DUTs and switches to connect the DUTs in a row to the voltage
force and sense wires. A decoder is used to select a row and the same decoder output
bit makes or breaks the connection of the terminals of all the DUTs in that row to
the voltage sense I/O pads. A four-terminal resistance measurement can be made
on all the DUTs in any row in parallel. This design is specially suited for precision
resistors, HO vias, and short metal lines as well as for some GR validation and design
for manufacturability (DFM) applications.

In Fig. 3.27, the wiring scheme for a 2D array is illustrated with a 3 x2 matrix
of DUTs, a 1-bit decoder, and switches to select and measure all the DUTSs in one
row in parallel. A switch configuration with two n-FETSs in series and its symbol
are shown in Fig. 3.27a, b. An output bit of the decoder operates all the switches
in a row. When this RAD input is high or “1,” it connects one end of the selected
row to the voltage force terminal AVFI. The switches connecting the DUT termi-
nals to the voltage sense I/0O pads (AVS1, AVS2, AVS3, and AVS4) are also turned
on simultaneously. The voltage on all the sense pads can be read out in parallel for
test time reduction. Low resistance wires must be used for connections between the
DUTs, keeping the wire resistance much smaller than the DUT resistance. The ver-
tical voltage sense wires can be resistive, with underpasses in PS or DF layers in
this M1 metal implementation. The array remains functional if one or more DUTs
are shorted and the location of the failing DUTs is known from voltage sense mea-
surements. A row is disabled if a DUT has a very high resistance or is open. In this
case, localization of the defective open DUT can be obtained from voltage sense
measurements on the GND side.

The number of DUTs in a 2D array can be increased further with the use of a
larger decoder. In a 1x25 padset macro, with a 5-bit decoder and 32 rows of 15
DUTSs each, a total of 480 DUTSs can be accommodated. This doubles the number of
DUTSs compared to the 1D arrays described in Example 3. The macro design can be
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Fig. 3.27 a Circuit schematic of a switch and b switch symbol. ¢ A 2D array (3x2) with a 1-bit
decoder to select any one of the two rows

implemented at the M1 metal level by distributing the rows across the macro. The
wiring within the macro using this scheme is illustrated in Fig. 3.28 with 3 of the
15 DUTs in each of the two rows situated between two I/O pads. The 32 decoded
address bit wires and the 16 voltage sense M1 wires travel parallel to each other
above and below the I/O pads, respectively. Wire connections from the decoder
outputs to the DUTs and voltage sense wire connections to the I/O pads are vertical
M1 wires with underpasses in PS or DF. When the DUT areas are large, the rows are
placed above the pads and wired as shown in Fig. 3.27c. This increases the macro
area beyond that of a minimum size macro and additional metal layers are required
for wiring.

The I/O pad assignments of a compact 2D array macro with a 5-bit decoder and
32 rows comprising 15 DUTs each are shown in Fig. 3.29. The first seven pads
are assigned to the decoder input bits AO-A4 and the decoder power supply. The
decoder is situated between its power supply pads, Vppc and GND, in a similar
fashion to Example 3. The voltage force pads AVF1 and AVF2 (pads 15 and 16) are
placed in the center of the group of voltage sense pads AVS1-AVS16. Alternatively,
with a 1x50 padset, 32 pads can be used to drive 32 address lines directly and the
decoder eliminated.



98 3 Resistors

A 7 RAD
RAD A Zz
voltage voltage
sense sense
(a) (b)
32 decoder
outputs
AVFA1 ’Zl;l\
AVS2 AVS3
AVF2 M T\
16 sense
wires
(c)

Fig. 3.28 a Circuit schematic of a DUT element with a switch and b corresponding symbol.
¢ Macro wiring scheme illustrated with first three DUTSs in 2 of 32 rows placed between AVS2 and
AVS3 1/O pads
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Fig. 3.29 1/0 pad assignment for a 2D array macro at M1. AO—A4 are inputs to a 5-bit decoder to
select one of 32 rows, each with 15 DUTs. There are two voltage force and 16 voltage sense 1/0
pads

The decoder Vppc, characteristic of the n-FETs in the switch, and parasitic
wire resistances are carefully sized to meet the DUT resistance range and accuracy
requirements. The voltage or current force wires travel a distance of ~ eight pad
pitches (800 wm) and the maximum /R drop in a 4 wm wide M1 wire for a current
of 1 mA would be 50 mV (nsq = 200, psn = 0.2 /01, pattern density = 80%, and
R =50 Q). The M1 wires for the decoder output bits and voltage sense may be nar-
rower (0.5 pwm pitch with R < 1 k). If the DUT resistance including local wiring
is 25 Q, the total resistance of a row of 15 DUTs is 375 Q. The decoder Vppc is set
to 1.5 V. With a voltage of 1.5 V applied at AVF1, a drop of ~1.0 V occurs across
the n-FETs, and a current of 1 mA passes through the DUTs. It results in a voltage
drop of ~25 mV across each DUT which can be measured with a reasonable degree
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of accuracy. The widths of the n-FETs are selected to support 1 mA current at a Vg
of 0.5 V. The leakage current of the switches in the unselected rows is reduced by a
factor of ~100 by offsetting GND potential by ~ -0.2 V.

The design details mentioned above are valid for DUT resistances >25 €2 as well.
For a DUT resistance of 1 k€2 each, the current flow is reduced to ~35 LA and the
voltage drop across a DUT is still ~35 mV.

3.4.5 Example 5: Large 2D Array Macros

Complex 2D arrays are extensively used in CMOS characterization and for moni-
toring product yield. The I/O pad utilization for such arrays is more efficient and
large critical area coverage can be achieved and scaled as the technology matures.
With wide decoders and a large number of wires and switches, the I/O pads are
generally in a square or a rectangular arrangement and may require a dedicated
custom probe card. Measurements are carried out on a digital tester for rapid data
acquisition. Localization of the failing DUTs is available from the address bits.
Data analysis tools are similar to those used for memory arrays, providing a bit
image of the arrays, highlighting the failing DUTs. The design challenges of a
complex 2D array have led to a number of different approaches and trade-offs in
design and test. Here, we describe one design in which each DUT can be controlled
independently.

A 2D array schematic with 3-bit column and row decoders and 64 DUTs is shown
in Fig. 3.30a. The DUT selection circuit is shown in Fig. 3.30b and it symbol in
Fig. 3.30c. The transmission gate switch is activated by a NAND2 with CAD (col-
umn address decode bit) and RAD (row address decode bit) inputs. Each DUT, as
shown in Fig. 3.30d, has four such switches to connect its four terminals to the
voltage force and measure I/O pads (Section 2.5.4).

The wiring within one sub-section of the array (rows 3, 4 and columns 7, 8)
is shown in Fig. 3.31. The Vppc and GND distribution is to supply power to the
NAND?2 and the inverter in the DUT selection circuit in Fig. 3.30b. The voltage lev-
els of the Vppc power supply are not critical. The resistance of the voltage force
wires AVF7 and AVFS is kept to a minimum. The voltage sense wires, ZVM3
and ZVM4, and the RAD and CAD wires may have more resistance as the current
flowing in these wires is negligibly small.

The logic gates in each DUT add to the total area and leakage currents in a
2D array. There are several different schemes to minimize the overhead of DUT
selection circuit. Three such schemes are shown in Fig. 3.32. In the three-terminal
measurement configuration in Fig. 3.32a, one terminal of all the DUTs is connected
to the GND wire. This reduces the number of MOSFETs in the DUT by a factor
of 2. Correction for the GND wire resistance can be made by shorting the corner
DUT locations in the array and using the method described in Section 3.4.3. Single-
ended passgates as shown in Fig. 3.32b can be used in place of transmission gates.

The 2D array circuit shown in Fig. 3.30a can be expanded to accommodate sev-
eral thousand DUTs. The macro architecture is further modified if more DUTs per
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Fig. 3.30 a A 2D array with 3-bit column and row decoders to address any one of 64 DUTs. DUT
selection circuit with CAD and RAD decode bits: b circuit schematic and ¢ symbol. d Resistor
DUT with four switches

macro are desired, as in the case of yield monitors. The design concept shown in
Fig. 3.33 is similar to that of a large memory array. A number of 2D sub-arrays are
placed in a matrix within the macro. The power supply and signal wires are placed in
the space between the sub-arrays. The additional logic required for steering signals
is also included. Macros of this complexity are typically designed with sophisticated
tools for logic-to-schematic checking and auto wire routing. A test hierarchy to first
isolate defective sections, followed by localizing individual defects within sections,
is built in the design to reduce total test time.

A number of different 2D array design schemes have been implemented for mea-
suring defect densities, yield [12—15], and mismatch characteristics of resistors [16].
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Fig. 3.31 The wiring for a 2D array sub-section highlighted in Fig. 3.30a. The row and column
addresses of the DUTs are (3,7), (3.8), (4,7), and (4,8)

Array test structures, incorporating both passive and active devices [17, 18], can be
found in references cited therein.

3.5 Test Structures for Metrology Applications

The Greek cross and the bridge structure described in Section 3.2.5 are used
extensively for linewidth or critical dimension (CD) measurements for metrology
applications [19-21]. The CD measurement accuracy requirements (~0.1%) impose



102 3 Resistors
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Fig. 3.33 Multiple 2D array sections in a macro

several macro design constraints. The DUTs are isolated with dedicated I/O pads for
forcing current and measuring voltage. The area efficiency of these test structures
is low and the test time is longer than that for standard resistors and yield moni-
tors. However, the designs are much less complex and typically only one or two
conducting layers are used.
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Fig. 3.34 Physical layout of
a a Greek cross, b combined
Greek cross and bridge, and
¢ a matched resistor pair test
structure

b)

(

[} 1

—@(C)

The physical layouts of an isolated Greek cross, a combined Greek cross and
a bridge, and a bridge test structure for characterizing matched pair resistor DUTSs
are shown in Fig. 3.34. The absolute linewidth of the bridge is obtained from the
combined structure in Fig. 3.34b. The sheet resistance pg, of the layer is measured
using the Greek cross connected to I/O pads 1, 2, 3, and 4. From this pg, and the
measured resistance of the bridge of known length /, its width w is estimated from
Eq. (3.1). The electrical linewidth can be calibrated against the linewidth measure-
ments made by optical or atomic force microscopy [20].

Sheet resistance measurements using the Greek cross are carried out with differ-
ent combinations of current and voltage contact pads as described in Section 3.2.5.
In metrology applications, a number of steps are taken to eliminate sources of errors.
In a standard resistance measurement, a constant current is forced through the resis-
tor and the voltage across the resistor is measured. In metrology applications, by
making a second measurement after reversing the direction of current flow and tak-
ing the average of the two readings, any voltage offsets arising from thermoelectric
effects are eliminated. Measurements are repeated several times and averaged to
reduce errors introduced by measurement noise. Measurements are also made on a
pair of matched DUTs shown in Fig. 3.34c. By measuring a number of such pairs,
the effect of line edge roughness and other spatial variations arising from processes
such as lithography and etching can be established. These types of test structures
may also be placed in orthogonal directions on silicon to evaluate line orientation
effects.

With six I/O pads for the combined structure shown in Fig. 3.34b, a standard
1x25 macro template can only accommodate four such structures. The Van der
Pauw method and measurement accuracy requirements in metrology applications
pose a challenge in creating large arrays of these test structures, similar to those
for resistor DUTs described in Examples 2, 3, and 4. Generally, an array matrix of
isolated discrete test structures is created. Such arrays take up a large area and are
more suitable for dedicated test chips. Test time reduction can be achieved by paral-
lel testing of isolated DUTs as long as the ATE can provide the desired measurement
accuracy.
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Signal propagation delays and signal rise and fall times in CMOS circuits are related
to the RC time constants of the circuit elements in the path. Determination of
capacitance C of MOSFETs and parasitic elements is therefore an essential part
of building models for circuit simulations. MOSFET capacitance components must
be characterized as a function of voltage to capture their behavior during a transient
switching cycle. Capacitance measurements are utilized to determine MOSFET gate
linewidths and gate oxide thickness. Capacitances of conducting layers with dielec-
tric isolation give a measure of inter-level dielectric properties such as effective
dielectric constant and film geometries such as layer thicknesses and linewidths.
C-V characteristics of diodes are used for profiling carrier densities in silicon
devices. Carrier lifetime measurement in silicon utilizes C-V and C—time charac-
teristics of MOS capacitors.

M. Bhushan, M.B. Ketchen, Microelectronic Test Structures for CMOS Technology, 107
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In this chapter, test structures for measuring capacitances of passive elements
and for C-V characterization of MOSFETs and diodes are described. Properties
of capacitors are covered in Section 4.1. In Section 4.2, capacitance measurement
techniques are discussed. Capacitor DUT designs are described in Section 4.3, fol-
lowed by five examples of capacitance macro designs in Section 4.4. A description
of inductance and capacitance scaling is given in Section 4.5. Capacitance measure-
ments of logic gates and interconnects using ring oscillators is covered in Chapter 6.
High-frequency measurement of coupling capacitance between interconnect wires
is described in Example 2 of Chapter 7.

The physics of MOSFET and parasitic capacitances in CMOS circuits is covered
in textbooks on semiconductor devices [1, 2]. Capacitance measurement techniques
for semiconductor devices are described in [3].

4.1 Properties of Capacitors

The first demonstration of stored charge in a capacitor along with the invention
of the Leyden jar took place in 1746. The relationship between capacitance and
voltage is attributed to Michael Faraday and the unit of capacitance (Farad, F) is
named in his honor. The influence of dielectric properties of insulating materials on
signal transmission became a major concern during the installation of trans-Atlantic
telegraph cables in the later part of the 19th century. Working with the Atlantic
cable company, Lord Kelvin made the important observation that the capacitance
and resistance of cables influenced the shape of an electric pulse traveling down a
long cable.

In the last 150 years, capacitance measurements have played an important
role in characterizing and optimizing the properties of new dielectric mate-
rials. Development of planar silicon technology has been greatly facilitated
with silicon oxide (SiO;) as both a high-quality gate dielectric in MOSFETs
and a mask against diffusion of donor (n-type) and acceptor (p-type) impuri-
ties in silicon. With a low dielectric constant of ~4.2, SiO, films also serve
as insulting layers in the wiring of CMOS circuits. The push toward scaling
wire capacitances further down has led to the development of new dielectric
materials to replace SiO,. This class of materials, known as low-k dielectrics,
includes fluorine- or carbon-doped SiO,, porous SiO;, and spin-on polymeric
materials.

The MOS capacitor forms the basis of CMOS circuit operation. A voltage applied
to the gate electrode of this capacitor turns on the conduction through the channel
of a MOSFET, thereby changing its state from “off” to “on.” The switching speed
of CMOS circuits is directly related to the characteristics of the MOS capacitor and
its associated parasitic capacitance components. Electric charge storage in MOS
capacitors is also used to smooth out spikes and dips in power supply voltage as
discussed in Section 2.4.6.



4.1 Properties of Capacitors 109
4.1.1 Thin-Film Capacitors

A parallel plate capacitor comprising two metal plates, each of length / and
width w, is shown in Fig. 4.1. The space between the plates is filled with
an insulating material of relative dielectric constant ¢. If the plate dimensions
are much larger than the separation i between the plates, the capacitance C is
given by

C— ggolw _ @’ @0
h h

where A is the area of the plate and gg (: 8.854 x 10712 F/m) is the vacuum per-
mittivity. From the measured capacitance of parallel plate capacitors of known metal
plate geometry, the value of ¢ or & can be derived from Eq. (4.1).

In a static state, no current flows through an ideal capacitor held at a constant
voltage. A transient current flows through such a capacitor only during charging and
discharging. While resistance measurements can be carried out with a DC voltage
or current source, measurement of capacitance, therefore, requires a time-dependent
AC source or measure unit.

The total charge Q stored in a capacitor to raise its voltage V is obtained by
integrating the charging current / over time:

t
0= fldt = CV. 4.2)
0

The energy E stored in a capacitor is

1 2
E=CV2 4.3)

Capacitance measurements on a DUT may be carried out by measuring either Q
or E, with an AC source operating at a fixed frequency connected across it. These
measurement techniques are covered in Section 4.2.

/\ /
Fig. 4.1 A parallel plate

capacitor of plate length /, %
width w, and plate

separation h w
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The magnitude of the capacitive reactance or the impedance of a pure capacitor
|Z| = Z is inversely proportional to the frequency f of the AC source:

= dv = L 4.4

dl  oC
where w = 27f is the angular frequency.

Capacitors in CMOS circuits have parasitic resistances in series and in paral-
lel with the electrodes. The circuit symbol of a pure capacitor and an equivalent
circuit schematic of a capacitor with parasitic resistances are shown in Fig. 4.2.
The resistance Ry in series with the capacitor is the resistance of the metal elec-
trodes, silicon diffusion areas and wires connecting the DUT to the test equipment.
The parallel resistance R, represents a leakage current path through the dielectric
material.

Commercial impedance meters (LCR meters) use an AC source to measure
impedance. The effect of parasitic resistances is minimized by selecting an appro-
priate value of w such that Ry < 1/wC, while at the same time, R, > 1/wC.
If Ry is the dominant parasitic component, a low frequency of operation is used.
On the other hand, if R, is small because of leakage through the dielectric, a
high frequency of operation is necessary. Test equipment and capacitance charac-
teristics are important considerations in designing test structures and for selecting
the measurement frequency for different types of capacitor DUTs as described in
Section 9.2.3.

4.1.2 Interconnect Wire Capacitors

Interconnect wiring in CMOS circuits is carried out with metal layers M1 and above.
In CMOS products, typically, long wires on alternate layers are placed in orthogonal
directions for ease of wiring. Cross sections through M1, M2, and M3 layers in two
perpendicular planes are shown in Fig. 4.3. Capacitances between adjacent signal
wires on the M2 metal level, Ciefy and Ciight, and to wires above and below, Cyp
and Cyown, are indicated in Fig. 4.3a. These capacitances are dependent on the layer
dimensions and properties of surrounding dielectrics. Capacitance per unit length

Ry/2 Ry/2

Fig. 4.2 Circuit schematic a of ideal capacitor, and b of capacitor with parasitic resistances in
series and parallel
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Fig. 4.3 Schematic cross sections of interconnect metal layers M1, M2, and M3: a with M2 wire
into the plane and b with M2 wire parallel to the plane

of minimum width wires is nearly the same for all metal levels, as discussed in
Sections 2.4.3 and 4.5.

For dielectric isolation of metal interconnect layers in CMOS technology, the
dielectric films are composite of several materials, selected for their mechanical,
etching, and chemical mechanical polishing (CMP) characteristics. These materi-
als are layered to minimize capacitance, while providing good process control and
reliability. An effective dielectric constant &g is defined to represent the composite
dielectric film. The efr values of low-k dielectrics range from 3.5 for doped oxide
to ~2.7 for organic polymers. Air gaps in dielectrics have been introduced to further
reduce gefr to ~2.0.

With scaling of MOSFET dimensions, interconnect wire dimensions are also
scaled to achieve high wiring densities. The simplified parallel plate approxima-
tion shown in Fig. 4.1 no longer holds for metal wire capacitances in present day
CMOS technologies. For narrow wires (w & h), the fringing electric field lines at
the edges add to the line capacitance as indicated in Fig. 4.4. Capacitance model-
ing of such complex geometries is carried out with 2D or 3D electromagnetic field
solvers [4]. Computer programs for capacitance modeling based on electromagnetic
finite element analysis are commercially available.

M3 j?

Fig. 4.4 Electric field lines M3 17

in a narrow wire
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As a result of mutual capacitances between wires, a signal propagating on one
wire induces voltages and currents in its neighbors:
dv; -V,
I—cC W 2),

” 4.5)

where V() and V,(?) are the time-dependent voltage levels in wires 1 and 2. This
coupled signal noise or cross talk is more significant in long signal wires, running
in parallel, and for voltage levels changing in opposite directions, for example

av__an, 46
dr dr

Distributed capacitance between two wires in the same plane is shown in
Fig. 4.5a along with two cases of time-dependent voltage signal levels in Fig. 4.5b, c.
There is no cross talk when both V() and V,(7) are rising signals in phase with each
other. When V(?) is rising and V»(?) is falling and the signals are 180° out of phase,
the net effect is a doubling of the effective capacitance, an example of the so-called
Miller effect.

The mutual capacitance between wires on the same level, Cieft and Crigne,
increases as the spacing s between wires is reduced. Metal process recipe variations
may result in wider linewidths on wafers or optical masks. Widening the wires and
thereby reducing s has only a small effect on wire RC, as an increase in wire capaci-
tance is at least partially compensated by a decrease in the wire resistance. However,
cross talk increases with 1/s and may become significant in minimum pitch wires,
affecting the noise immunity of the circuits. Test structures are designed to measure
and monitor cross talk between wires at all levels, with varying wire geometries and
pattern densities, both for tuning fabrication processes such as CMP and for building
capacitance models.

4.1.3 MOS Capacitor

The MOS capacitor is formed by a thin oxide film separating the gate electrode
from the silicon substrate or body as shown for an n-MOS in Fig. 4.6a. A conduct-
ing n-channel is formed by applying a positive voltage at the gate (G) terminal.

coupled capacitance between ‘
parallel signal wires. Voltage
waveforms with signals b in
phase and ¢ out of phase (@) ()

7 f Vi f

Fig. 4.5 a Distributed T 1T 1 V, V,
/L
(c)
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Fig. 4.6 a Schematic cross G G

section of an n-MOS ? j

capacitor. b n-MOS gate ™

capacitance components in polysilicon Cox

depletion and inversion gate-oxide = E ___________

modes T i

p-doping Ca I T

|

p-body n+ channel

(a) (b)

The gate-to-body capacitance Cy can be decomposed into the gate oxide capac-
itance Cox in series with the silicon layer capacitance in the depletion or in the
inversion states, Cq and Cj, respectively, as shown in Fig. 4.6b for an n-MOS
capacitor.

The gate capacitance Cy is a function of the voltage applied to the gate electrode
and the measurement frequency. In Fig. 4.7, the qualitative behavior of Cy as a
function of gate voltage V,; for an n-MOS capacitor is shown. At negative values
of Vg, positively charged majority carriers (holes) accumulate at the oxide—silicon
interface and the Cy is equal to Cox. At small positive values of Vg, the channel
is depleted and the capacitance is equal to that of the depletion layer Cq in series
with Cox. As Vg is increased further, an inversion layer begins to form with electron
accumulation at the interface. The capacitance increases again, reaching a value of
Cox wWhen the n-channel formation is complete.

Note that the Cg behavior shown in Fig. 4.7 for Vg > 0 is observed only at fre-
quencies low enough (<100 Hz) for the minority carriers to respond to the changes
in V. At high frequencies, with the minority carrier lifetime longer than the period
of the AC signal, the channel remains in a depleted state even with a positive V.

accumulation depletion inversion

low
frequency

Fig. 4.7 Low-frequency quasi-static Cy vs. Vg plot for an n-MOS capacitor
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The capacitance measurements on MOS capacitors are typically made in a quasi-
static mode. C—V characterization of an n-MOS capacitor can be carried out at high
frequencies under intense illumination or when contact with the p-type substrate is
made through a heavily doped n* region. This n* region acts as a source of elec-
trons (minority carriers) to the inversion layer. In a MOSFET structure, heavily
doped source and drain regions connect to the conducting channel when in inversion
mode.

A brief description of MOSFETs is given in Sections 2.1.1 and 5.1. An in-depth
treatment of MOSFET capacitances can be found in textbooks on semiconductor
devices [1, 3].

The capacitance components for an n-FET are shown in Fig. 4.8a. In addition
to the MOS capacitance, several parasitic capacitances are introduced. Here, Cgp
is the gate-to-body MOS capacitance, equivalent to the Cg of a MOS capacitor
described previously. Parasitic capacitances between the source and the drain to
the substrate or the body (B), Cy, and Cgp, are the capacitance contributions of the
n*/p junctions. These capacitances can be further separated into area and perimeter
components.

Parasitic capacitances between the gate (G), and the source (S) and the drain (D)
are delineated by the gate-to-source and gate-to-drain overlap regions. The overlap
capacitance Coy is the sum of gate oxide capacitance in the overlap region Cqo, an
outer fringe capacitance Cof, and an inner fringe capacitance Cis:

Cov (Vgs = O) = Cyo + Cof + Cis. 4.7

Cor_| gate Cor

-
/*“Cao oG8 ] N T Cop

Sﬁ/Z/\ Cir C,f/\g “

Cop T T Cap
body (substrate)

M1 B ]

HO —
Fig. 4.8 a MOSFET NPt/
capacitances between S, D, p-doping (b)
G,and B terminals, et

b Schematic cross section of
an n-FET, indicating metal p-type silicon substrate
parasitic capacitances
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The total gate oxide capacitance Cyy is the sum of channel capacitance C¢, and
overlap capacitances in the inversion mode, where

Cox = Ceh + 2 (Cdo + Cof) . (4-8)

The gate-to-source Cgs and gate-to-drain Cgq capacitances, which include the
Cdo, Cof, and Cjg, vary as a function of applied voltage bias.

Metal connections to the gate, source, and drain electrodes contribute additional
parasitic capacitances to the MOSFET structure, as depicted in the physical cross
section of an n-FET in Fig. 4.8b. The total gate capacitance C,t includes the con-
tributions from the intrinsic MOSFET capacitances and the metal contact-to-gate
capacitances as these cannot be easily separated during measurements. Full C-V
characterization of Cgr, Cgs, Ced, Csb, Cab, and their sub-components is carried
out for building capacitance models for circuit simulations and for engineering
MOSFET processes to optimize circuit performance. The capacitance components
between the gate and the source and the drain are subject to Miller effect during
switching of logic gates (Section 6.3.1) and their contribution to the signal delay
can be significant.

MOSFET gate capacitance measurements can be carried out at high frequencies
as charge in the channel is exchanged nearly instantaneously with the source and
drain regions. Quasi-static MOSFET gate capacitance measurements in the inver-
sion mode are utilized for monitoring gate oxide thickness which can be derived
from a large-area, gate oxide capacitor using Eq. (4.1). The dielectric thickness
derived by this method includes quantum-mechanical effects influencing the inver-
sion layer depth. The measured gate oxide thickness in the inversion mode f,y is
~0.3 nm larger than physical gate oxide thickness #,x. A calibration of the electrical
measurement of #y is carried out with physical 7,x measurements using ellipsom-
etry and transmission electron microscopy. Depletion in the polysilicon gate layer
reduces the gate oxide capacitance.

With the scaling of CMOS technology, the measurement of the electrical chan-
nel length Legr with dimensions <50 nm has become increasingly challenging. The
traditional Legs extraction methods, such as shift-and-ratio technique [1, 3], are now
replaced with measurement of metallurgical (physical) gate length L, from gate
capacitance measurements. The value of L, differs from Lefr because of the contri-
butions of the gate-to-source and gate-to-drain overlap regions [5]. The length of the
overlap region between the gate and the source and drain L,y can be estimated from
the measured values of Cy, and #ox. The electrical channel length of the MOSFET
Letr is then obtained from the metallurgical gate length L, and Loy :

Left = Ly — 2Loy. 4.9)

The values of L, from electrical measurements are calibrated against the val-
ues obtained with more precise physical measurement using optical techniques [3].
Measurement of MOSFET capacitance components and extraction of f,y and Lefr
are described in more detail in Section 4.4.2 (Example 2).
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The capacitance of a reverse-biased metal-semiconductor junction, modeled as
a parallel plate capacitor, is also expressed using Eq. (4.1), where / is the deple-
tion layer width of the junction. MOS capacitor is used for carrier density profiling
in the MOSFET body and in the polysilicon gate [3]. Frequency dependence of
C-V characteristics is used for determining lifetime of charge carriers in the deple-
tion region. Effective dielectric constant e.¢r of some dielectric materials may be
frequency dependent.

4.2 Capacitance Measurements

Capacitance measurements in the pF to wF range may be carried out by directly
connecting a capacitor to a commercially available impedance meter. Capacitance
measurements in the fF range require on-chip circuitry, increasing the design
complexity of the test structures.

4.2.1 AC Impedance Measurement

Off-the-shelf impedance (LCR) meters are ideally suited for capacitance measure-
ments of isolated capacitors. Capacitance measurements for DUT capacitances
values 21 pF can be made at frequencies below ~50 kHz using DC probes. A
special high-frequency test setup is required when the measurement frequency is
increased to measure smaller capacitance values.

The principle of operation of an LCR meter is illustrated in Fig. 4.9a. An AC
source is used to deliver a time-averaged constant current through a resistor R in
series with the capacitor under test, and the voltages V; and V, across the resistor
and the capacitor are measured. The capacitance is given by

1 \% V
— R_Z or C = ! . (4.10)
wC Vi wRV,
1/(2xfC)=R(V,/V,)
R AC —o ZHi
> 2R source
& -
C (DUT) D-C b!as
N circuit J‘W{
aZLo

(@) (b)

Fig. 4.9 a Capacitance measurement circuit using an AC source. b Circuit for AC impedance
measurement with a DC bias applied to the DUT
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The expression in Eq. (4.10) holds for an ideal capacitor. In the presence of a
series resistance Ry and a shunt resistance R}, as shown in Fig. 4.2, both the mag-
nitude and the phase of the voltage across the capacitor are measured to take the
parasitic resistances into account. For large C and Ry, the series resistance Ry may
become significant. In the presence of a leakage path in the dielectric material of
the capacitor, because of either process-induced defects or presence of significant
tunneling currents in ultra-thin dielectrics, the measurement accuracy is affected
as 1/wC approaches Rp. Higher operating frequencies are selected with smaller
capacitances so that the impedance 1/wC remains << Rj,.

In a three-terminal measurement, the DUT terminals are isolated from the GND.
In this scheme, parasitic capacitances may be shunted to GND and eliminated from
the measurement. The capacitance of cables and probes connecting the DUT to the
LCR meter is determined by making a measurement without any contact with the
silicon wafer. This background capacitance is subtracted from the measured DUT
capacitance to account for the parasitic capacitance of the test setup. The LCR appli-
cation manual also contains the recommended frequency and measurement accuracy
for a range of capacitance values. A detailed description of LCR meter operation is
given in Section 9.2.3.

4.2.2 Charge-Based Capacitance Measurement (CBCM)

Capacitance measurements can be carried out without the use of an external LCR
meter using the charge-based capacitance measurement (CBCM) technique [6].
With this technique, a high-frequency source charges and discharges a capacitor
under test at a constant rate, and the time average DC current / through the capacitor
is measured. The AC source may be an external oscillator or an on-chip clock signal
to drive an inverter stage loaded with a capacitor DUT as shown in Fig. 4.10a. The
capacitance, from Eq. (4.2), is given by

1
C=——, 4.11)
Vopf
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Fig. 4.10 a Circuit schematic illustrating the principle of CBCM technique. b CBCM circuit com-
prising a pair of pseudo-inverters with independent non-overlapping clock inputs, Va1 and Va2, for
the p-FETs and n-FETs, respectively
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where fis the frequency of the applied signal. In practice, a differential measurement
scheme is implemented, with an on-chip reference circuit to subtract the capacitance
contributions of circuit elements other than the capacitor DUT. Because of the need
for on-chip CMOS circuitry, this method can only be used for measuring MOSFET
capacitances and interconnect wire capacitances in a fully integrated process.

The schematic of a circuit illustrating the CBCM technique is shown in
Fig. 4.10b. A pair of matched pseudo-inverters is configured such that the p-FETs
are driven by a signal applied at input node Al and n-FETs by a second indepen-
dently controlled signal at input node A2. The pseudo-inverters are powered by two
independent power supplies, Vg1 and Vg (VE1 = Ve2 = Vpp), and the currents /g
and Ig> are measured. In this differential measurement scheme, the left pseudo-
inverter serves as a reference for subtraction of the parasitic capacitance C,, which
is assumed to be equal for both inverters. The capacitor to be measured, C (DUT),
is connected to the output of the pseudo-inverter on the right.

Signal input waveforms at nodes Al and A2 are also shown in Fig. 4.10b.
These are non-overlapping clock edges to ensure that the p-FET and the n-FET
are not turned on simultaneously, thus preventing any short-circuit current through
the inverters. Initially, with Vo1 = Va2 = “0,” the p-FETs are on and the n-FETs
are in the off state. This sets the nodes Zr and Zd at “1” and the capacitors C, and
C (DUT) are fully charged. With input signal Va; rising, the p-FETs are switched
off and the n-FETs remain in the off state. With input signal V» rising, the n-FETs
are turned on, bringing nodes Zr and Zd to “0” and discharging the capacitors. The
measured average DC currents /g and /g> flowing through the inverters are those
for charging the capacitances along with leakage currents of the MOSFETs.

The capacitance C of the DUT is

C— (2 —Ig1)) Al
Vppf Vopf’

4.12)

where f'is the frequency of the clocks and A/ is the difference in the measured DC
current values. A more accurate determination of the capacitance may be made by
measuring Al at different values of Vpp, at a fixed frequency, and extracting C from
the slope of Al vs. Vpp plot. Alternatively, measurements may be made at different
values of fat a fixed Vpp and the capacitance obtained from the slope of A/ vs. fplot.
In this method, the background leakage current of the MOSFETS is subtracted, thus
improving measurement accuracy. Test time is minimized by making measurements
at only two frequencies, f] and f>, and the capacitance is calculated as

_ (Ie2_1 — Iei1) — (Ie2.2 — Ie12)
Vop (fi — f2)

(4.13)

When input signals Va1 and Vo are applied externally and contact with the
test structure is made using a standard DC probe card, the upper frequency limit is
~1 MHz. For Al in the range of ~1 @A, and Vpp = 1.0 V, the measured minimum
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capacitance value is ~1 pF. The minimum capacitance can be lowered to 1 fF if A/
in the range of ~1 nA is measured with an accuracy of <1%.

Smaller capacitance values (1 fF) are measured at frequencies in the range of sev-
eral hundred MHz to ~1 GHz. High-speed probes are required if an external pulse
generator is used. Alternatively, a DC probe card may be used if frequency signals
are generated within the macro itself. By increasing the measurement frequency
to ~1 GHz, gate capacitance of an individual MOSFET Cyr can be measured
accurately even in the presence of significant gate oxide leakage current Iyj. As
an example, for a 1.0 um wide MOSFET, C,r = 1{F and from Eq. (4.12), at
f = 1GHz, AI = 1pA. The error in measurement of C, introduced by an Ig of
1 nA is then ~0.1%.

There are several sources of error in the CBCM technique described above. The
two pseudo-inverters, even with identical dimensions and physical layouts, are not
perfectly matched because of random variations in MOSFET properties. As a result,
there will be a residual parasitic capacitance and leakage current included in the
expression in Eq. (4.12). Another source of error is from charge injection when a
MOSFET is turned off. This additional charge varies with the load on the inverter
and is not fully accounted for by the subtraction method. A number of improvements
to the basic CBCM technique have been demonstrated to reduce these sources of
error and to improve measurement accuracy in the fF range. A comparison of the
different techniques is discussed in [7].

Schematics of circuits utilizing a charge injection error-free CBCM (CIEF-
CBCM) scheme [8-10] for MOSFET and wire capacitance measurements are
shown in Fig. 4.11a, b. In Fig. 4.11a, the DUT is a MOSFET gate capacitor

A

Ve
(ref) 1

(©)

Fig. 4.11 CIEF-CBCM technique to measure a MOSFET gate capacitance and b interconnect
cross talk capacitance. ¢ Input signal waveforms
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and in Fig. 4.11b, the DUT is formed by capacitively coupled interconnect wires.
The capacitor DUT is driven by a pseudo-inverter as in the conventional CBCM
technique but the use of a separate reference inverter is eliminated. As with con-
ventional CBCM, the p-FET and the n-FET of the pseudo-inverter are driven with
two independent non-overlapping clock signals, Va1 and V2. A third clock signal
Vg drives one terminal of the DUT for measuring the reference capacitance. With
this approach, the single pseudo-inverter serves as its own ideal reference and many
potential sources of error subtracted out. In the case of a fixed capacitive DUT, as
in Fig. 4.11b, the charge injection associated with the pseudo-inverter MOSFET
channel is also completely eliminated by subtraction.

The clock signal waveforms for Va1, Va2, and Vg are shown in Fig. 4.11c. In
operation, initially node B of the DUT is held at GND and the current /g corre-
sponding to /g, in conventional CBCM is measured for the capacitor DUT. When
input signal Vp is applied to node B of the DUT, its terminals B and G are held at
the same potential during charging and discharging. In this case, the measured cur-
rent Ig (= Ig1), now corresponding to /g; in conventional CBCM, is primarily due
to the parasitic capacitance Cp,. The DUT capacitance is obtained from Eq. (4.12) in
a similar fashion as in the conventional CBCM method. By using waveforms shown
in Fig. 4.11c with a range of closely spaced Vg values, full C—V characterization of
the MOSFET DUT can be carried out.

A number of different approaches have been advocated to improve the mea-
surement accuracy by accounting for the leakage currents, charge injection,
and device mismatch. The circuit for one very attractive variant of CBCM
called quadrature-clocked, voltage-dependent capacitance measurement (QVCM)
is shown in Fig. 4.12a [7]. The pseudo-inverters are replaced by two n-FET detec-
tor elements. Independent voltage signals, 180° out of phase with each other, are
applied to the gates of these two n-FETs. The signal applied at node B of the capac-
itor DUT is = 90° out of phase with the other two signals. The n-FETs provide a
path for the charging and discharging current to the capacitor to flow from and to
GND.

Fig. 4.12 a A circuit schematic of QVCM scheme with two n-FETs driven by independent input
signals Va1 and Va2 and a third signal applied to node B of the capacitor. b Similar circuit with
the two n-FETs replaced with p-FET's
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The currents /1 and I are measured at two different values of Vg, Vg1 and Vpy.
The DUT capacitance is then given as

(hi—1i2) = (I — )
2f (Va1 — VB2)

C =

(4.14)

where 11 1 and I; » are current measurements at Vgq, and /> 1 and />  are current
measurements at Vpo.

The QVCM method has the advantage that the two n-FETs do not experience
a voltage across the source and the drain and hence there is no MOSFET channel
leakage contribution to the measured currents. The current induced by charge injec-
tion is also cancelled by subtraction. There is a small current contribution from the
gate oxide tunneling current which can be minimized by using thick-oxide n-FETs.

In another application of this approach referred to as cross talk-based CBCM
(CTCM), coupling capacitance between interconnect wires is measured [8]. This
was first implemented with the circuit shown in Fig. 4.12b. The n-FETs in the
QVCM circuit are replaced by p-FETs and the flow of charging and discharging
currents through the p-FETs is from and to the Vpp terminals of the power supplies.

4.2.3 Ring Oscillator-Based Capacitance Measurement

Capacitance components of CMOS circuit elements may be extracted from a ring
oscillator circuit by measuring its frequency and its power in the active and quies-
cent states. The measured capacitance is integrated over the switching cycle of a
circuit and gives a true measure of the effective switching capacitance. Capacitance
measurement of CMOS circuit elements is carried out by using a differential pair
of ring oscillators, differing in design only by the capacitance of the circuit ele-
ment of interest. An advantage of this method is a self-consistent determination of
circuit delays and capacitances at frequencies in the range of product applications.
In another approach, full C-V characteristics of MOSFETs are obtained by apply-
ing a voltage bias to the gate of a MOSFET load in each stage of a ring oscillator.
The ring oscillator-based capacitance measurement technique and associated test
structure designs are described in detail in Chapter 6.

4.3 Capacitor DUT Designs

The design of a capacitor DUT is governed by the material properties and geo-
metrical arrangement of its constituent films, the capacitance range, the parasitic
resistance components, and the desired measurement accuracy. Representative
ranges of capacitances and measurement frequencies for different test techniques
are listed in Table 4.1.
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Table 4.1 Range of frequencies and capacitances for different measurement techniques

Test method Frequency range Capacitance range
LCR meter 1 kHz to 1 MHz 1pFto 1l F

LCR meter 1 MHz to 3 GHz 10fFto 1 F

CBCM 1 kHz to 1 GHz <1 fFto 1 uF

Ring oscillator ~10 MHz to 1 GHz <1-100 fF per stage

Capacitance measurements with LCR meters at frequencies <1 MHz can be
carried out using standard DC probe cards, and no on-chip CMOS circuitry is
required. This allows characterization of interconnect wire capacitances and dis-
crete MOSFETs in short-loop test vehicles in early technology development and in
manufacturing. However, with a minimum capacitance of ~1 pF, the DUT areas are
large and only a small number of unique capacitor designs can be accommodated in
a scribe line. The DUT area can be reduced with a higher frequency LCR meter, but
special probe card design and bench measurements are required. The DUT area can
be reduced by as much as a factor of 1000x or more with CBCM techniques and
measurements on such test structures can be made with DC probe cards.

The capacitance per unit length of the metal wires is primarily a function of the
ratios of their dimensions and does not change appreciably with scaling. Hence, for
DUT sizing purposes, we may assume the capacitance per unit length to be the same
for all layers with scaled wire dimensions. The area occupied by a wire capacitor
DUT can be estimated as

A= w+s)L (4.15)

The DUT area for minimum width wire in a metal layer with 2x dimensions
is twice the area of a similar DUT in 1x dimensions, with nearly the same capac-
itance. The area of a 2.0 pF DUT, excluding connecting wires, for different layer
dimensions is shown in Table 4.2. The space of 2,400 um? between two I/O pads
in our standard 1x25 padset (Appendix A) is insufficient for placement of most of
these DUTs. The macro area is substantially increased when placing DUTs above
or below the array of pads.

Metal interconnect DUTs are generally stacked to reduce the DUT area. This
is illustrated in Fig. 4.13 for metals M1-M4. In Fig. 4.13a, wires are connected

Table 4.2 Approximate area of a 2.0 pF capacitor in different conducting layers

Layer W (um) s (Jum) C (fF/pum) ~Area (umz)
MOSFET Cgr 0.05 0.15 1.00 400
Thin metal (M1) 0.10 0.10 0.20 2,000
Thin metal (M1) 0.10 0.20 0.15 4,000

Thick metal (M3) 0.20 0.20 0.20 4,000
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Fig. 4.13 Top view line drawing and stacked capacitor schematic of a wire mesh to measure
Cyp + Cdown and b wire comb to measure Cy

in parallel at each layer and the capacitance between any two layers is mea-
sured. This type of capacitor DUT is useful for determining dielectric properties
such as thickness. In Fig. 4.13b, a wire comb structure is used to measure the
Cw (= Cup + Caown + Ciefi + Cright). If the metal density is 50% or more, the met-
als above and below serve as nearly perfect ground planes. The wire width and
spacing is varied in accordance with technology GRs. The wire segment lengths are
limited to maintain Ry < 1/wC in the measurement frequency range. An estimation
of dissipation factor and capacitance measurement frequency ranges is included in
Section 9.2.3.

Metal wires may be of different width, spacing, and pitch. DUTs for process
monitoring of lithography, etching, and CMP generally have uniform dimensions.
The wire dimensions and spacing may be varied within a DUT for yield monitoring
as shown in Fig. 4.14a. It is also useful to measure both resistance and capaci-
tance of DUTs designed with minimum width wires and different spacing values to
study process sensitivity to wire dimensions. With constant pitch, the wire resistance
decreases with increase in w, while the capacitance increases with the corresponding
reduction in s. The design of a serpentine wire with an interdigitated comb structure
shown in Fig. 4.14b provides a measurement of both Ry, and Cy, for the same wire.

A DUT design for measuring C,r of an n-FET using an LCR meter is illustrated
in Fig. 4.15a. The width of the PS fingers and the number of HO via contacts are
adjusted to minimize the series resistance and to ensure that Ry < 1/wC in the
range of measurement frequencies. This type of layout can be extended to get a
capacitance of ~1 pF. Independent contacts with S and D terminals can be provided
for measurement of other MOSFET capacitance components.

variable spacing and
b serpentine to measure Ry
and Cy,

Fig. 4.14 Top view line

drawing of metal wire J \ o

capacitor DUT a with F
(@)

(b)
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Fig. 4.15 Physical layouts of MOSFET gate capacitor DUTs: a for an n-FET, b and ¢ for an n-FET
and a p-FET derived from an inverter logic gate

The physical layout of the capacitor DUT as shown in Fig. 4.15a is not truly
representative of CMOS circuit layouts. Sensitivity of device characteristics to the
details of PS and DF layer dimensions, the surrounding environment, and the pattern
densities becomes important as CMOS technologies are scaled to smaller dimen-
sions. In the 65 nm technology node and beyond, compressive or tensile stress layers
are used for mobility enhancement and the MOSFET characteristics may depend on
the proximity of these layers to the DF layers for both n-FET and p-FET. It is highly
desirable to closely match the physical layouts of the DUTSs to circuit layouts on
a product and to measure the /-V and C-V characteristics of MOSFETSs on simi-
lar DUT designs. A closer approximation to the layout styles in CMOS circuits is
obtained with layouts as shown in Fig. 4.15b, ¢ for an n-FET and a p-FET, respec-
tively. These layouts are derived from that of a standard inverter and discussed in
greater detail in Section 5.3. Such designs are more suitable for smaller capacitor
DUTSs measured using CBCM techniques.

4.4 Capacitor Macro Designs

Capacitor macros are designed for process development and monitoring of metal
wire properties, MOSFET gate length, and gate oxide thickness measurements, and
for modeling C-V characteristics of MOSFET capacitance components. Macros
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designed for placement on short-loop test vehicles for metal layers comprise dis-
crete capacitors directly connected to I/O pads. MOSFET capacitance components
may also be measured using discrete capacitor DUTs. Measurements on such dis-
crete capacitors are carried out with an LCR meter and the DUT capacitance values
are typically >1 pF. Compact 1D array macros incorporate CBCM (or QVCM) cir-
cuits and the DUT capacitances are substantially reduced. Large 2D capacitor arrays
are used for monitoring sensitivity to process and random variations. Measurements
on the CBCM macros are made using standard parametric test equipment in a
laboratory or parametric ATE in a silicon manufacturing line.

The first two examples in this section describe discrete capacitor macros for con-
ducting layers and MOSFETs. In Example 3, implementation of CBCM and QVCM
techniques for measuring small capacitor structures with a single level of metal is
described. In Example 4, on-chip clock generation circuitry is included with QVCM,
eliminating the need of external pulse generators. Some ideas on designing 2D array
capacitor macros are discussed in Example 5. The integration schemes in 1D and
2D arrays, DUT selection circuits such as the use of decoders and scan chains, and
on-chip clock generation using ring oscillators are covered in more commonly used
resistor, MOSFET, and ring oscillator macros in the examples given in Chapters 3,
5, and 6.

4.4.1 Example 1: Discrete Passive Capacitor Macros

Macro configurations for measuring discrete passive capacitors with an LCR meter
are shown in Fig. 4.16. In short-loop test vehicles or in early stages of technology
development, such designs are useful for metal wire capacitance measurements.
The measurement frequency for in-line measurements is recommended to be in
the 10-100 kHz range and the DUT capacitance is designed to be >1 pF. The

31 0601 (8] 3] o) ) g
GG

1%F2%73%F4%T (©)

Fig. 4.16 1/0 pad assignments for capacitor macros with a isolated pads and b shared pads.
¢ Placement of capacitors in the space between I/O pads



126 4 Capacitors

approximate DUT areas for 2.0 pF capacitors formed with different conducting lay-
ers are given in Table 4.2. Metal capacitors typically occupy areas larger than the
2,400 pwm? space between two 1/0 pads in the standard 1x25 padset. These capaci-
tor DUTs are typically placed, at least in part, above the I/O pads, thereby increasing
the height of the macro.

The resistance of the wires can be neglected by appropriate DUT design and
selection of test frequency. Consider, for example, an M1 capacitor designed with
w = s = 0.10 wm having a total capacitance of 2 pF and a wire length of 10,000 pm.
With Ry, of 2.0 Q/pm, the wire resistance for a serpentine is then 20 k2. If mea-
surements are made at 100 kHz, 1/wCy, = 800 k€2, the dissipation factor Dr is 0.03,
and the measurement error due to parasitic resistance is <0.01% (Section 9.2.3).

Capacitor DUTs may be isolated or share an I/O pad as shown in Fig. 4.16a, b.
The shared I/O pad is connected to the LO terminal of the LCR meter. The macro
height can be reduced by placing capacitors connected in parallel between the I/O
pads as illustrated in Fig. 4.16c. Metal wire capacitor DUTs shown in Fig. 4.17
can be configured to measure only Cyp and Cgown Capacitances or to measure the
total capacitance per unit length Cy,. In the comb structure in Fig. 4.17b, with one
additional I/O pad, the resistance of one side of the comb section can also be mea-
sured. Linewidth narrowing is indicated by an increase in wire resistance Ry, and a
decrease in Cy,.

The capacitance of cables, probes, I/O pads as well as that of wire connec-
tions to the DUT must be subtracted from the measured capacitance where feasible.
Capacitance of the cables and probes can be measured directly by lifting the probes
off the silicon wafer surface. The I/O pad capacitance in bulk silicon technology
can be significant (~1 pF). A subtraction technique to account for this parasitic
capacitance must be included in the macro design.

Three different examples of macro designs for the measurement of the parasitic
capacitances on silicon are shown in Fig. 4.18a—c. In the first scheme shown in
(a), one pair of I/O pads in a macro is dedicated for measurement of parasitic pad
capacitance. It is assumed that this capacitance is the same for all other pairs of
I/O pads. In a second approach shown in Fig. 4.18b, one macro in a reticle field
with only I/O pads may be dedicated for measuring capacitance of all of the I/O

(@)

AH AL AH ALA1 AL2

Fig. 4.17 Interconnect wire capacitors for measurement of a Cyp and Cyown and b Cy, and wire
resistance Ry,
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Fig. 4.18 Macro designs for parasitic capacitance calibration: a one pair of I/O pads dedicated for
calibration in each macro, b only I/O pads, and ¢ I/O pads and wires for DUT connections

pads. The measured values of parasitic capacitance in this macro are applied to all
macros on a reticle field or a wafer. In Fig. 4.18c, the macro design includes the wire
connections to the capacitor DUTs and the parasitic capacitance of the wires is also
subtracted from the measured capacitance of the DUTSs in a corresponding macro.
This approach gives a higher accuracy but requires more macros and thereby more
silicon area if multiple capacitor macros with different DUT designs are placed in a
reticle field.

4.4.2 Example 2: MOSFET Capacitor Macros

Measurement of MOSFET capacitances is typically carried out at the M1 metal
level for early technology feedback. Measurements are made on different DUTs
for extraction of each of the key MOSFET parameters such as fox, Cgt, Coy, and
L. These parameters are used for process control and for modeling MOSFET -V
characteristics. It is therefore important to ensure that the physical layouts and the
surrounding layer pattern densities of these capacitor DUTS are similar to each other
and to the layouts used in CMOS circuits as described in Section 4.3.

Gate oxide thickness and gate-tunneling currents are measured on a MOS
capacitor (comprising a number of large-area parallel plates each with dimensions
210 pm). Contact with gate and diffusion areas are made with M1 metal through HO
vias, appropriately designed to maintain Ry < 1/wC and a low dissipation factor at
the measurement frequency. Measurements of Cyt and Coy are made on MOSFET
DUTs with PS length comparable to that in representative MOSFET structures, or
better still, on DUT layouts derived from CMOS logic gates.

A commonly used technique for measuring Cot and Coy is referred to as the split
C-V method [3, 11]. This method has also been adapted to measure carrier mobil-
ity. Cross sections of an n-FET in accumulation and inversion modes are shown in
Fig. 4.19a, b, respectively. In the accumulation mode, a high density of holes (e*)
is present near the oxide-silicon interface. The capacitance between the gate (G)
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Fig. 4.19 An n-FET in a accumulation and b inversion. ¢ A measurement setup for split C—V for
an n-FET. d C-V plots obtained from measuring /1 and  in ¢

and the source/drain (S/D) terminals is the overlap capacitance (= 2C,y) and the
capacitance between the G and the body (B) is the channel capacitance Ccp. In the
inversion mode, with the presence of the n* channel, the capacitance between the
G and S/D terminals is the gate capacitance Cyr. Once the inversion layer forma-
tion is completed, the body is shielded from the gate and the G-to-B capacitance is
negligible.

The test setup for an n-FET is shown in Fig. 4.19c. The currents and hence the
capacitances from G to S/D and G to B are measured independently. The split C-V
curves are shown in Fig. 4.19d. The sum of the two curves is similar to the MOS
C-V curve shown in Fig. 4.7.

I/O pad assignments for C—V and I-V characterization of discrete n-FETs are
shown in Fig. 4.20. Individual DUTs are designed for Coy, Cor (for L, extraction),
Csb, Cap, and I-V characterization. The capacitance for the n* diffusion-to-body
is separated into an area and a perimeter component. These components can be

[ (2] ) (61750 (6] ) o) [3) i)

Fig. 420 I/0O pad assignments in a section of a macro for MOSFET C-V and I-V
characterization
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extracted with two capacitors of equal area but with different perimeter values. An
n-FET for /-V characterization is included in the same macro. A standard 1x25
padset macro can accommodate one set of n-FET and p-FET DUTs of similar
layouts.

4.4.3 Example 3: CBCM (QVCM) Macros Testable at M1

The CIEF-CBCM and QVCM techniques are well suited for MOSFET capacitance
measurements. As capacitance values of the order of a few fF can be measured
accurately, the capacitor DUT area is reduced by a factor of ~ 1000 compared with
the DUTs in the discrete capacitor macros in Example 2.

A basic scheme for implementation of the CIEF-CBCM technique for MOSFET
gate and overlap capacitances at the M1 metal level is shown in Fig. 4.21a, b. In
Fig. 4.21a, a pseudo-inverter drives the gate of an n-FET for gate capacitance mea-
surement. In Fig. 4.21b, the n-FET gate terminal is connected to I/O pad B instead.
In this configuration, the overlap capacitance including the outer fringe capacitance
can be extracted [9]. An external pulse generator drives the clock inputs Al, A2,
and B. DC current delivered by the power supply connected to I/O pad VE is mea-
sured with input B at GND. The parasitic capacitance determination is made by
repeating the measurement with the clock signal applied to I/O pad B as described
in Section 4.2.2. Five I/O pads are required for measuring one capacitor and five
such DUTs can be accommodated in a standard 1x25 padset macro.

A1l VE T_I—‘\F_FGND A2 B

A1l VE iGND A2 B

\[I

A1 G’;ID‘I% GZD A2 B1 B2 B3
. T L !
(c)

Fig.4.21 1/0 pad configuration for a CBCM test structure for an n-FET: a Cgr and b Coy. ¢ Shared
1/0 pads for cross talk capacitance using QVCM
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The circuits shown in Fig. 4.21a, b can be used for implementing the QVCM
(CTCM) technique by replacing the p-FET in the pseudo-inverter with an n-FET
and connecting VE and GND to independent SMUs. A pad sharing scheme for
measuring cross talk capacitance using QVCM is shown in Fig. 4.21c. Each pair
of n-FETs connects to three capacitors, which could be different components of
an interconnect wire (Cyp, Cdown, and Clefyright) [8]. The second terminal of each
capacitor DUT is connected to an independent I/O pad which is used to null the
capacitance of the DUT not under test.

With QVCM, macro efficiency is further improved with the use of common clock
signals for all n-FET pairs as shown in Fig. 4.22. Two pads per macro are ded-
icated to the clock signals for the n-FETs. The number of capacitors in a 1x25
padset macro is maximized with six n-FET pairs loaded with 11 capacitors, bring-
ing the number of capacitors per macro to 66. This number can be increased to 121
if one terminal of all the n-FETSs is held at a common GND. In this case, the current
I is measured using inverted clock signal at the second node after /; measure-
ment is completed. Although the area efficiency of the macro is improved with this
scheme, the use of separate GND pads is preferred as it preserves the wiring symme-
try. The number of DUTSs per macro with these different configurations is listed in

Table 4.3.
B3
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Fig. 4.22 QVCM macro with shared input clock signals for implementation at the M1 metal
level

Table 4.3 Total number of

capacitor DUTSs per 1x25 Number

padset macro with different ) of DUTs Total no.

QVCM integration schemes 1/0 pad configuration per FET pair of DUTs
Isolated 1 5
Multi-capacitor units 9 36
Shared A1 and A2 11 66

Shared A1, A2, and one GND 11 121
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4.4.4 Example 4: QVCM Macros with On-chip Clock

The frequency of operation in the CBCM designs described in Example 3 is limited
by the probe card and the maximum operating frequency of the pulse-generating
equipment. A circuit to generate all three clocks for the QVCM (CTCM) method is
shown in Fig. 4.23. With this on-chip circuit, measurements in the GHz frequency
range can be made with a standard DC probe card, thereby providing a capability for
measuring sub-fF capacitors in the manufacturing line along with other parametric
measurements.

The ring oscillator in Fig. 4.23a is enabled by raising the input voltage at the
EBL node from “0” to a “1.” The output of the ring oscillator is tapped at two nodes,
roughly dividing the stages in two equivalent sections. The true and complementary
outputs of the ring oscillator, Al and A2, are used to drive the gates of the two n-
FETs in the QVCM circuit. The second output of the ring oscillator B, ~90° out
of phase with the previous two signals, drives the capacitor DUT. With multiple
capacitors connected through a common n-FET pair, a decoder is used to direct the
B signal to a selected DUT as indicated in Fig. 4.23b.

The floorplan of a section of a macro with an on-chip clock generation scheme
is shown in Fig. 4.24. A two-input decoder is used to accommodate four capacitors
per n-FET pair. If a three-input decoder is used instead, with eight capacitor DUTs

At—
D A2

/ ; B
EBL

s

B
B4—
DO B3—
D1 1 >—B2—
Bl—

(b)

Fig. 4.23 a Schematic of a circuit to generate 180° and 90° out-of-phase clocks for QVCM
scheme. b A decoder circuit to direct the B signal to the desired DUT
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decoder inputs DO, D1 Al AD
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Fig. 4.24 a Placement of QVCM DUT between I/O pads. b Floorplan of a section of a QVCM
macro with an on-chip clock generator using an RO and a frequency divider (fd) block

per n-FET pair, the total number of DUTs in a 1x25 padset macro is 72 compared
with 66 in Example 3.

4.4.5 Example 5: 2D Capacitor Array Macros

2D capacitor arrays are utilized for rapid characterization of a large number of
capacitor DUTs [12]. Such macro designs are useful as CMP process monitors and
MOSFET gate length extraction for a large variety of physical layouts. The design
of a 2D array for capacitance measurements described here follows the 2D arrays
described for resistors and MOSFETs in Chapters 3 and 5, respectively. The resistor
DUTs require a single voltage force source. The MOSFET DUTs require at least
two voltage sources to bias the gate and drain terminals. The capacitor DUT in a
CBCM configuration, on the other hand, requires three or more voltage sources.
The exact value of the voltage levels applied to the gates of the pseudo-inverters in
the CBCM circuit is not critical for wire capacitance measurements.

The circuit schematic and the symbol of a CIEF-CBCM DUT along with control
switches used in a 2D CBCM array are shown in Fig. 4.25a—c. A 2x2 section of
the CBCM array is shown in Fig. 4.25d. The switches shown in Fig. 4.25b, ¢ steer
the clock and DC signals to a DUT when its CAD input is a “1.” The voltage levels
to the unselected DUTs (CAD = “0”) are set at negative clamp values, applied at
nodes AVCp and AVChn, to minimize leakage currents and to ensure a high degree
of isolation. Additional current-steering circuitry is included in the 2D array cir-
cuit to eliminate residual background currents (see MOSFET 2D array example in
Section 5.4.4). This design can be easily adapted for CIEF-CBCM or other CBCM
configurations.
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Fig. 4.25 a, b Circuit schematic and symbol of a CBCM DUT. ¢ Switch configurations and

symbols. d 2x2 section of a 2D CIEF-CBCM array
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4.5 Capacitance and Inductance: A Closer Look

In the case of wires, there is an interesting and important connection between capac-
itance and inductance. We will briefly address this, both to provide more insight into
the behavior of capacitance and also to give a perspective into where inductance fits
into the circuit and test structure design picture. As mentioned in Section 2.4.3,
inductance does not usually play a significant role with circuit interconnects on
a local length scale. However, it can be a very important consideration when it
comes to power distribution and also for long low resistance lines carrying signals
on-chip or through a package or I/O system. We will first discuss some basic proper-
ties of inductance and then describe how capacitance and inductance are intimately
connected to each other in an elegant way.

Maxwell’s equations give a complete description of the magnetic and electric
fields around any set of conductors in response to the presence and flow of charge
[13, 14]. That said the actual calculation of these fields can be a very compli-
cated problem, often requiring extensive numerical simulation. On the other hand,
from Maxwell’s equations there are two expressions that can be derived which are
extremely helpful in determining electric and magnetic fields in the presence of sta-
tionary and moving charges in a number of classic symmetric situations. Related
capacitance and inductance values can then also be determined in a straightforward
manner. One of these expressions is Gauss’s law which states that the surface inte-
gral of E - da over a surface enclosing a charge g is g/cg,, or [ E-da = g/c&g, where
E is the vector electric field and da is a vector area element of the enclosing surface.
The other is a corresponding expression for magnetic fields known as Ampere’s law
stating that the line integral of B - dI around a path that encloses a wire carrying
a current [ is uol, or [ B.dl = oI, where B is the vector magnetic field, d/ is a
vector length element along the encircling path, and (: 4 X 10_7H/m) is the
permeability of free space.

The self-inductance L of a closed loop can be expressed as L = ¢/I, where ¢ is
the magnetic flux threading the loop in response to current / flowing through it. The
magnetic flux ¢ is in turn given by the expression ¢ = /' B -da, where B is again the
vector magnetic field, da is a vector area element, and the integral is taken over any
complete surface that bounds the loop. For illustration purposes it is convenient and
relevant to consider small sections of long symmetric transmission line structures
that reduce to two-dimensional problems from which the inductance per unit length
can be determined.

The first structure to be considered is a segment of length / of a symmetric
stripline as shown in Fig. 4.26. A blow-up of the cross section in the vicinity of seg-
ment / is shown in Fig. 4.27. This transmission line structure consists of two long
parallel metal plates, each of width w, separated by distance & and embedded within
a uniform dielectric of relative dielectric constant €. Let us assume that w/h >> .
With currents flowing as described in the caption of Fig. 4.27, the magnetic field B
is directed from right to left in the gap as indicated. Furthermore, B is essentially
constant in the gap and is nearly zero everywhere outside the gap region. Applying
Ampere’s law around the path indicated in the figure gives |B| = B = pol/w. If we
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Fig. 4.26 Parallel plate transmission line (stripline) structure. a Cross-sectional view, b top view,
and c side view. The magnetic field in a central segment of length [ is considered
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Fig. 4.27 Blow-up of the cross section of the parallel plate transmission line. Current / is flowing
into the top electrode and equal ground return current / is flowing out of the bottom electrode. It is
assumed that the current is flowing only on the inside surfaces of the plates (characteristic of very
high frequency) and is uniform across the width w. The magnetic field B in the gap is indicated
along with the integration path used in conjunction with Ampere’s law

then calculate the magnetic flux passing between the plates of the section of length
[ of the transmission line, we find ¢ = Bhl = polhl/w. Dividing by I, this gives
L = pohl/w, or an inductance per unit length of

L, = Mt (4.16)
w

Referring now back to Eq. (4.1), note that the capacitance per unit length for this
same structure can be expressed as

EEQW
Cy = Z

(4.17)

Equation (4.1) not only was simply asserted but also can be derived using Gauss’s
law, much as Ampere’s law was used to obtain L. Thus Cy, increases linearly with
w/h, while L, increases linearly with A/w. Furthermore the propagation speed v for
a transient signal going down this line is given by

1 1 c
V= = = —, (4.18)
\/Lwcw \/ggoﬂo «/E
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where ¢ is the speed of light in vacuum. It can be shown that this fundamental
relationship between L, C, and ¢ holds for any constant cross-sectional transmission
line embedded in a uniform dielectric, provided the currents are constrained to flow
on the surface of the conductors. The value of ¢ for silicon is ~11.7, while that of
Si0; is ~3.9, and low-k dielectric materials may have ¢ < 3. In addition, current and
magnetic fields penetrate beyond the surface, tending to raise L. Practical resultant
values of v in silicon circuits are in the range of ¢/2 to ¢/5. However, as previously
mentioned in Section 2.4.3, it is the RC time constant and not v that determines
signal delay in CMOS circuits.

The linear dependence of L and C on dimensions, on the other hand, is a special
result that only holds for stripline geometries. We will next examine a copla-
nar geometry that has a very different and more typical dimensional dependence.
Consider the transmission line geometry shown in Fig. 4.28. This transmission line
consists of two parallel metal wires, each of diameter 2r, with a center-to-center
spacing of R, and embedded in a uniform dielectric of relative dielectric constant
. This is obviously a much more open structure than is the stripline, and electro-
magnetic fields will occupy an extended region between and around the conductors
as indicated in Fig. 4.29. Ampere’s law can again be used to calculate the magnetic
field and the inductance per unit length.

Referring to Fig. 4.29 consider first the magnetic field in the vicinity of a long
straight wire of radius 2r, carrying current / out of the page. The magnetic field will
be in the circumferential direction as indicated. Using any circular field line as a path
at a distance r from the center of the wire, Ampere’s law tells us that 27 rB = u,l,
or B = ol /2mr. In the case of two parallel current-carrying wires in the form of
a coplanar wire transmission line as shown in Fig. 4.28a, b, the magnetic field is
well approximated, by superposition, as the sum of the magnetic fields from two
isolated wires. The magnetic flux between the wires for a section of length / of this
transmission line is then calculated as ¢ = 2 [,LLOIZ/ZJT] S =1 dr, over the range
from r, to R, the pre-factor of 2 accounting for the equal contributions from both
wires. This gives ¢ = [woll/ | In[Ry/ro], which when divided by 1/ leads to

R
Ly = In [—0] . (4.19)
Mo ro

Fig. 4.28 Coplanar wire

transmission line.

a Cross-sectional view «—R-—» T
showing the two wires, each O O R,
of radius r,, with | ] l
center-to-center separation of 2r,

R,, and b top view indicating

a short section of length / far
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() (b)

Fig. 4.29 Magnetic fields in the vicinity of long straight current carrying wires. a Single isolated
wire of diameter 2r, with current / out of the page and b two similar wires in the form of a coplanar
wire transmission line, corresponding to Fig. 4.28, with current / out of the page (/eft) and return
current / into the page (right). It is assumed that the current is flowing only on the surface of the
conductors

An analogous calculation for capacitance using Gauss’s law leads to the expres-
sion for capacitance per unit length as

Cp = 228 (4.20)

3]

As in the case of the stripline configuration, v = 1/LyCy = 1//eoto =
c¢/+/€, where c is the speed of light in vacuum. However, unlike in the stripline case,
both Cy, and L, exhibit logarithmic rather than linear dependence on transverse
dimensions. As the separation between the wires is increased, Ly, slowly increases,
while at the same time, Cy, slowly decreases. This weak dependence on transverse
dimensions is in fact characteristic of the situation for most on-chip wiring which
is why assuming that, for example, C,, = 0.2 fF/um is a good approximation over
a fairly wide variety of actual wiring situations. In the case of inductance, it should
be noted that, expressed in convenient units, u, = 1.26 pH/ pm. It follows that
a quick rough estimate of the inductance of open structures (such as the copla-
nar wire transmission line) can typically be made as L(pH) = size of the structure
in pm.

Sophisticated numerical packages are widely available for accurate calculations
of self-inductance and capacitance, as well as mutual inductances and capacitances
which can play a significant role in, for example, cross talk between different signal
paths. While such packages are necessary for a precise design, one should keep in
mind the general behavior and magnitudes discussed here which are often sufficient
for small-scale designs.



138 4 Capacitors
References

1. Taur Y, Ning TH (2009) Fundamentals of modern VLSI devices, 2nd edn. Cambridge
University Press, New York, NY
2. Weste NHE, Eshraghian K, Smith MJS (2000) Principles of CMOS VLSI design, 2nd edn.
Addison Wesley, Reading, MA
3. Schroder DK (2006) Semiconductor material and device characterization, 3rd edn. Wiley,
Hoboken, NJ
4. Wong S-C, Liu PS, Ru J-W, Lin S-T (1998) Interconnection capacitance models for VLSI
circuits. Solid State Electron 42:969-977
5. Fleury D, Cros A, Romanjek K, Roy D, Perrier F, Dumont B et al (2008) Automatic extrac-
tion methodology for accurate measurements of effective channel length on 65-nm MOSFET
technology and below. IEEE Trans Semicond Manuf 21:504-512
6. Chen JC, McGaughy BW, Sylvester D, Hu C (1996) An on-chip, attofarad interconnect
charge-based capacitance measurement (CBCM) technique. IEEE international electron
device meeting (IEDM) technical digest, 1996:69-72
7. Polansky S, Solomon P, Ketchen M, Shiling E, Economikos L, Bhushan M (2009) Back-end-
of-line quadrature-clocked voltage-dependent capacitance measurements. 35th international
symposium for testing and failure analysis (ISTFA), San Hose, 2009
8. Vendrame L, Bortesi L, Cattane F, Bogliolo A (2006) Crosstalk-based capacitance measure-
ments: theory and applications. IEEE Trans Semicond Manuf 19:67-77
9. Chang Y-W, Chang H-W, Lu T-C, King Y-C, Ting W, Ku Y-HJ et al (2006) Charge-based
capacitance measurement for bias-dependent capacitance. IEEE Electron Device Lett 27:
390-392
10. Sylvester D, Chen J, Hu C (1998) Investigation of interconnect capacitance using charge-
based capacitance measurement (CBCM) technique and three-dimensional simulations. IEEE
J Solid-State Circuits 33:449-453
11. Koomen J (1973) Investigation of MOST channel conductance in weak inversion. Solid State
Electron 16:801-810
12. Hayes JD, Agarwal K, Nassif S (2009) Technique for the rapid characterization of parametric
distributions. IEEE Trans Semicond Manuf 22:66-71
13. Jackson JD (1975) Classical electrodynamics, 2nd edn. Wiley, New York, NY
14. Purcell EM (1985) Electricity and magnetism, Berkeley physics course, vol 2, 2nd edn.
McGraw-Hill, New York, NY



Chapter 5
MOSFETs

Contents

5.1 MOSFET Properties . . . . . . . . . . o o o 0 v v v i e 140
5.1.1 MOSFET DC /[-V Characteristics . . . . . . . . . .« . o o o v v o .. 140
5.1.2 Systematic and Random Variations . . . . . . . . . . . .. ... ... 147

5.2 I-VMeasurements . . . . . ... .o u . wu e e e e e e e e e e 149

5.3 MOSFET DUT Designs . . . . . . . .« v v v v v v v v v it e e e e 151

54 MOSFET MacroDesigns . . . . . . . . . . . .. v v o 155
5.4.1 Example 1: Discrete MOSFET Macros . . . . . . . . .. . ... .... 155
5.4.2 Example 2: Multiple DUT Unit (md-unit) MOSFET Macros . . . . . . . . 158
5.4.3 Example 3: 1D Addressable MOSFET Array Macros . . . . . . . . . .. 161
5.4.4 Example 4: 2D MOSFET Array Macros . . . . . . . . . . . . ... .. 165
5.4.5 Example 5: 2D Array Macros for Rapid V; Measurements . . . . . . . . . 169

References . . . . . . . . . . L L e e e e e e e 171

The switching speed of a MOSFET is a function of its current drive strength, its
internal capacitances, and the RC load it drives. In Chapter 4, test structures for
characterization of MOSFET capacitances are described. To first order these capac-
itance components, within a technology node, scale with the device dimensions. The
current drive of a MOSFET, on the other hand, can be modulated over a much wider
range by engineering the doping in the channel, using carrier mobility enhancement
techniques, modifying the properties and dimensions of constituent layers, and vary-
ing its physical layout. Statistical fluctuations in the number of dopant atoms in the
channel and local linewidth variations lead to variability in parameters of nominally
identical MOSFETs. Hence, the focus on MOSFET macro design and test in this
chapter primarily concerns DC /-V and variability characterization.

The physics of semiconductor devices including MOSFETs is treated in detail in
standard textbooks [1-2]. In this chapter, basic MOSFET properties and parameter
definitions are given in Section 5.1. Parametric test equipment and measurement
techniques for MOSFET characterization are covered in Section 5.2. MOSFET
DUT designs and physical layouts are discussed in Section 5.3. Five examples
of macro designs for measuring the characteristics of individual MOSFETs and
matched pairs and their statistical distributions are presented in Section 5.4.

M. Bhushan, M.B. Ketchen, Microelectronic Test Structures for CMOS Technology, 139
DOI 10.1007/978-1-4419-9377-9_5, © Springer Science+Business Media, LLC 2011
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5.1 MOSFET Properties

The principle of the MOSFET device was first proposed by Julius Edgar Lilienfeld
in 1925. For over 35 years, practical application of this concept was held up by
difficulties in processing thin gate oxides. The first major breakthrough in CMOS
technology development is attributed to Frank Wanlass, who successfully fabricated
an n-FET and a p-FET on the same substrate. CMOS device fabrication continues to
challenge scientists and engineers as the technology is scaled to ever smaller dimen-
sions and new materials, processes, and device configurations are developed. In a
CMOS technology node, many different types of MOSFETs are offered for circuit
applications: high performance and low power digital logic, analog, and memory.
These MOSFETs may differ in their /-V characteristics and capacitances as well
as in channel lengths and widths. For mixed signal applications and I/O circuits,
MOSFETs with thicker gate oxides are made available to meet reliability criteria at
higher operating voltages.

In technology development and manufacturing, a major part of MOSFET charac-
terization is carried out at a test stop immediately following M1 metal delineation to
allow early feedback in the process cycle. Test structures typically comprise single
MOSFETs wired for I-V and C—V measurements. With a large number of MOSFET
offerings, the area occupied by such MOSFET structures testable at the M1 metal
level and the time to test them become significant. Corresponding macro designs
configured for parallel testing at the M1 metal level with multiplexing schemes to
reduce the I/O pad count are preferred. However, yield considerations very early in
the technology development cycle limit design complexity.

Here, we briefly describe basic MOSFET characteristics and key parameter mea-
surements for tracking their behavior. Intrinsic variability in MOSFET parameters
arising from random dopant fluctuations and local linewidth variations increases as
MOSFETs are scaled to smaller dimensions. The nature of statistical distributions
of MOSFET parameters and data analysis techniques are covered in Chapter 10.
Extraction of MOSFET properties from circuit delay measurements is described in
Chapter 6.

5.1.1 MOSFET DC I-V Characteristics

The physical cross sections and electrical representations of an n-FET and a p-
FET, and their /-V characteristics are shown in Fig. 5.1. Each MOSFET has four
terminals: source (S), gate (G), drain (D), and substrate or body (B) as shown in
Fig. 5.1a, b. The B terminal may be set at a fixed potential unless independent body
bias is desired and the n-well and p-well are isolated from the substrate. The voltage
at the G terminal Vg is measured with respect to the potential at the S terminal. The
drain-to-source current Iy is plotted against the drain-to-source voltage Vs for a set
of fixed gate-to-source voltages, Vgs1, Vg2, and Vg3, in Fig. 5.1¢, and against Vg for
a fixed Vi, value in Fig. 5.1d. The voltages and currents in Fig. 5.1c, d are normal-
ized to the maximum Vys and Vs (=Vpp) values and the corresponding maximum
current, /o, respectively.
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Fig. 5.1 An n-FET and a p-FET: a schematic cross sections, b symbols, ¢ Igs — Vs characteristics
for different Vg values, Vg1, Ves2, and Vg3, and d Igs—Vgs characteristics

The source supplies negatively charged electrons for current conduction through
the channel of an n-FET and positively charged holes for current conduction through
the channel of a p-FET. The gate-to source voltage Vs and drain-to-source voltage
Vgs as well as the drain-to-source current /g5 are of opposite signs for the n-FET
and p-FET, as illustrated in Fig. 5.1c, d. For -V characterization, the S terminal is
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typically held at GND for the n-FET and at Vpp for the p-FET. Since the external
power supply voltages are measured with respect to GND, in test structures for
n-FET and p-FET characterization, the polarity of voltage levels in the peripheral
circuits needs to be carefully considered.

DC characterization of MOSFETS is an essential part of modeling CMOS circuit
behavior. MOSFET characteristics are obtained by setting Vs or Vg at a fixed value
and measuring /4s while sweeping Vs or Vs, respectively, to obtain /-V curves such
as those shown in Fig. 5.1c, d. The non-linear /-V behavior is separated into different
operating regions as follows:

e subthreshold or “off” region,
e linear region,
e saturation or “on” region.

The threshold voltage of a MOSFET V; is defined as the value of Vg, for a
particular fixed Vs, at which the channel is turned “on” and g5 meets a threshold
criteria. In the subthreshold region, with Vgs < Vi, Igs varies exponentially with Vg,
and it is convenient to plot logg /gs as a function of V. The slope of the logy Igs vs.
Vs plot, the subthreshold slope (SS) is defined as

dVgs
d (logyq las)
At 25°C, SS is in the range of 70-100 mV/decade. It varies with temperature and

doping concentration in the channel.
In the linear region, Iy4s of an ideal MOSFET is expressed as

SS = (5.1)

V2
lis =B |:(Vgs_vt) Vis — %] , 0 < Vg < (Vgs_vt) (5.2)
while in the saturation region
Ves—Vi)"
o= (Ves = Vi) < Vas, (5.3)

with n = 2 in long-channel MOSFETSs. The expression in Eq. (5.3) is modified in
short-channel MOSFETs due to velocity saturation. In an ideal MOSFET, g is a
function of MOSFET channel length L, and width W, effective mobility pefr, gate
oxide dielectric constant &, and thickness 7ox:

g€ w
— ZEOMett T (5.4)
tox Lp
The relationships expressed in the above equations are modified by several effects
that come into play when MOSFET geometries are scaled to sub-pwm dimensions.
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Subthreshold characteristics are affected by gate-induced drain leakage (GIDL) and
gate oxide tunneling current Igj. Drain-induced barrier lowering (DIBL), velocity
saturation, and other short- and long-channel effects modulate V; and /4. The intro-
duction of mobility enhancement by engineering strain in the MOSFET channel has
resulted in the dependence of effective mobility on MOSFET physical layout and
on the relative placement and dimensions of strain enhancement layers.

The effect of MOSFET geometry and physical layout coupled with different
offerings for low power, high performance, maximum operating voltage, and an
option of independently controlled substrate (well) bias for n-FETs and p-FETs has
led to the need for characterizing many types of MOSFETs and capturing these
effects in SPICE simulation models. On a routine basis, full /-V sweeps with a
few hundred current measurements may be prohibitive from a test time perspective.
Hence, the DC characterization of MOSFET is simplified by focusing on a few key
locations in the I45—Vqgs and Igs—Vs landscape.

The key parameters in the subthreshold region are Ioft, Vijin, and Vigy, indicated
by solid circles on the I4s—Vgs plots for an n-FET in Fig. 5.2. With Vg = 0.0V
the n-FET is in the off-state, and its Igs (= Iofr) gives a measure of the leakage
power in CMOS circuits. The threshold voltage Vi is a measure of Vs at which
the MOSFET channel begins to conduct. It is a very useful parameter for device
design and process optimization as well as for estimation of circuit leakage and
signal propagation delays.

As the onset of channel conduction is not a step function, a number of different
definitions of V; can be found in the literature [1-4]. In routine MOSFET character-
ization, two of these definitions are commonly used. For the onset of conduction in
the linear region, a full /-V sweep is made with Vg5 of ~ 0.05 V. A voltage value
Vise 1s obtained by linear extrapolation of the Iqs—Vgs curve to Igs = 0, and Vy;y is
given by

Vilin = Vgse - %

In the presence of parasitic series resistance and mobility degradation at high /g,
the Igs—Vys curve may deviate from linearity. In this case, extrapolation is carried
out from the slope in the Iy vs. Vg plot at the point of maximum transconductance
gm, as illustrated in Fig. 5.2a, where g, (: dlds/dVgs).

For the onset of the saturation region, Vis, is obtained by extrapolating the
V1as—Vgs plot to Iys = 0 at Vs = Vpp to give Viga = Vege.

A second method for determining Vi, the constant I3 method, is indicated in
Fig. 5.2b. Here V, is defined as the Vg to achieve a specified /g5 in the region
of constant subthreshold slope. A standard definition for MOSFETs of different
geometries is

w
Igs = Igsyi—, 5.5
ds dsvt Lp ( )

where I4gy¢ is constant for a MOSFET type.
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Fig. 5.2 An n-FET Iy vs. Vg plots indicating methods to determine Viyin and Vig: a by linear
extrapolation and b by constant /g5 current method

There may be small differences between the values of the threshold voltages
in both the linear and saturation regions obtained by these two different methods.
Because of somewhat arbitrary definitions of Vi, it is important to take the V; mea-
surement algorithm into account when comparing MOSFET parameter data from
different sources.

In the linear and saturation regions, the locations of key measurement points on
the I4sVqs curves are indicated in Fig. 5.3. These are distributed in different areas of
interest in the Jgs—Vgs space. The value of Iqiin (Vas = 0.05 V, Vs = Vpp) is indica-
tive of the parasitic resistance in series with the MOSFET channel resistance. The
other current values, Iy, Ijo, and g, are indicative of MOSFET drive strengths dur-
ing switching of CMOS circuits. Static CMOS gate delays are generally correlated
with Ioy. A strong correlation of logic gate delays is obtained with L. [5], where

(Ini + To)

5 (5.6)

eff =

In thin gate oxides (fox < 3 nm), the gate-tunneling current /y] becomes signifi-
cant, increasing by a decade with a ~0.25 nm reduction in 7. It increases rapidly
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Fig. 5.3 I3, measurement lon
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with increase in gate voltage but has weak temperature dependence. A maximum
value of I for an n-FET is obtained with S and D terminals at GND and the gate
at Vpp. Its contribution to the total leakage current in the off-state of an n-FET
(VgS =0, Vgs = VDD) is through the drain overlap region. In very low-leakage
MOSFETs or at very low temperatures, the gate-tunneling current in thin-oxide
devices may dominate over the current through the channel in the off-state.

The measurement locations for the key MOSFET parameters in the subthreshold
and saturation regions are summarized in Table 5.1. For convenience, the Iy4s values
are normalized to the width of the MOSFET (= I4s/W) and have units of A/pm. A
correction may be applied to the values of W and L of the MOSFETS, to capture
any difference in the MOSFET dimensions as specified in the design data, to those
obtained on a silicon wafer. These bias corrections are empirically determined from
I4s measurements on MOSFETS of varying W and L.

The effect of body bias on MOSFET characteristics is captured by measuring V;
as a function of V. This relationship for an n-FET is shown in Fig. 5.4. There
is an increase in V; and a corresponding decrease in Ilofr as the body is reverse
biased (Vps < 0). This property may be exploited in reducing leakage power under

Table 5.1 Source, drain, and gate voltages for measuring n-FET parameters with the p-well tied
to GND

Parameter Source voltage Drain voltage Gate voltage
Lot GND Vbp 0

Ldtin GND 0.05-0.10 V Vbp

Inid GND Vpp/2 Vpp/2

Lo GND Vbp Vbp/2

Ini GND Vpp/2 Vbp

Ion GND Vbp Vbp

Ig GND GND Vbp

Vilin GND 0.05-0.10 V -

Visat GND Vbp -
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Fig. 54 Ann-FET V;as a
function of body bias Vi,

high-voltage stress conditions during reliability tests. The body-effect coefficient y
is a function of doping in the channel and 7,x and is defined as

dV;
=1+—, at Vs =0. 5.7
Y +dvbs at Vs (5.7

The Vigar of MOSFETS is lowered when the channel length becomes comparable
to the depletion width at high drain bias, primarily due to DIBL. This short-channel
effect (SCE) is also referred to as V; roll-off. Values of Vs, and Vi, are plotted
as a function of Lj, to track the roll-off signature. MOSFETs are engineered in an
attempt to maintain a constant DIBL (= Vyjin—Visar) in the range of allowed channel
lengths. In analog circuit applications, two parameters of interest are the output con-
ductance gqs (= dlgs/dVys) and transconductance gn, (: dlys/ dVgS). The definitions
of parameters calculated from measured data for an n-FET are listed in Table 5.2.

As MOSFET characteristics vary with temperature, measurements are made over
a wide range of temperatures (typically —40 to 140°C) for modeling CMOS cir-
cuit behavior. MOSFET channel leakage increases and thereby V; is lowered as the
temperature is increased. However, because of mobility degradation at higher tem-
peratures, Igs in the saturation region is lowered. This trend is dependent on the
MOSFET design and may be reversed over some temperature range.

Table 5.2 Definitions of calculated electrical parameters of an n-FET

Parameter Definition Comments

Lesr (Ihi + Lo)/2 Correlate to circuit delay
Viin Vgs at Igs = 0, Vgs = 0.05 — 0.10 V Extrapolate Igs—Vgs plot
Visat Vs at Igs = 0, Vgs = Vpp Extrapolate / Igs—V,s plot
SS dVgs/d (loglo Ids) 0< Vg < W

y 1 4+ dV/dVy Vs =0

DIBL (Vitin—Vsat) Varies with L, (SCE)

8gm dlgs/dVgs Saturation region

gds dlgs/dVys Saturation region
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In typical circuit applications, MOSFETSs are symmetric with respect to S and D
terminals and these terminals can be interchanged. This feature provides flexibility
in physical layouts and in I/O pad sharing in test structures. A higher drain current
can be obtained by engineering the channel doping on the S side and in these asym-
metric MOSFETS, the S and D terminals are uniquely defined, imposing constraints
on I/O pad sharing as discussed further in Section 5.3.

When a MOSFET is in its on-state, its current drive may slowly degrade over
time. There are two sources of this degradation. The hot-electron (Hot-e) effect is
more pronounced at low temperatures under conditions of high gate and drain bias.
In CMOS circuits, this condition is present only during switching. The positive or
negative bias temperature instability (PBTI in n-FETs or NBTI in p-FETSs) occurs
at high Vg and low Vg, and an increase in V; is observed over time. In an inverter
configuration, the n-FET undergoes PBTI stress when the input is a “1” and the
p-FET undergoes NBTI stress with the input at “0.” Characterization of these effects
is carried out under accelerated stress conditions over many hours, typically at 1.5 x
Vpp and temperatures in the range of 120-140°C. For such measurements, macros
are generally packaged and placed in a temperature-controlled oven.

5.1.2 Systematic and Random Variations

The MOSFET Iy values described by Egs. (5.2), (5.3), and (5.4) scale linearly with
its width W and inversely with its channel length L,. Deviations from this ideal
behavior occur as device dimensions are reduced to the sub-pm regime. The V
at high Vgs values (~Visyt) decreases as Ly is reduced and short-channel effects
(SCEs) mentioned in the previous section, such as DIBL and velocity saturation,
become significant. Linewidth variation in L, across a wafer, influenced by local
pattern density and other processing steps, results in variation in current drives of
MOSFETs of identical design dimensions. Another source of variations in Ly, is the
linewidth variation within a MOSFET, especially near the edge of the DF island. In
very narrow MOSFETSs, the width may vary because of variations in the dimensions
of the DF island itself.

Systematic variations in nominally identical MOSFETs arising from the varia-
tions in the optical mask used for photoresist exposure occur within a reticle field
but have the same relative differences on different reticle fields. Local systematic
variations are related to linewidth variations arising from process bias and local
environment such as pattern density of PS and DF layers. These types of systematic
variations may depend on the location of the reticle field on a wafer. As an example,
the reticle fields located near the edges of a wafer may experience a larger variation
because of a stronger sensitivity to lithography and etch bias.

Variations in the gate linewidths (PS level) in MOSFETs of the same total width
are illustrated in Fig. 5.5. In Fig. 5.5a—c, three MOSFETs of the same total width
but different number of PS fingers connected in parallel are shown. The inset in
Fig. 5.5 shows channel length broadening from process bias at the DF edge. The
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PS linewidth
broadening

(a) (b) (O] (d)

Fig. 5.5 Physical layouts of MOSFETSs with same total width: a single PS finger, b two parallel
PS fingers, ¢ four parallel PS fingers, and d four isolated PS fingers. /nset shows channel widening
at the DF edge

MOSFET with four PS fingers is more affected by a weaker section at the edge as
it has eight such sections than the MOSFET with a single finger with only two such
sections. Systematic bias in DF width would also cause the four PS finger MOSFET
characteristics to be different from the single PS finger MOSFET. In Fig. 5.5d, each
of the four fingers of the MOSFET in Fig. 5.5c can be measured independently and
all fingers can also be measured in parallel.

With a large number of identical MOSFETSs arranged as in Fig. 5.5d, the param-
eter mean and standard deviation of the population is obtained. Macro designs for
variability characterization are more complex as data are collected on a large num-
ber of MOSFETSs and trade-offs in measurement accuracy and test time may need to
be considered. The basic concepts in statistics and the nature of MOSFET parame-
ter distributions are covered in Chapter 10. Because of the non-linear nature of I-V
characteristics in the subthreshold region, a geometric mean for V; and I is used
instead of an arithmetic mean as discussed in the next section.

In addition, random variations in properties of MOSFETs that are identical by
design arise from statistical variations in the number of dopant atoms in the channel.
As both L, and W are reduced with CMOS scaling, the total number of dopant
atoms is reduced and the statistical variations from random dopant fluctuation (RDF)
become significant. The device-to-device variability is larger in the subthreshold
region than in the saturation region where more charge carriers are present in the
channel. A commonly used parameter to track random variability is the standard
deviation of Vi, o(Vy), for nominally identical MOSFETs. The o (V;) value is related
to MOSFET properties as given in Eq. (5.8) below:

teqNd N 4mV (5.8)

WL, /WL,

where Ny is the dopant concentration and zeq is the equivalent SiO; thickness of the
gate dielectric, which may be SiO; or a high-k (HK) dielectric material.

o (V) =32x10"10

:
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For our standard MOSFET dimensions of L, = 0.04 ym and W = 1.0 pm in
Appendix A, o (V;) from Eq. (5.8) is 0.020 V. This corresponds to an I, variation of
~50% (SS = 100 mV/decade) and an I variation of ~2%. In a narrow MOSFET
(W = 0.2 pm) o (V) increases to 0.045 V and the variation in Iy is ~150% of the
mean value. The effect is even larger for smaller MOSFET dimensions (~0.1 pm)
in SRAM cells. Other sources of random variations include line edge roughness,
non-uniformity in feq, and HO via resistances. Their impact on variability is more
pronounced in devices with short channels, narrow widths, and single HO vias in S
and D contacts with the M1 metal.

5.2 I-V Measurements

The standard procedure for measuring MOSFET DC parameters is to use the VFIM
method, similar to measuring a resistance. However, because of the strong non-
linear nature of the /-V characteristics, a number of measurements are required for
full characterization. The sensitivities of Iqs on Vs and Vs vary widely in different
regions of operation, setting different constraints on the accuracy of /4s measure-
ments. In addition, random variations in MOSFET characteristics may necessitate
measuring a large number of DUTs of each type.

We first consider the measurement accuracy requirements in different operating
regions of the MOSFET. In the subthreshold region, /45 has a high sensitivity to a
change in Vgs. Assuming SS = 100 mV/decade in Eq. (5.1), a 1 mV change in Vg
produces a 2.3% change in Igs and a 10 mV change in Vg changes Igs by 25%.
Correspondingly, to measure Iofr with an accuracy of £1%, any error in Vgs should
be < £0.5 mV. The lower limit on I3, measurement error is set by the tester force
voltage and current measure accuracies in the appropriate ranges.

In the linear region, /gjin (VgS = VDD) varies linearly with Vgs. Ina 1 pm wide
MOSFET, with an Igji, of 0.25 mA/pm (Vgs = 0.05 V), the resistance in the linear
region is 200 2 and a parasitic contact resistance of 2 2 produces a 1% error. In a
10 pm wide MOSFET, with the same parasitic contact resistance, the error increases
to 10%. In the saturation region, Igs increases with Vg but has a smaller sensitivity to
Vas. However, with higher currents flowing through the MOSFET, errors introduced
by the voltage drops in parasitic series resistances of wires, vias, and probes may
become significant.

The measurement of MOSFET [-V parameters is further improved with four-
terminal measurements across the S and D terminals. In discrete element macros,
four-terminal measurements are not area efficient because of I/O pad overhead.
Mushroom pads described in Section 2.4.1 may be used for eliminating contact
and probe resistance by landing two probes on the S and D pads. The I/O pad area,
in this case, is increased at higher metal levels.

In 1D and 2D MOSFET array macros, four-terminal measurements can be used
to correct for the IR drops across parasitic series resistances and area efficiency is
achieved by pad sharing of force and sense terminals for the DUTs. For accurate
Io¢r measurements, a correction is applied for the background leakage of MOSFETs
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in parallel with the active DUT. To improve area and test efficiency, the designs of
such complex macros may be preferentially optimized for measurements in either
the saturation region or the subthreshold region.

As discussed in Section 5.1.2, the random variations in parameters of nominally
identical MOSFETs arise from RDF, line edge roughness, and variations in #,x and
HO resistance. There are a number of different ways to collect MOSFET statistics.
In one commonly used method, a matched pair of MOSFETs placed in close prox-
imity is measured on a large number of chips. The parameter values of all the pairs
are used to determine the standard deviation (sigma) and the mean is calculated as
the average value of all the measurements. This method is both area and test time
efficient (only two devices of each flavor per chip) but has the drawback of includ-
ing systematic variations among chips and wafers in the mean value. In order to get
more accurate values of local mean and sigma, a 1D array (Section 5.4.3) is a good
choice as it gives a moderate sample size (~30) at the M1 test level.

If only mean parameter values are desired, measurements are made on MOSFETSs
wired in parallel as shown in Fig. 5.5¢. The upper limit on the total width of the
parallel combination is set by the /R drop in interconnect wires and accuracy require-
ments for Ig. The Iys in the linear and saturation regions is the arithmetic average
of the individual MOSFETs. However, for a constant SS, the measured V; of all
MOSFETSs in parallel using the “constant I4s”” method is smaller than the arithmetic
average of the V; of the individual MOSFETs.

Consider n MOSFETSs with W = L, = 1. The V; and Iof of the jth MOSFET are
denoted by Vij and Iofr.j, respectively. Using Eq. (5.1) for the (Vgs, Ids) locations of
(0, Io) and (Vi, lgsve), with dVgs =V

Tas
Vi =SS [1og10 (;‘ff‘)} (5.9)
off-j

and the average threshold voltage V; ,y of n individual measurements on MOSFETs
at a fixed Iqgvyt 18

1
Viav = . MV +Via+--+ Vi)

or

I
Viay =SS |:10g10 ( dsvt 1)} . (5.10)
Uote-1Loft-2 + - - Lott-p)

If these same n MOSFETs are connected in parallel, and a single V; measure-
ment, V;_y of the parallel combination is made:

Vit =SS | logyq Misv . 5.11)
N Lotr-1 + Loff-2 4 -+ - + Ioff-n
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In Eq. (5.10), the expression { (loft-1 Loft-2 - . - Lofr-n) /" } is the geometric mean of
the off-currents and in Eq. (5.11), {(Iof-1 + loff-2 - - - + Ioff-n) /n} is the arithmetic
mean of the off-currents of all the MOSFETS in parallel. As (geometric mean) <
(arithmetic mean), the average of individually measured V; of all MOSFETS, V_,y,
> measured V; of all MOSFETS in parallel, V;_a.

In 1D and 2D MOSFET arrays, DUTs are connected in parallel and the unse-
lected DUTs are biased to reduce the background leakage current. This techniques
works well with a limited number of MOSFETSs connected in parallel when mak-
ing measurements in the subthreshold region (/off and V;). In the saturation region,
the measured currents are several orders of magnitude higher than the back-
ground leakage currents, and a larger number of DUTs may be connected in
parallel.

Pulsed /-V measurements are made to eliminate the effects of transient trapped
charges in HK gate oxides and self-heating in MOSFETS built in PD-SOI technol-
ogy. This technique is described in Chapter 8.

5.3 MOSFET DUT Designs

In a test structure for a discrete MOSFET with a single PS finger, or multiple PS
fingers connected in parallel, the MOSFET may be placed in the space between two
I/0O pads connected to its S and D terminals as shown in Fig. 5.6. Two additional /O
pads are required for the G and B terminals. In this arrangement, with an indepen-
dent control of the voltage at the B terminal, 4s—V4s and Igs—Vgs characteristics may
be obtained for different Vi values. The S and D terminals may be interchanged,
and measurements carried out for either symmetric or asymmetric MOSFETs. The

Fig. 5.6 An n-FET test
structure: a schematic

o M1
showing /O pad connections =« HO
for G, D, S, and B terminals, ) — = B'S:

@

and b physical layout — —
including metal wiring (b)
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I/O pad count per DUT is reduced to three if the B terminal is tied to S. In this
configuration, /-V characterization is carried out only for symmetric MOSFETs at
aVps = 0.

The parasitic series resistance of the S and D connections to the I/O pads is
minimized with the use of redundant HO vias and wide metal wires. However, in a
two-terminal measurement, probe-to-pad contact resistances and probe series resis-
tances are of concern. Consider an n-FET with W, = 10 pm situated between two
I/O pads. From Table A.1 in Appendix A, Iy is 10 mA at 1.0 V. A parasitic resis-
tance of 2 € in series with both S and D terminals reduces Vg5 by 20 mV and Vi
by 40 mV. Assuming /45 in the saturation region to be varying linearly with Vg, and
nearly independent of Vg, this results in at least a 2% error in /,, measurement. The
error in measured /I, is reduced to ~0.2% for W;, = 1 pm. A rule of thumb is to
select the MOSFET width in a DUT to limit its /,, to ~1 mA. Alternatively, a four-
terminal measurement may be made by either landing two probes each on the S and
D pads as described in Section 2.4.1 or by assigning two additional pads to the S and
D terminals. The measurement error in the subthreshold region for W, = 10 pm
is negligible (for 1 pA < Igs S 50 pA, IR drop in Vg < 0.2 mV). Hence, wide
MOSFETSs may be used in macros limited to /¢ and V; characterization.

The currents flowing in the wires connecting the G and B terminals to their
respective I/O pads are very small and these wires can be more resistive. With
Wy = 10 pm, and an Ig of 1 nA/pum, the maximum current in the G wire is 10
nA. A series resistance of 5 k2 in this wire creates a voltage drop of 0.05 mV and
the impact on the measurement of I, is <0.1%.

The properties of a MOSFET may depend on the physical layout and surrounding
environment. For performance tuning and technology benchmarking, it is preferable
to use layouts representative of circuit designs on the product. A MOSFET layout
may be derived from a logic gate layout in a standard cell design library of a prod-
uct. A template of a MOSFET DUT is then created by standardizing the spatial
separation of the metal wires connected to the S and D terminals, preferably match-
ing the power grid pitch on a product. As an example, the inverter circuit schematic
and layout in Fig. 2.7 is modified to isolate the n-FET and the p-FET, as shown in
Fig. 5.7a,b. The PS fingers of the n-FET and p-FET are physically separated and the
S, D, and G terminals of the MOSFET not under test are electrically shorted. This
layout preserves the proximity of the two MOSFET types found in logic gates and
resulting influence of stress enhancement layers as well as any systematic linewidth
variations in PS, DF, and HO layers.

The surrounding PS and DF pattern density in a DUT layout can also be con-
figured to match circuit blocks in a product or that of a performance benchmarking
ring oscillator. Dummy PS fingers may be included on either side of the MOSFET.
A filler cell is created by shorting the S, D, and G terminals of the n-FET and the
p-FET in an inverter layout as shown in Fig. 5.7c. In Fig. 5.7d, the circuit schematic
of a matrix of filler cells surrounding the MOSFET under test is shown. In this
arrangement, the DUT is placed in a local environment similar to the environment
in a product. It also corresponds to the physical layout of an inverter ring oscilla-
tor used for characterizing the AC behavior of MOSFETSs and provides a means for
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Fig. 5.7 Logic gate representative schematic and layout of a an n-FET, b a p-FET, and ¢ a
MOSEET filler cell. d Schematic of an n-FET surrounded by filler cells

correlating the DC and AC characteristics of DUTSs situated in similar local environ-
ments. The DUT may be placed in the center or at the edge of a large array of filler
cells and the properties of a set of such DUTs compared to study the impact of local
environment. In the macro design discussion to follow, only the schematics of the
MOSFET under test, excluding the filler cells, are shown for convenience.
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The maximum PS finger width in a logic gate is specified to keep the RC time
delay of the PS finger much smaller than its signal propagation delay. As an exam-
ple, for a 1 pm PS finger width (L, = 0.04 pm and pgy, = 10 Q/0), the series
resistance of the PS finger contacted at one end is 250 €2. Its contribution to the RC
time constant for Cg = 1.0 fF/pum is ~0.12 ps, which is ~3% of the logic gate delay
(FO = 1) of 4 ps. Hence, in typical logic gate designs used in CMOS products, the
PS finger width is restricted to minimize this parasitic delay. Large MOSFET widths
are accommodated by placing a number of PS fingers in parallel.

The DUTs for characterization of MOSFETSs in an SRAM cell are designed to
match the physical layout of the parent SRAM cell. Each SRAM cell has six or
eight MOSFETs each (6 or 8T) and a number of different SRAM cell layouts of
each type may be offered in a CMOS technology node. These SRAM cells differ
in area and packing density. The MOSFET characteristics and the relative p-FET
and n-FET widths, W, and W,,, are tuned for optimizing noise margins. To achieve
high memory densities, SRAM device widths are narrower than those used in logic
gates. Custom optical proximity correction (OPC) algorithms are used to meet the
lithography challenge with such small feature sizes. It is therefore important that
physical layouts for characterization of these MOSFETSs closely follow those of
SRAM cells in a large array.

The circuit schematic of a 6T SRAM cell is shown in Fig. 5.8a. In Fig. 5.8b—d,
one n-FET and one p-FET in the latch and one n-passtransistor are wired for I-V
characterization, respectively. The terminals of the unused MOSFETSs are shorted
together. An SRAM filler cell is created by shorting all the terminals of the
MOSFETs, in a similar fashion as a logic gate filler cell shown in Fig. 5.7c. The

s
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Fig. 5.8 Circuit schematic of a a 6T SRAM cell. DUT wiring for b an n-FET in the latch,
c a p-FET in the latch, and d an n-FET passtransistor in the SRAM cell
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filler cells surround the MOSFET under test to reproduce, as closely as possible, the
local environment of an SRAM memory block. With this scheme, product design
verification tools may be used without filtering errors originating from floating-gate
terminals.

5.4 MOSFET Macro Designs

Test structure designs for MOSFET characterization range from isolated discrete
devices to complex 2D arrays for statistical variability studies. The number of
I-V measurements on each MOSFET is typically >5. The measurement range
for current on a single MOSFET may span six or more decades. Parametric
testers are preferred for accurate measurements, especially in the low current range
(nA to fA). Measurement of V; requires either a binary search algorithm or a par-
tial -V sweep with >20 measurements. Characterization of random variability is
carried out on matched pairs of MOSFETSs or on a group of 10 or more nominally
identical MOSFETs. The total number of measurements being large, test time in
manufacturing becomes an important factor in overall test structure efficiency.

Characterization of macros for MOSFET model build requires full flexibility in
voltage bias controls and high accuracy (< = 1%) in all current ranges. Typically,
I-V sweeps (50-200 measurements) covering the full range of bias voltages
are made on each MOSFET. As these measurements are carried out on limited
hardware, test time for model build is generally not a major concern.

In this section, five different types of macro designs for measuring DC characte-
ristics of MOSFETs are described. The macros with discrete MOSFET DUTs and
1D addressable arrays in Examples 1, 2, and 3 are testable at the M1 metal level.
Complex 2D arrays in Examples 4 and 5 require several metal layers. Probe cards
are often customized for such very large array designs. In 1D and 2D arrays, the
number of DUTs sharing I/O pads is limited by the leakage currents of unselected
DUTs and peripheral circuits, and by the /R drops in wires when making measure-
ments in the saturation region. It is sometimes convenient to have different 2D array
design strategies for measurements of leakage currents and V; than for /-V measure-
ments in the saturation region. The macro designs described here are for n-FETs.
Design modifications and test requirements for p-FET DUTs are included wherever
applicable.

5.4.1 Example 1: Discrete MOSFET Macros

Macros for discrete MOSFETS are basic designs, useful for detailed characterization
at the M1 metal level. The MOSFETs are placed either in the space between two I/O
pads or adjacent to the pads. A number of different schemes for I/O pad assignments
and pad sharing to improve area efficiency are illustrated in Fig. 5.9 with 12 I/O
pads. Two different n-FET configurations are shown, with either the B terminal tied
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Fig. 5.9 1/0 pad assignments for n-FETs: a isolated with B tied to S, b isolated with independent
B terminals, ¢ with common G terminal, and B tied to S, d common G and common B terminals,
e common S terminal with B tied to S, and f common S and common B terminals

to S or having independent B and S pads. When the B terminal is connected to
an I/O pad, the n-FET has four terminals, and its Vy¢ can be independently varied.
These configurations along with the total number of n-FETs in a 1 x25 padset macro
(Appendix A) are listed in Table 5.3.

Table 5.3 Total number of . ;
DUTSs (n-FETs or p-FETs) in Macro Total DUTs B terminal Common terminals

a 1x25 padset macro for the

configurations shown in a 8 Tied to S None
Fig. 5.9 b 6 Isolated None
c 23 Tied to S G
d 22 Shared G, B
€ 22 Tied to S S
f 21 Shared S,B




5.4 MOSFET Macro Designs 157

In Fig. 5.9a, b, unique I/O pads are assigned to each of the three and four
terminals of the n-FETs, respectively. This arrangement has the highest degree
of flexibility with independent bias voltage controls for each n-FET terminal.
Measurements can be made serially, or in parallel to reduce test time. Four-terminal
measurements can be made with mushroom pads as described in Section 2.4.1.

Pad sharing for three- and four-terminal n-FETs is introduced in Fig. 5.9¢, d
with the use of a common G pad. The current flowing in the wire connecting the
G terminals of the DUT to pad 1 (common G pad) is the sum of the gate leakage
currents of all the n-FETs. As this current is in the pA to nA range, the wire resis-
tance can be >10 k<2, while maintaining <1 mV voltage shift in V. One limitation
of this design is that the same gate voltage gets applied to all the n-FETs. Hence,
for MOSFETs with different oxide thicknesses and application voltages, sharing a
common G terminal may not be appropriate.

In the arrangement shown in Fig. 5.9e, f, S terminals share two common I/O pads
and the G terminal of each n-FET has an independent I/O pad. In this configuration,
a different value of Vg may be applied to each n-FET. The S wire travelling across
the macro should have a resistance low enough to limit the parasitic voltage drop to
<10 mV for I,, measurements. In an M1 testable macro design, two (or more) /O
pads may be used to reduce the S wire resistance. With shared B and S terminals,
the same Vy,g value appears across all the n-FETs.

In symmetric MOSFETs, S and D terminals are interchangeable and either com-
mon G or common S configurations may be used. A common G configuration with
a common B connection, as shown in Fig. 5.9d, is more suitable for characterization
of any asymmetric effects in nominally symmetric MOSFETs, as S and D terminals
can be exchanged in test.

Macros designs shown in Fig. 5.9 are applicable to p-FETs as well. In case of
isolated DUTs, a macro may contain both n-FETs and p-FETs. With shared I/Os
and a parallel test approach, it is preferable to have either all n-FETs or all p-FETs
in a single macro, although any combination of the number of n-FETs and p-FETs
may be accommodated in a macro by isolating each MOSFET group.

The I/O pad assignments to enable parallel measurements are shown in Fig. 5.10.
In Fig. 5.10a, all MOSFETs are of the same type (n-FETs or p-FETs) and share I/O
pads for S and G terminals. The maximum number of MOSFET tests in parallel is
limited by the parasitic series resistance of the S wire. Typically 2-8 DUTs may

T T T T T T 1
% o] [7]) [e] [e]
Fig. 5.10 1/O pad (@)
assignments for parallel i i

- 1 1 1 l i
hiving common G and 5.
terminals, and b one n-FET Gn Gp
or one p-FET in each pair (b)
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be placed in one group sharing S terminals. In Fig. 5.10b, an n-FET and a p-FET
share a common S or D terminal. The G terminals of all the n-FETSs and p-FETs are
connected to I/O pads, Gn and Gp, respectively. Parallel measurements are carried
out in two passes, once for measuring all n-FETs with the S, D, and G terminals of
p-FETs tied together and next for all p-FETs with the S, D, and G terminals of the
n-FETs tied together.

5.4.2 Example 2: Multiple DUT Unit (md-unit) MOSFET Macros

In the second example, a pad sharing scheme to increase the number of DUTs in
a minimum size macro is described. A number of DUTs (either all n-FETs or all
p-FETs) are placed between two I/O pads and their S and D terminals are con-
nected in parallel to form an md-unit (multiple DUT unit). The G terminal of each
MOSFET in the md-unit is connected to an independent I/O pad which is shared
with a corresponding G terminal in all other md-units in the macro. An md-unit with
10 n-FETs is shown in Fig. 5.11, and a section of a macro is shown in Fig. 5.12. This
design may be implemented at the M1 metal level.

Measurements are made on one n-FET DUT in each of the md-units simultane-
ously, while all the other DUTs are biased in the off-state. Hence within an md-unit,
there is a background current equal to the sum of the Iy values of all the DUTs

AVg5s——

AVg2
—AVg1
: TE]
O

[: 9 10
Fig. 5.11 Circuit schematic
of an md-unit with S and D
i —AVg6

terminals of 10 n-FETs

connected in parallel and G AVg8 AVg?
terminals connected to AVg9
independent I/O pads AVg10—

-
©

Fig. 5.12 A section of a macro with two md-units. Additional md-units, each requiring two 1/O
pads, are added to the left and right sides
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in the off-state. This background current is negligible for /3; measurements in the
saturation region but compromises the measurement of /¢ of an individual DUT.

The current contribution of the devices in the off-state is reduced by applying a
negative gate bias V. Here we assume that the I; and GIDL contributions to /g5 are
negligible. This is illustrated in Fig. 5.13 with an example /4s—Vgs plot for an n-FET,
extended into the negative Vg4 region. With increasingly negative values of Vg, Igs
first decreases following the subthreshold slope and then starts to increase as the
GIDL contribution begins to dominate. The change in slope of the I3s—Vgs plot in
the negative Vs region is dependent on the relative contributions of S-D diffusion
current and GIDL. If the gates of the n-FETs are set at a negative clamp voltage,
with Vgg = Vo = —0.2 V for the case shown in Fig. 5.13, the I4 values are lowered
by a factor of ~100 below Iy (SS = 100 mV/decade). With 10 nominally identical
n-FETs in parallel, the background current would then be 9% of the actual I, of the
DUT. The measured Iy of the DUT can be corrected by subtracting this amount.
In practice, all DUTs in an md-unit are not identical, either by design or because of
random variations, and the error in measured /¢ will be different for each DUT.

The error in Iy in the subthreshold region (Vs > 0) is substantially reduced by
making two additional measurements, together with the use of a correction algo-
rithm [6]. Let us consider the case with N DUTs in an md-unit. The G terminals of
all DUTs in an md-unit are first biased at V and next at a desired test Vg (such as
Ves = 0), and the respective currents Iy.yc and Iy.vg are measured. We define a
ratio, x, as follows:

_hive+hovet-+Inove  lai-ve

_ = . (5.12)
Livc+hvc+- - +INnve La-ve

Here x gives a measure of the average SS of all DUTs in an md-unit. Assuming
the SS to be the same for all DUTSs, the /4 for DUT of index K at a clamp voltage
of V¢ is related to its Iys at a bias Vg by the expression

Ik-vc = xIk-vG- (5.13)
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The measured Iy of the Kth DUT, at a bias of Vg (Ix-vG-meas)» 1S the sum of its
true /g5 at a bias of Vg (Ix.vg) and the Iy values of the remaining (N — 1) DUTs at
a bias of V:

Ik VG - meas = Ik-vG + (an-vc — Ix-vc)

and rearranged using Eq. (5.12) to give the corrected value:

Ig-vG = L (k-G - meas — lani-ve) - (5.14)
1=

With this correction algorithm for /g in the subthreshold region, accurate Igs—V
measurements can be made over the entire Vs > 0 region. This correction scheme
continues to work for DUTs of different types within an md-unit, provided all
Igs—Vys characteristics have approximately the same SS values.

In the md-unit macro designs, the number of DUTs in a macro is equal to the
number of DUTs per md-unit times the number of md-units. The DUTs may be
tested serially or in parallel. In case of parallel tests, voltage biases are applied to
the S and D terminals of all the md-units and the desired G bias to one element
in each unit, while all other DUTSs are biased at V. Hence, the number of DUTS
tested in parallel is equal to the number of md-units in a macro and the number of
sets of such parallel measurements is equal to the number of independent G pads.
The number of DUTSs in a macro can be further increased by sharing the S terminal
between two adjacent md-units. In this approach, the number of S and D pads per
md-unit is decreased from 2 to 1.5.

The total number of DUTs in each md-unit can be optimized for area and test
time efficiency. This is graphically illustrated in Fig. 5.14 by plotting the number of

o
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Number of DUTs/md-unit

Fig. 5.14 Number of DUTs/macro and number of tests in parallel as a function of number of
DUTs in each md-unit



5.4 MOSFET Macro Designs 161

Table 5.4 Number of DUTs (n-FETSs or p-FETSs) in a standard 1x25 padset macro with discrete
DUTs, and with md-units

DUT type DUT unit Comments Number of DUTs
Single DUT Isolated Btiedto S 8
Single DUT Common G Btiedto S 23
md-unit Isolated md-unit 13 DUTs/md-unit 78
md-unit Shared S 13 DUTs/md-unit 104

DUTsS per macro and the number of DUTs tested in parallel as a function of number
of DUTs in an md-unit for a standard 1x25 padset macro. Maximum area efficiency
is achieved with 13 DUTSs per md-unit and a total of 8 md-units which can be tested
in parallel.

The number of DUTs for the type of macro designs in Examples 1 and 2 is listed
in Table 5.4. The md-unit is clearly more area efficient, but a background correction
must be applied in the vicinity of I, for subthreshold characterization.

5.4.3 Example 3: 1D Addressable MOSFET Array Macros

In this third example, the design of a 1D addressable MOSFET array is described
[6]. The area efficiency of the macro is improved over that in Example 2 by adding
additional circuitry. A decoder is used to select a DUT from a linear array of
MOSFET DUT elements, with S and D terminals connected in parallel, as in the
previous example. As many as 30 DUTs may be accommodated between two pads
in a physical layout implemented at the M1 metal level. This design is similar to the
1D array macro for resistors covered in Example 3 of Chapter 3.

An array unit comprises an N-bit decoder, voltage steering circuitry, and 30
n-FET or p-FET DUTs. There are eight array units in a macro. The number of DUTs
is (2V —2), the remaining two of the decoder outputs are used to turn all the DUTs off
or on, a useful capability for applying Iy correction, as discussed in Example 2. All
array units within a macro share decoder input signals and can be tested in parallel.
The decoder implementation allows the number of DUTS in a standard 1x25 padset
macro to be increased by a factor of ~2.5x over the md-unit design in Example 2,
while maintaining testability at the M1 metal level.

The basic idea of a 1D array unit is depicted in Fig. 5.15 for a 4-bit decoder,
14 n-FET DUT design. The voltage bias pads for Vg and clamp voltage V. are
AVg and AVc, respectively. The decoder output signal, CAD, serves as the input
signal to a voltage steering circuit, shown in Fig. 5.15a. A symbol for this voltage
steering circuit is shown in Fig. 5.15b. The output of the voltage steering circuit
is connected to the gate of an n-FET DUT in the array. Its output voltage is equal
to Vg if CAD = “1” and V if CAD = “0.” Therefore, the DUT selected by the
decoder for I35 measurement gets a gate bias equal to Vg and all other DUTSs have
their gates clamped at a gate voltage of V. The voltage steering circuit uses three
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Fig. 5.15 Voltage steering circuit: a schematic and b symbol. ¢ Configuration of a 1D n-FET array
unit, with a 4-bit decoder, between 1/O pads AVS and AVD

n-FET passtransistors in series to reduce the leakage current and thereby to keep the
IR drop in the Vg voltage bus to 1 mV. Alternatively, thick-oxide or lower leakage
n-FET offerings in the technology of interest may be used.

In Fig. 5.15c¢, the placement of an array unit between two I/O pads is illustrated
for a 4-bit decoder and 14 DUTs. The DUTs are physically arranged in three rows
and five columns for this electrical 1D linear array, although any suitable arrange-
ment can be made based on the area of the DUTs and space between the pads. The
S and D terminals of all n-FETs are connected to the closest I/O pads. Interdigitated
M1 metal combs, emanating from the I/O pads, are used to minimize the /R drop in
these wires drawing current of the order of ~1 mA. The I/O pads for DC input sig-
nals AVg and AVc are further away, as these wires carry very small currents (~ nA
range or less), and can tolerate higher resistances. An upper limit on the resistance
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of the AVg and AVc wires is set to limit the worst case /R drop to <1 mV, which
corresponds to a change of <2% in Iyy.

The decoder is powered by Vppc and its GND terminal is shared with the source
I/0 pad (AVS) of the DUTSs. The decoder draws a significant current (~mA) during
switching, which does not interfere with DUT measurements made after the decoder
has switched. Its leakage current, flowing through the AVS pad, also does not impact
I35 measurements made on the drain terminal of the DUTs. The Vppc power supply
is shared by all the decoders within a macro and any transient /R drop within the
power supply line is not critical, as long as decoder functionality is maintained.

The circuit schematic of a 4-bit decoder for an n-FET array is shown in Fig. 5.16a
to illustrate the decoder implementation. The structure of the schematic, which is
replicated in the layout, has been compressed in the vertical direction so that all of
the active devices fit in just four rows. This decoder comprises inverter and NAND
logic gates, with vertical wires on the PS level for underpassing M1 wires travelling
in the horizontal direction. Arranged in this fashion, a 5-bit decoder with ~100
logic gates can be wired at the M1 metal level. The decoder input bits “0000” and
“1111” are used for selecting none (“0”) or all (“1”) of the DUTs for the background
current subtraction algorithm. Hence the 4-bit decoder can select 14 unique DUTs.
Similarly, a 5-bit decoder is wired to select 30 unique DUTSs. For 45 nm technology
and beyond, a 5-bit decoder can be accommodated in the 40 wm space between the
I/0O pads.

The physical layout of a section of the decoder (shaded area in Fig. 5.16a) is
shown in Fig. 5.16b. This section has four NAND?2 gates with single PS finger n-
FETs and p-FETs. The input and output signal wires of the NAND2 gates are drawn
primarily on the PS level with the data flow predominately along the direction of
the PS rather than orthogonal to it, as is usually the case. The PS signal wires travel
under the horizontal M1 Vppc and GND busses. These busses are split with signal
wires on minimum width M1 sections situated in the gaps. Additional short sections
of PS are used for connections between M1 wires within the gaps as needed. The
resistance of the PS wiring segments in the design is of the order of a few hundred
to a thousand Ohms or more. This increases the switching delays of the logic gates,
which is of little consequence in this application. The type of layout used here is
especially useful for compact, custom, delay-insensitive designs where the direction
of travel of PS lines is restricted by technology GRs.

Area efficiency of the macro is optimized by sharing the AVS pad between two
adjacent array units. A section of the macro layout with this common AVS feature
is shown in Fig. 5.17. Four pairs of array units can be accommodated in a standard
1x25 padset macro. The 1/0O pad assignments for this configuration are shown in
Fig. 5.18. Decoder inputs AO—A4 serve all array units and there are two pads for the
common Vppc power supply, one at each end of the macro. I/O pad 15 is assigned
for measuring the drain voltage of array unit 5 to validate the design. If desired, this
pad and one of the Vppc pads may be used for making contact with the n-well and
the p-well instead.

A macro template is created using a hierarchical design methodology. Once the
template design and the test are validated, many copies of the macro may be created
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Fig. 5.16 a Circuit schematic of a 4-bit decoder with 14 outputs. b Physical layout of the shaded
region of the decoder circuit in a
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Fig. 5.17 Physical layout I T AD, A1, A2, A3 —
schematic of a section of a I by —1 Vooe
macro with two 1D array Vooe VE1 [[U-1]lGNDHU-2 ] VE2 AVg AVc
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Fig. 5.18 1/0 pad assignments for a 1D MOSFET array macro with eight array units using a 5-bit
decoder and 30 MOSFETs each

and populated with different DUTSs, simply by substituting the DUT blocks in the
array units. If each array unit carries nominally identical DUTs, the mean and the
standard deviation of their parameters provide a measure of random and systematic
variability.

Measurements on n-FETs follow the standard convention of Vpp and GND. For
a p-FET array macro, the “Vppc” of the decoder and the S terminals of p-FETs are
held at GND potential and the “GND” and D terminals of the p-FETs are held at
—Vppc- The decoder inputs follow the standard convention, now with the high level
at “0” and low level at “~1.”

A number of checks can be made to validate the macro design. The IDDQ of
the decoder is measured and compared with the model to detect any shorted paths
causing the decoder to malfunction. The array units in the macro template, when
populated with DUTs of different dimensions, are used for validating decoder func-
tionality, and output wiring and the test code. With nominally identical DUTs in an
array unit, any systematic differences in measured parameters across an array unit
may be detected.

As described here, an array unit macro with a 5-bit decoder can accommodate
240 DUTs in a 1 x25 padset macro. This is an ~2.5x improvement in area efficiency
over the md-unit design in Example 2. Both the array units and md-units can be
tested in parallel with digital ATE. With a 1 x50 padset, the number of DUTs in the
array unit design is 600 (20 array units) compared with 437 for a macro with 19 md-
units. However, in very early technology development, because of the complexity
in the decoder design and layout, an array unit-based design may have a lower yield
than an md-unit-based macro design.

5.4.4 Example 4: 2D MOSFET Array Macros

An alternative to placing a large number of 1D array macros, for characteriza-
tion of random and systematic variations in MOSFETSs in a technology node, is
to use 2D array test structures. The area efficiency in 2D arrays can be considerably
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improved over 1D arrays. Generally, four or more metal levels are required to wire
high-density complex logic circuitry for addressing the DUTs and multiplexing the
output voltages and currents. Such designs are more suitable for implementation
in a mature technology with high circuit yield. Measurement of large 2D arrays is
carried out using digital ATE or custom-designed test boards engineered to improve
overall test efficiency.

With an increase in the number of DUTs in a 2D array, leakage current con-
tribution from the unselected DUTs and voltage drops in interconnecting wires
become significant. These must be accounted for in accurate characterization of
MOSFETs over their full range of operation. Low-leakage isolation switches and
control circuitry to operate the switches are added to correct for background leakage
current and /R drops in interconnects. Array design can be simplified if character-
ization is targeted only in the subthreshold region (/¢ and V;) or in the saturation
region.

With the availability of multiple metal layers, a number of design options become
feasible. Column and row decoders may be used to select a DUT in the array as dis-
cussed in Section 2.5.4. This arrangement for an 8§ x 8 array is shown in Fig. 5.19a.
In large arrays with tens of thousands of DUTSs, it is more efficient to use scan
chains for DUT selection and steering input and output voltages. There are a num-
ber of published reports on 2D MOSFET array test structures. A few representative
articles [7-10] are cited at the end of this chapter.

Here, we give a brief description of a macro design for full /-V characterization.
This design has been implemented with 10 levels of metal in the 65 nm technol-
ogy node with 96,000 DUTs in a 1000x 96 matrix [7]. The area efficiency (number
of DUTs per unit area) of the macro for narrow width MOSFETs is 200x greater
than that of the 1D array in Example 3. Measurement accuracy is improved over
the full range of /-V characterization by forcing and measuring gate and drain
voltages at both ends of the selected column, limiting the parasitic /R drop to
<1 mV. Current is measured on the source side of the selected MOSFET. The
source voltage is measured at both ends of the selected row to calibrate the IR
drop in the row interconnect wires. Measurements are made in serial fashion by
selecting one DUT at a time. Level-sensitive scan chains are arranged surround-
ing the DUT matrix to address the columns and rows in this fashion as shown in
Fig. 5.19b. The rectangular form factor of the macro is suitable for placement in a
scribe line.

A schematic of a 3x3 sub-section of the 2D array design is shown in Fig. 5.20
[7]. For clarity, column and row control circuitry and switches are shown only at
one end. The DUTSs (n-FETSs) in a column share the G and the D terminals, and the
S terminals are shared with DUTS in the same row. A control switch to steer force or
clamp voltage to the DUT terminal and the output voltage or current (sense or mea-
sure) to the measurement port is shown in Fig. 5.20a and its symbol in Fig. 5.20b.
Thick-oxide, low-leakage MOSFETs are used in the transmission gates in the switch
to reduce background leakage. The inverter in the voltage steering circuit can be
eliminated if both the true and complementary signals to the switches are supplied
by the control circuitry.



5.4 MOSFET Macro Designs 167

A0 A1 A2

[

column decoder

12/ 8 4 5/ 6/ 7 8
8
7 —02ZVsM
B20— 36
3
B1O— 8|5
2
BOD 5|4 —OAVdM
3
5 —0ZVdM
1 & & & —O ZIM (measure /)

AVgC AVgF ZVgM
(a)

scan chain and control circuitry

scan chain and control circuitry

(b)

Fig. 5.19 Schematics of 2D MOSFET arrays: a with row and column decoder addressing scheme,
and b with column addressing and control circuitry using scan chains

The column address bit, CAD (= “1”), steers a force voltage applied at the AVF
node of the selected column. The CAD bit is set to a “0” in the unselected columns,
steering a clamp voltage applied to the AVC node to the DUTs. The clamp voltage
V. is set at a negative Vg value to reduce the background leakage current con-
tribution of the unselected DUTSs, as described in Example 3. A second column
address bit, CSN, steers the applied voltage to the external measurement equip-
ment. The number of DUTs in a column is chosen to limit the error in Vs and Vs
measurements to <1 mV. The design is validated by measuring the gate and drain
voltages at both ends of a column to obtain an upper bound on the /R drop in a
column.

The DUT current is measured on the source side and all DUTs in a row share
the S terminal connection. The RAD switches for selecting the row and steering the
voltages and currents to the S terminal are constructed from n-passgates. Leakage
currents of the unselected rows are steered to the sink node, ZIsS. In Fig. 5.20c, the
source voltage is measured on the right side of the selected row, while the current
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Fig. 5.20 A switch to steer gate and drain voltages in a column: a circuit schematic and b symbol.
¢ Circuit schematic of a 3x3 2D n-FET array

measurement is carried out on the left side of the row. This provides a three-terminal
measurement, eliminating error due to /R drop in the row interconnect wires. As the
bias voltages on the terminals of different MOSFETSs being compared may not be
identical, postprocessing of the data is required to extract standard MOSFET param-
eters. Macro design validation, data acquisition, and analysis of all the MOSFETSs
in a large 2D array can be time consuming.

With shared S, D, and G inputs for all the MOSFETs, this 2D array macro
can be accommodated in the standard 1x25 padset for placement in the scribe
line. Typically such large arrays are populated with a variety of MOSFET types
and dimensions. It is often convenient to create a few DUT templates of different
dimensions and assign a specific DUT template to an entire row or a column.
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5.4.5 Example 5: 2D Array Macros for Rapid V; Measurements

A significant reduction in the test time for measurements of statistical variation in
Vi values of a large number of MOSFETSs can be obtained with the addition of
some special features to a standard 2D array [11]. Instead of performing an I-V
sweep or a binary search, the V; of each MOSFET is determined by directly mea-
suring Vg at a fixed Igs, controlled by an on-chip operational amplifier (op-amp).
The decoder inputs are set by a periodically driven on-chip counter to sequentially
select the DUTs. An output voltage within a known constant voltage of Vg (= V)
for all MOSFETs is read by a digital voltmeter with built-in trigger and statistical
functions. The time to measure the V; value of a MOSFET in the array is 7,./2, where
T, is the internal clock period.

Schematics of circuits that use an op-amp to measure V; are shown in
Fig. 5.21a, b for an n-FET and a p-FET, respectively. The voltage at the drain of
the MOSFET is set to a value V. The Vy at V4s = V¢ is defined as the Vi value at
a fixed Iy, as given by Eq. (5.5). This current is forced through a precision resistor
Ry, connected in series with the MOSFET. The op-amp acts to maintain the voltage
at its lower input, the same as that at its upper input which has an externally applied
value of V. The op-amp feedback loop thereby adjusts Vi such that the current
145 through the MOSFET and the resistor Ry, is set to

W Vet
ds dsvt Lp RL

In the case of the n-FET, V; is then given by (Vou—Vser) and is measured by
connecting the V¢ pad directly to a digital voltmeter. An analogous arrangement
holds for the p-FET.

Figure 5.22 shows a 3x3 section of an n-FET array, configured for measuring
Vi with the op-amp scheme. The current forced through Ry, is steered through the
selected n-FET. For a small array, up to ~30x30, the complexity needs to be no

Vset Vout Vs Vet Vout Vs
D D
G G

S S
Fig. 5.21 Circuit schematic R, R,
for Vi measurement at a
constant current for a an
n-FET and b a p-FET. Vss Vg

Reproduced from [11], with
permission, © 2008 IEEE (@) (b)
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Fig. 5.22 Circuit schematic and symbol of a a row selection switch and b a column selection
switch. ¢ Circuit schematic of a 3x3 array of n-FETs with the op-amp

more than shown in the Fig. 5.22, with gates appropriately sized so that the volt-
age drop Vi—Vge appears primarily across the addressed n-FET, while most of the
current flowing through Ry, is also passing through that n-FET. Larger arrays can be
similarly implemented by incorporating some of the features described in Example
4 to correct for series IR voltage drops and parallel current leakage paths.

The schematic of the 2D array, along with the circuitry to sequentially select the
DUTs in the array and direct their Vi values to a common pad OUT, is shown
in Fig. 5.23. An on-chip ring oscillator (RO) is enabled with a DC input EBL.
The frequency of the clock signal generated by the RO is reduced to be in the
30-60 Hz range and fed to a digital counter. The output of the counter provides the
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input bits to the column and row decoders. A TOUT signal from the clock RO trig-
gers the voltmeter, synchronizing the voltage measurements with the DUT selection
sequence.

The DUTSs are selected sequentially, each for a time corresponding to half the
clock period. The voltage at the OUT node follows the V; of each DUT. The out-
put voltage recorded by the voltmeter is then a series of voltage steps. The mean
and standard deviation for the array of a block of DUTs can be computed to get
the V; statistics. This approach is closely related to a ring oscillator macro design
described in Section 6.2.4, with a similar DUT selection scheme and statistical
analysis strategy.
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Measurement of signal propagation delays is an important part of AC characteriza-
tion of CMOS circuits. Ring oscillator based test structures are well suited for this
application. The frequency of oscillation of a ring oscillator comprising a closed
loop of inverting logic gates or circuit blocks is measured to obtain the signal prop-
agation delay around the loop. If all the circuit blocks are truly identical, the delay
of a single circuit block can be determined with an accuracy of <1 ps. Immunity
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174 6 Ring Oscillators

of ring oscillator frequency to circuits external to the closed loop and the relative
ease with which frequency measurements can be made have led to an extensive
use of ring oscillators for technology and circuit characterization. The use of ring
oscillator based test structures is further extended for tracking key MOSFET and
parasitic parameters, enabling both AC and DC characterization of the same circuit
elements. The currents drawn by a ring oscillator in its active and quiescent states,
together with its frequency, provide useful information for establishing power and
performance trade-offs in a CMOS product.

In Section 6.1, basic operation of a ring oscillator RO and extraction of delay
parameters from frequency and power measurements are described. Examples of
RO test structures, from a single stand-alone RO to complex 2D array macros are
covered in Section 6.2. In Section 6.3, extraction of MOSFET and parasitic ele-
ment parameters from RO measurements is described. In Section 6.4, schemes for
precise measurement of circuit delays and RO designs for SRAM and analog cir-
cuits are discussed. Integration of ROs in a CMOS product as performance sort ring
oscillators, PSROs, is covered in Section 6.5. A methodology of model-to-hardware
correlation for ROs is discussed in Section 6.6.

There are several textbooks on CMOS circuits covering aspects of design,
physical layout, and test [1-3]. For an in-depth treatment of CMOS switching char-
acteristics and the relationship of signal propagation delay to MOSFET and parasitic
parameters, readers may refer to Taur and Ning [4]. Selected publications on ring
oscillator test structures are cited throughout this chapter.

6.1 Measurement of Time Delay

Measurement of the passage of time has fascinated human beings since ancient
times. The diurnal motion and associated periodic phenomenon in nature provided
a way to measure time intervals between events. The smallest unit of time, the sec-
ond, was defined as the fraction 1/86,400 of the average length of a day. Mechanical
clocks using the periodic motion of a pendulum or a balance spring to count time in
units of time period of oscillation, calibrated in seconds, began to appear in medieval
times. The accuracy of time measurement was further improved in the early part of
the 20th century with the introduction of clocks exploiting the natural frequency
of oscillations of a quartz crystal. The standard of time, with an accuracy of a few
fs (10713 s), is now maintained with atomic clocks, based on the resonant frequen-
cies of atomic transitions. In all these time measurement schemes, the frequency of
stable oscillations of a physical system is utilized.

Typical signal propagation delays in CMOS circuits are in the range of a few ps to
a few ns. The rise and fall times of these signals in some cases may be considerably
longer than the circuit switching delay. As an example, an unloaded inverter with
a delay of 4 ps may have signal rise and fall times of 10 ps. A delay measurement
accuracy of <1% requires a time resolution of the order of ~0.01 ps. Such measure-
ments can be made with relative ease by devising a periodic structure comprising
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CMOS circuits, a ring oscillator, whose time period of oscillation is a multiple of the
propagation delay through a single circuit. With a large, precisely known division
factor, the frequency of oscillation can be in the MHz range (time period in pus),
while the circuit delay being measured may be only a few ps.

6.1.1 Ring Oscillator Operation

A ring oscillator is formed by connecting the output of a chain of inverting CMOS
logic gates or circuit blocks to its input, thus closing the loop. For sustained oscil-
lations at the fundamental frequency, the number of inverting circuit blocks in the
loop must be odd. Let us consider the operation of an RO comprising five identical
inverter stages as shown in Fig. 6.1a. The voltage at each of the nodes al to a5 varies
with time in a periodic fashion, as illustrated in Fig. 6.1b. This oscillating behavior
with a of period 7}, is explained with the help of a timing diagram in Fig. 6.2. The
voltage at each of the five nodes is plotted as a function of time, assuming equal
pull-up (PU) and pull-down (PD) delays (=7,/10) for all inverters. We can observe

Time
(a) (b)

Fig. 6.1 a Circuit schematic of an RO comprising five identical inverters. b Voltage waveform at
any one of the nodes al to a5 as a function of time

\'%
al——
a2
a3
a4
ab

| | ‘ | ‘
0 T,/10 T,/2 T, 3T,/2

Fig. 6.2 Voltage levels at nodes al to a5 as a function of T}, for the RO circuit shown in Fig. 6.1a
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the propagation of first rising edge at node al, arbitrarily set at time = 0. It arrives
as a falling edge at time = 7},/10 at a2 and propagates as a rising edge at a3, a falling
edge at a4, a rising edge at a5, and as a falling edge again at al. A cycle is com-
pleted when the second rising edge appears at node al at time 7}, and repeated hence
forth.

The RO period T}, which is the inverse of the frequency of oscillation f'is the
sum of the PU delays tp, and PD delays tpq of all the inverters in the RO. If the
RO has 2« + 1 inverters, where « is an integer, T}, increases with increasing o, with
a corresponding decrease in f. The average of PU and PD delays per stage 7, is
given by

Tz(rpu+rpd): T,  _ 1 6.)
P 2 2Qa+ 1) 2Qa+Df’ '

In addition to RO frequency, power levels in the oscillating (active) and standby
(quiescent) states are also measured. The switching power of an RO is given by

1 1
Py = ECSWV%D 2Qa + D}f = gcswvéD, (6.2)
p

where Csy, is the average switching capacitance of a single inverter stage for PU or
PD transitions, and there are {2 (2« + 1)} f transitions per second. From Eq. (6.2),
it is apparent that Py, is independent of «, or the number of stages in the RO. Both
Tp and Cgy vary with Vpp.

The circuit schematic in Fig. 6.3 shows the MOSFETs in an RO comprising five
inverters. The standby or leakage power of the RO in its quiescent state is measured
by opening the loop and thereby suspending the oscillations and holding al at Vpp
or GND. In the absence of gate oxide leakage currents, the leakage power P with
node al held at Vpp is given by

Z
pd
n
pzd
w
pd
=
P4
[6)]

P

Fig. 6.3 Circuit schematic showing MOSFETs in an RO with five inverters. A switch either closes
or opens the loop with node al connected to Vpp or GND
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Pott = (3ofip + 2Lottn) VDD, (6.3)

where Iofp and Iofr, are the channel leakage currents of p-FETs and n-FETs respec-
tively, and MOSFETs indicated by P1, P3, P5, N2, and N4 are in the off-state. If
instead, node al is held at GND,

Poit = (2lofip + 3lofin) VD, (6.4)

as MOSFETs indicated by P2, P4, N1, N3, and N5 are now in the off-state. In
general, the magnitudes of /o, and Iofr are different. Thus, with an odd number of
stages in the RO, the value of P is dependent on the node voltages. Unlike Pgy,
Pt increases as the number of stages in the RO is increased.

The circuit delay and power of a logic gate, at power supply voltage of Vpp,
is estimated from measurements of RO frequency and currents drawn in the oscil-
lating and quiescent states. The measured current in the oscillating state, IDDA,
includes the leakage current, IDDQ, of 2« stages. This is because one out of 2« + 1
stages (or logic gates) is switching at any instant, as shown in the timing diagram
in Fig. 6.2, while the remaining stages are in an off-state. Hence in terms of the
measured parameters, Py, is given by

200
P = V] IDDA — IDD . 6.5
SW DD { QZO{ T 1 } ( )
fa>>1,
Psw = Vpp (IDDA — IDDQ) . (6.6)

There is a small additional power dissipation because of the short-circuit current
flowing between Vpp and GND during the switching transient, when both n-FET
and p-FET are in the on-state. The fractional contribution of the short-circuit power
to the total switching power increases as the ratio V;/Vpp decreases, where V; indi-
cates the threshold voltage of the MOSFETs. The origin of the short-circuit current
and its impact on active power are discussed in Section 6.6.2.

From Egs. (6.2) and (6.6), Csw, which includes parasitic and wire capacitances,
is expressed in terms of the measured parameters IDDQ, IDDA, and f as

_ (IDDA — IDDQ)

= . 6.7
™ Qo+ 1) Voof ©7
By expressing delay as RC, the effective switching resistance of a logic gate is

Tp
Csw

(6.8)

'sw =

The inverse of switching resistance 1/rgy, is a measure of the current drive of the
MOSFETs comprising the stage. A methodology to derive properties of MOSFETSs
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and CMOS circuit parasitic elements from the measured Csy, and rsy, values of RO
stages is discussed in detail in Section 6.3.

The frequency of an RO can be measured by coupling the voltage signal at one of
its nodes to an on-chip clocked counter with its binary output read by a digital tester.
Macro designs for ROs are less complex if an external instrument, such as an oscil-
loscope, frequency counter, or spectrum analyzer, is used to measure frequency. For
Tp in the range of 440 ps and « in the range of 10-1,000, the RO frequency ranges
from 12.5 GHz to 12.5 MHz. For frequencies above 10 MHz, measurements using
an external instrument require a high-frequency probe card, appropriate shielding
of signal wires, and impedance matching to suppress reflections. A more practical
approach is to include a frequency divider circuit within the macro and reduce the
RO frequency to <1 MHz. In this case, a standard DC probe card may be used.
The frequency can be precisely divided by a factor of two with a T flip-flop or a
master—slave latch circuit. By connecting n divider units in series, the RO frequency
is divided by 27.

In RO test structures the switch S, to close or open the loop in the RO circuit
shown in Fig. 6.1, is included in the loop to enable or disable the oscillations.
Typically a NAND2 or NOR2 logic gate in an RO serves this function. One input of
this logic gate completes the loop, and an external I/O signal applied to the second
input enables or disables the oscillations. The power supply of the RO itself is iso-
lated from the peripheral circuits, such as frequency divider, buffers, and I/O driver
so that current drawn only by the RO can be measured.

A major advantage of an RO test structure is that the signal propagation in the
closed loop itself is isolated from the peripheral circuits external to the loop. The
shapes of the waveforms in the periodic voltage pulses may be altered as they travel
through the peripheral circuits to an external instrument, but the pulse period or
frequency remains constant. Hence, the frequency readout circuit or test equip-
ment may be located at some distance from the RO as long as voltage levels are
maintained by correctly sizing buffers and I/O drivers.

6.2 Ring Oscillator Macro Designs

In this section, five examples of RO macro designs including physical layout strate-
gies are described. The essential features of a single RO test structure design, layout,
and test are covered in Example 1. Examples 1 and 2 with multiple ROs in a
macro can both be implemented at the M1 metal level. These designs are very
useful for early process monitoring in technology development or manufacturing.
In Example 3, the number of ROs in a macro is increased by adding a decoding
scheme to selectively enable individual ROs. In Example 4, a macro design for rapid
measurements of statistical variations in RO frequencies using an internal clocking
scheme is described. In these examples, all ROs in a macro share the frequency
divider and output driver circuits and can be tested with standard in-line parametric
ATE and an external frequency counter or oscilloscope. The macro form factors are
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suitable for implementation in the scribe line and accommodate 1 to ~1,000 ROs per
macro. Examples 2, 3, and 4 use our standard 1x25 padset described in Appendix
A. More complex test structures for testing a large number of ROs in the form of
2D-arrays are covered in Example 5. These complex test structures are better suited
for testing on digital ATE.

6.2.1 Example 1: Single RO Macro Testable at M1

This first example contains all of the essential elements of an RO test structure.
The test structure comprises a single RO, a switch to enable or disable the oscil-
lations with an external voltage signal, a frequency divider circuit to lower the RO
frequency, and an I/O driver to couple the output signal to off-the-shelf frequency
measuring equipment. Figure 6.4 shows the components of an RO test structure cir-
cuit with 2« inverting stages and a NAND?2 to enable the oscillations. The inclusion
of a NAND?2 in the RO brings the total number of inverting stages to an odd num-
ber, 2a+1. The oscillations may be initialized by setting the EBL signal to “1”” and
suspended by setting the EBL signal to “0.” Inverter I1 at node al couples the RO
output signal to the frequency divider circuit. The RO frequency is divided by a fac-
tor 2", where 7 is the number of units in the divider circuit, each unit with an output
at half its input frequency. There are two power supply sectors: Vppg for the RO
and inverter I1 and Vppc for the frequency divider and I/O driver. The test struc-
ture requires a minimum of five I/O pads, using a common GND for the Vppg and
Vbpc power supplies. The circuit and the physical layout style of this RO macro are
selected to allow M1 testability.

Other schemes may be utilized to perform the enable function, such as a NOR2
or a clocked latch output. The frequency divider may be designed with clocked
latches or replaced by an on-chip counter for digital readout, but in such designs it
is convenient to have more than one metal layer for wiring.

Vope

[ frequency divider 1/0 Driver —0O OUT

a2o. a2o+1

20.—1

VDDI:

Fig. 6.4 Circuit schematic of an RO test structure with a frequency divider and I/O driver to couple
the output signal to external equipment
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6.2.1.1 Number of RO Stages

What is the optimum number of stages in an RO? The answer to this question
depends on many factors which must be carefully considered prior to designing a
macro. In order to measure the fundamental RO frequency, the number of inverting
stages must be odd, but it is not required to be a prime number (see Section 6.2.1.4).
Other considerations are (1) frequency limits for circuit operation and measurement,
(2) macro area, (3) leakage power, (4) Vpp droops, (5) error in measured 7, arising
from NAND?2 and peripheral circuit loading effects, and (6) error in measured 7,
arising from random and spatial variations in MOSFET properties.

The minimum number of stages in an RO including the NAND?2 is three. The
frequency of an RO with & = 1, and a delay per stage of ~4 ps, is ~40 GHz which
may be too high for peripheral circuit operation. With « = 50, the RO frequency is
lowered to ~1.2 GHz and is acceptable for CMOS peripheral circuits operating in
the several GHz range. For some RO stages, signal fall and rise times, t¢ and 7,
may be long. For sustained oscillations, 7¢ and T, must be <T},/2.

There are a few drawbacks in increasing the number of stages (a >> 50). The
physical size of the RO increases in proportion to «. For very large o, macro size
may need to be increased or fewer ROs accommodated in a macro with multiple
ROs. Leakage current also increases with o and may become significant if a num-
ber of ROs share the same power supply sector. If only one or two metal levels are
utilized for wiring, voltage droop in the power distribution grid from parasitic series
resistances and background leakage current may affect the accuracy of measure-
ments. In addition, the delay per stage may vary across the RO because of spatial
variations in circuit parameters.

In the calculation of delay per stage, tp, using Eq. (6.1), it is assumed that all
stages are identical. An error in estimating 7, is introduced by the delay of the
NAND2 which may be different than the delay of the other stages and by the
additional capacitive load of inverter I1 at node al. This error, &, is expressed as

5 Z_M (6.9)
m Qa+1)° '

where Ty is the delay of the NAND?2 with inverter I1 load and any additional delay
error arising from the differences in waveforms on nodes al and a2«+1 and other
nodes in the RO. The error §y, is reduced by increasing the number of stages or «.
If Tex is 1.57p, 8y = —0.107, for « = 2 and 6, = —0.0057p for @ = 50. Hence
the error in estimating 7, would be 10% for 5 stages and 0.5% for a 101 stages in
the RO. Another option for reducing dp, is to keep 7ex nearly the same as 7. This
requires sizing the NAND?2 and inverter I1 for each circuit stage type. This approach
is not convenient when a large number of ROs for different circuit types are designed
using a common macro template. For model-to-hardware correlation, measured RO
parameters are compared with the values obtained from circuit simulation of the full
RO circuit as discussed in Section 6.6.1 and the error term §,, determined from the
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simulations. Thus the investment in additional design effort to resize the NAND2
and inverter I1 is not warranted.

The delays of individual stages in an RO may vary because of random statistical
variations in MOSFET parameters such as V; and linewidths as well as varia-
tions arising from spatial separation and local pattern densities of critical MOSFET
layers. Since T}, gives the average delay of all the stages in an RO including the
NAND?2, increasing the number of stages tends to smooth out the effect of these
variations. If o is the standard deviation in 7, the measured values of T, would be
within + o,/ (2« + 1) of its mean value. Hence, by increasing «, a more accurate
value of 7}, is obtained. As an example, for o = 2% and a = 50, 7, would be known
within a standard deviation of ~0.2%.

Typical values of « are in the 25-50 range. A smaller value of « (1-5) is used to
capture random variations in 7. In this case, a large number of nominally identical
ROs are measured (Section 6.2.4). Figure 6.5 shows the important components of
functionality, accuracy, and physical dimensions of ROs.

6.2.1.2 Physical Layout of an RO

The physical layout of a stand-alone RO test structure, corresponding to the
schematic shown in Fig. 6.4, may be carried out with either five or six I/O pads as
shown in Fig. 6.6a, b. The form factors in both designs are suitable for placement in
the scribe line and for testing at the M1 metal level. This compact RO design serves
as a circuit delay monitor early in the technology cycle, and a maximum of five
such ROs may be placed in a standard 1x25 padset. The RO is designed with 101
stages (¢ = 50), a NAND?2 to enable the oscillations, a frequency divide by 1,024
circuit and a large inverter buffer to serve as an I/O driver. The RO stage shown in
this example is an inverter (FO = 1) but other circuits such as a NAND or a NOR
with and without a load capacitance may be accommodated with M1 wiring. This
same macro design may also be used for complex circuit stages requiring more than
one metal level. No ESD protection is provided for routine characterization with

Macro dimensions || Stage dimensions Peripheral circuits
for;r?aactor ||  stage circuit | | frequency divider
S| # of metal levels # of stages # of divider units
Sect. 6.2 {?\o #of 1/O’s # of metal levels shared I/Os
&
Ring
oscillator Functionality Measurements Meas. accuracy
design S stage circuit, RO frequency | delay/stage
o/}“ VDDE’ T Tf delay/stage Varlablllty
’o$ enable circuit IDDA. IDDQ. C (systematic
4 Vpp droop ’ T Tsw random)

Fig. 6.5 Physical layout, design, and test considerations in an RO design
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EBL Vope

(b)

Fig. 6.6 Physical layout of a stand-alone RO macro corresponding to the schematic in Fig. 6.4:
a with five I/O pads and b with six I/O pads

automated test setup. In laboratory test environment, care must be taken to prevent
static discharge from damaging the thin-gate oxide (Section 2.4.5).

The RO in this design is placed between the Vppg and GND pads to minimize
the power bus resistance. The frequency divider and the I/O driver are powered by
Vppc and share a common GND pad with the RO in Fig. 6.6a. The resistance of
the distributed Vppc power grid to the frequency divider can be in the 50-100 €2
range as the accuracy of the voltage applied to the frequency divider is not critical
and a voltage droop in Vppc of the order of ~10% is acceptable. Independent GND
pads may be assigned to each power supply as shown in Fig. 6.6b to eliminate the
effect of GND bounce in Vppg arising from periodic switching of the I/O driver.
However, a common GND provides higher area efficiency, and the GND bounce
can be reduced by design and by correctly setting the test voltages as discussed in
Section 6.2.1.3.

A circuit physical layout of the RO template is shown in Fig. 6.7a. The 100
identical stages in the RO are arranged in a 10x 10 matrix. The power grid is an
interdigitated comb structure. This arrangement is useful in optimizing power grid
resistance while minimizing the RO area. The stage layouts are flipped in vertically
adjacent stages to enable sharing of Vppg and GND connections. Alternate rows
are connected in series to avoid a single long wire connecting the bottom row to
the top row to close the loop. Underpasses for wires between alternate rows and
crossing the power grid are drawn in DF or PS layers. The NAND2 and inverter 11
are placed at the top to facilitate connections to the EBL pad and to the frequency
divider circuit respectively.

The floorplan of the RO is shown in Fig. 6.7b. The Vppg and GND bus vertical
spacing is adjusted to fit a standard circuit library book height of 2 wm. The stage
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Fig. 6.7 a Circuit schematic of an RO template with 100 inverter stages, a NAND2 and an output
inverter I1. b Floorplan of the RO drawn to scale

width is fixed to accommodate different logic gates and loads. A similar template
may be created for wider or taller books, and the value of « is selected accordingly.
The power grid bus is designed to keep the IR voltage drop to <1% of Vppg. For
the parameters in Appendix A, with 7, = 4 ps, Csy = 4 fF, and Vppg = 1.0 V, the
Pgy, from Eq. (6.2) is 0.5 mW and the corresponding IDDA value is ~0.5 mA. The
resistance of each arm of Vppg and GND is 6 €2 (height = 1.5 wm, width = 36 pwm,
nsg = 24, psh = 0.2 /00, metal pattern density = 80%, and R = 24 x 0.2/0.8).
Adding a probe contact resistance of 1 € per I/O pad, the maximum voltage droop
in the power supply is then ~0.4 mV. The resulting error in frequency measurements
is <0.4% if f varies linearly with Vppg. As Vppg is lowered, IDDA and in turn the
voltage droop decreases, but the sensitivity of RO frequency to variations in Vppg
increases.
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Fig. 6.8 Physical layouts of RO stages for a 2 PS finger inverter, with stage width equal to a 15x
PS pitch, and b 3x PS pitch

Also shown in Fig. 6.7 are 10 DECAP cells, each placed within an RO stage
area of 6 wm?. This corresponds to a total DECAP capacitance of about 300 fF
(capacitance = 5 fF/um?) which is on the order of the RO capacitance. As dis-
cussed in Section 2.4.6, addition of such DECAPs, while optional, can help provide
immunity against sources of power supply noise external to the RO itself.

Two examples of the RO stage layout for an inverter (FO = 1) with 2 PS fingers
are shown in Fig. 6.8. The input and output wire segments or the locations of pins
A and Z are fixed, and the electrical connection between the stages is established by
butting the stages. In Fig. 6.8a, the stage width is 3 wm, equivalent to 15 PS finger
pitches. For a stage width of only 3 PS pitches or 0.6 pm as shown in Fig. 6.8b, 100
stages can be accommodated in only two rows in the RO layout shown in Fig. 6.7. It
is a good practice to fix the stage width so that RO designs for different circuit types
can be generated by a straightforward replacement of stages. RO templates may be
created with the number of stages incremented by a factor of 2 (o = 12, 25, 50, 100)
to accommodate a large variety of circuit types.

The frequency divider function is implemented with a flip-flop unit or a master—
slave latch to divide the input frequency precisely by a factor of 2. In a chain
of n flip-flop units in series, the input frequency is divided by a factor of 27 at
the output. A circuit implementation, with a single input signal, utilizes a positive
edge-triggered T-flip-flop as shown in Fig. 6.9a. It comprises four cross-coupled
and-or-invert (AOI) logic gates and an inverter to generate a complementary input
signal. In the subsequent blocks, complementary outputs Q and Q,, from the previ-
ous block are connected to CLK and CLK,, inputs. In Fig. 6.9b, four of these blocks
are connected in series to divide the input signal frequency by 16.
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Fig. 6.9 Circuit schematic a of a flip-flop unit and b of a frequency divider with a chain of four
flip-flops units

In Fig. 6.10, the circuit schematic of a flip-flop unit is reconfigured to show the
physical implementation at the M1 metal level. The AOI gates are placed within
the Vppc and GND busses. The Q output crosses the GND bus to connect to
the input CLK of the next unit. Similarly, the Q,, output crosses the Vppc bus to
connect to the CLK,, input of the next unit. In this way, the units are electrically
connected by butting. The crossovers are aligned to use a single DF or PS rectan-
gle to traverse multiple M1 wires. Each unit is approximately 90 PS pitches long
(=18 pm) and the resistance in Vppc and GND wires for a 1.0 wm wide M1 bus

CLK, Q,
o0— S — e
—T\ VDDC N\

—
- GND n
o e — L
CLK Q

Fig. 6.10 A circuit schematic of a flip-flop unit showing relative placement of AOI gates for
physical layout implementation at the M1 metal level
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(nsq =18, psy = 0.2 2/ D) is 3.6 2 each. If ten units are connected in series, the
net resistance is 72 2. If the current drawn by the circuit is <1 mA, at Vppc = 1.0V,
there is <0.1 V drop in the power supply. As the frequency output of the divider cir-
cuit is not dependent on its power supply voltage, this voltage droop in Vppc bus
can be ignored as long as the circuit functionality is maintained.

The I/O driver is a two- or three-stage buffer with an output inverter of width
50 pm (Section 2.4.5). The output resistance of the driver, including any wire resis-
tance from driver output to the OUT pad, is ~50 €2 to match a standard external load.
If the external load is an off-the-shelf frequency counter with an input resistance of
50 €2, the total resistance, driver plus load, is 100 2. When the RO is oscillating,
the driver draws an average current of ~5 mA for Vppc of 1.0 V (the OUT signal is
high for only half-cycle).

The final RO design is simulated with SPICE, for verifying functionality and esti-
mating measurement errors caused by Vppg droops, with a circuit netlist extracted
from the physical layout to include all parasitic R and C components. Metal M1
wires and underpasses may be strapped with M2 metal to reduce the parasitic resis-
tances. The macro template design can then be validated in the hardware by first
testing at M1 metal and again after M2 wiring is completed. The difference in mea-
sured values for a robust design should be <0.5%), i.e., within the measurement error
and repeatability of the test setup.

6.2.1.3 RO Test Setup

The test equipment for an RO comprises two independently controlled constant volt-
age power supplies and a frequency counter, oscilloscope or spectrum analyzer. The
output frequency is given by

1 1
1= sy () 10

For an RO with 101 stages (@ = 50), assuming 7, = 4 ps, and frequency divided
by 1,024 (n = 10), the output frequency is ~1.2 MHz. For smaller values of «,
the output frequency can be kept below ~1 MHz by adding an appropriate number
of additional flip-flop units in the frequency divider. An approximate value of 7}, is
obtained from SPICE simulation of the RO circuit. When a number of ROs with dif-
ferent « values are used in technology characterization, it is convenient to increment
a by factors of ~2 (o = 12, 25, 50).

The sequence in which the three input voltages, Vppc, Vppg, and EBL are
applied and the quality of the EBL waveform are important factors in ensuring that
a single edge circulates in the RO loop. If more than one edge propagates in the
loop, the observed RO frequency is a multiple of the fundamental frequency. These
higher harmonic components, which have plagued RO measurements in the manu-
facturing line, can be largely avoided by turning on the voltage inputs in a prescribed
sequence and completely eliminated by adding a signal conditioning circuit in the
RO test structure as discussed in Section 6.2.1.4. Glitches and noise in the output
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waveform may also corrupt frequency measurements resulting in data containing
even multiples of the fundamental frequency. It is therefore important to validate
the test setup by observing the output waveform on an oscilloscope.

The recommended test sequence for a stand-alone RO is as follows:

. set all I/O signals to GND,

. set Vppc to “1,”

. set VppE to “1” and measure IDDQ,
. set EBL to “1,” measure IDDA and f.

AW N =

The time to measure IDDQ, IDDA, and f'includes the settling time of each power
supply and the data acquisition time. Measurements with a parametric tester and an
external frequency counter can take as long as 100 ms. Measurement time can be
reduced to <10 ms with a digital tester.

For model-to-hardware correlation under product application conditions, voltage
dependence of RO frequency is of interest. This is obtained by varying Vppg over
the desired operating range of the circuit. In these measurements, it is important to
maintain a constant Vppc while varying Vppg. The optimum range of Vppc can be
determined by measuring f at a constant Vppg while varying Vppc. The measured
value of f should be independent of Vppc. If Vppc is too low, the output voltage
signal waveform and accuracy of frequency measurements may be affected. If Vppc
is set too high, the current drawn by the I/O driver may reduce the Vppg value on
the power supply bus of the RO because of GND bounce.

When the difference in Vppg and Vppc voltage levels is expected to be signifi-
cant, a voltage level shifter is added at the output of inverter I1 powered by the Vppc
power supply. If Vppe < 0.5 Vppc, the level shifter is an inverter with a weak p-
FET and a strong n-FET. Conversely, if Vppg 2 1.5 Vppc, the voltage level shifter
has a strong p-FET and a weak n-FET. The p-FET and n-FET strengths are appro-
priately adjusted by selecting their threshold voltages, channel lengths and widths.
The level-shifter function is verified with SPICE simulations.

6.2.1.4 RO Harmonics

Integral multiples of the fundamental frequency of an RO, or harmonics, may be
present if several signal edges propagate in the loop simultaneously. With an odd
number of stages, only odd multiples (3f, 5f...) can be sustained. In principle, an
RO can also function with even number of stages, with possible output frequencies
of even multiples of the fundamental frequency. With even number of stages, two
equally spaced edges propagate in the loop, one edge experiencing one set of PU
and PD transitions and the second edge experiencing the complementary set of PU
and PD transitions. Hence, oscillations in this case can be sustained only if the sum
of the first set of PU and PD delays exactly equals the sum of the complimentary
set. Otherwise the two edges will eventually annihilate each other. In practice, ran-
dom variations in the MOSFET parameters and other non-uniformities in the stages
prevent an RO with an even number of stages from being in a permanent oscillating
state.
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Odd harmonics in an RO may be generated if the RO is initialized by simultane-
ously applying both Vppg and the input signal at EBL, by a noisy EBL signal or by
the presence of other sources of noise. Three, five, or even seven edges, created by
rapidly turning the RO off and on within one cycle, may propagate around the loop.
The upper frequency limit or the highest harmonic in an RO is set by the condition
that the voltage at a node reaches a stable value prior to the arrival of the subsequent
edge.

Undesirable odd harmonics in an RO, if present, must be identified and filtered
from the data. In order to prevent loss of data from higher harmonics, it is important
to ensure that only the fundamental frequency is generated. By following the test
sequence described in Section 6.2.1.3, the RO power supply is stabilized prior to
enabling oscillations, and the occurrence of higher harmonics is reduced but not
entirely eliminated. Another source of higher harmonics is a noisy EBL signal from
an external power supply arriving directly at the input of NAND2. This problem can
be addressed by providing an EBL signal with a sharp edge, either launched from
an external pulse generator or generated within the RO macro.

A circuit to generate an EBL signal with a sharp edge within an RO macro is
shown in Fig. 6.11a [5]. It utilizes a level-sensitive latch with an inverting output. A
circuit schematic of the latch, which may be implemented at the M1 metal level, is
shown in Fig. 6.11b. The latch is powered by the common power supply Vppc. Its
data input (D) is connected to Vppg and the clock input (C) to EBL(I/O). With the
latch powered up, Vppg = 0 V, and EBL(I/O) at ““1,” the EBL signal passed to the
RO is “0,” and the RO is in its quiescent state. When the EBL(I/O) is returned to
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Fig. 6.11 a A circuit to create an EBL signal with a sharp rising edge. b Circuit schematic of a
latch that can be implemented at the M1 metal level
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“0,” the latch holds a “0,” and this state is maintained. Next, the Vppg is turned on,
setting the data input to the latch to “1.” A sharp rising edge is then created at the
EBL input to the RO when EBL(I/O) is raised to “1,” and subsequent oscillations of
the RO are harmonic free. This scheme has the advantage that it can be implemented
without any additional I/O pads.

The test sequence for enabling the fundamental frequency in the RO is as follows:

set all I/O signals to GND,

set Vppc to “1,”

set EBL(I/O) to “1” and then reset to “0,”

set Vppg to “1” and measure IDDQ, (EBL = “0”),
set EBL(I/0O) to “1,” measure f and IDDA.

M INES

6.2.2 Example 2: Multiple RO Macros Testable at M1

At each CMOS technology node, several flavors of MOSFETS differing in their
threshold voltages, channel lengths, and gate oxide thicknesses are offered to cover
a wide range of performance, power, and applied voltages for digital, analog, and
memory circuit applications. Circuit characteristics may also depend on the physical
layout and local environment on silicon. It is therefore important to characterize at
least one RO of each flavor at the M1 test stop for early process learning. A stand-
alone RO macro in Example 1 can be utilized for one logic gate type such as an
inverter, NAND, or NOR comprising one set of MOSFET flavors. A number of
instances of this macro with different RO stage designs can be placed in the scribe
line or test vehicle. However, silicon space utilization is improved if the I/O pads
for the EBL and I/O driver are shared by multiple ROs.

In this example, the stand-alone RO test structure is extended to include multiple
ROs in a macro testable at the M1 metal level. The concept is shown in Fig. 6.12,
with three ROs. Each RO, with its dedicated power supply, is placed in the space
between two I/O pads. An RO is selected by turning on its Vppg, while the Vppgs
of all the unselected ROs are held at GND. The EBL signal is supplied by one I/O
pad (not shown). This signal wire may be directly connected to the input of the
NAND?2 gate in each RO or pass through a latch to sharpen the signal edge. The

Vope

Fig. 6.12 Circuit physical layout of a test structure with three ROs sharing the frequency divider
and /O driver
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from RO1

out J LI
from RO2

Fig. 6.13 Schematic of an OR circuit block with RO1 output at “0” and RO2 oscillating

latch wiring is included in Fig. 6.12 and can be accomplished with M1 metal and
PS or DF underpasses.

All ROs in the macro share the frequency divider and I/O driver circuits. Only
the one RO, with its Vppg turned on, oscillates while the output signals of all the
other ROs are at “0.” As only one RO output signal at a time must travel to the
frequency divider, an OR circuit block shown in Fig. 6.13 is added to the output of
each RO. One of three RO power supplies, for example, Vppg», is switched on and
the EBL signal set to “1.” The output of RO2 is now oscillating and the output of
ROI1 and RO3 are at “0.” With the top input of the NAND?2 in Fig. 6.13 at “1,” the
output of RO2 is propagated through the “OR” circuit. A two-stage buffer may be
added to the output of each OR circuit block to drive a long wire (~100 pm) to the
next RO while maintaining the logic level. Any number of ROs may be added to
the left of RO3 in Fig. 6.12. Each pair of ROs requires three additional I/O pads,
with two ROs sharing a GND pad. With this arrangement, a 25 I/O pad macro can
accommodate 13 ROs. The resistance of the Vppc and GND wires for the peripheral
circuits, traveling across the macro, is reduced with common GND pads distributed
across the macro and two Vppc I/O pads, one on each end of the macro.

The test sequence for each RO in this macro is the same as in Section 6.2.1.4,
and only one RO can be measured at a time on a parametric tester. The test time for
each RO includes the settling times of the power supplies and the time to measure
the frequency output. If digital ATE is used, the test time is substantially reduced
by introducing a design for parallel test, and a test time reduction of ~1/N over the
serial approach is obtained, where N is the number of ROs in the macro. Digital
ATE with an internal clock can perform a frequency measurement in ~1 ms, further
reducing the test time. A circuit schematic for implementing the parallel test scheme
is shown in Fig. 6.14a. The RO macro design is modified to allow parallel measure-
ments of IDDQ and IDDA of all ROs by turning on all the Vppg power supplies
simultaneously. The measurement time of a single RO is dominated by settling time,
and here all Vppg power supplies settle in parallel. With all ROs in the oscillating
state, the frequency measurement is carried out sequentially, immediately following
the IDDA measurement, in a time short compared with the settling time. The EBL
signal when supplied by a digital channel has a sharp edge, and the latch implemen-
tation described above is not needed. Instead, a scan chain of master—slave latches
to steer the output of only one RO to the frequency divider at a time is included. The
timing diagrams for CLK, DAT, and SEL signals to select the RO to be measured are
shown in Fig. 6.14b. The measured frequency corresponds to the output of the RO
whose SEL is at “1.” The CLK period is dependent on the minimum RO frequency
and the number of cycles over which the frequency measurement is carried out.
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Fig. 6.14 a Schematic of a circuit with a chain of MS latches to select an RO output. b Timing
diagram for scan chain operation

The macro for parallel test requires two additional I/O pads for CLK and DAT
and only 12 ROs may be accommodated in a standard 1x25 padset macro. The
wiring can still be carried out with only M1 metal together with PS or DF under-
passes. The macro design preserves the feature of independent Vppg power supplies,
and ROs operating at different Vppg values can still be tested in parallel.

6.2.3 Example 3: Multiple RO Macros Testable at M4

RO stages consisting of complex logic circuit blocks or memory elements generally
require more than one metal layer for wiring. Measurements of ROs comprising
such circuit blocks are made at a test stop later than M 1. With three or more metal
layers, more ROs can be packed into a standard macro template, while still main-
taining a form factor suitable for placement in the scribe line. Here, we describe
two such macro configurations. The first one, with independent Vppg supplies, is an
extension of Example 2. A decoder circuit is included in the second configuration to
increase the RO density, and several ROs share a Vppg power supply. These macros
are of medium design complexity and can be tested with parametric ATE equipped
with a frequency counter.
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Fig. 6.15 a Floorplan of an 18 RO macro with independent Vppg supplies (VEI to VEIS).
b Macro I/O pad assignments

A modified version of the RO macro in Example 2 is shown Fig. 6.15a. The ROs
are placed above the pads, providing a greater flexibility in stage dimensions and
wiring. This design preserves the isolated Vppg feature, allowing mixing of ROs
of different MOSFET flavors in the same macro with independent measurements of
IDDA and IDDQ. The number of ROs in a 1x25 padset macro is increased from
13 in Example 2 to 18 by reducing the number of GND pads. Low resistance power
distribution grid of the type shown in Fig. 2.36b is on orthogonal metal wires. The
I/O pad assignments for the macro are shown in Fig. 6.15b.

Silicon space utilization is further improved by adding a decoder to enable one
RO at a time from a set of ROs sharing a common Vppg pad. An example floorplan
of a macro with 42 ROs is shown in Fig. 6.16a, and the I/O pad assignments are
shown in Fig. 6.16b. There are six RO sectors, each with a 3-bit decoder to enable
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Fig. 6.16 a Floorplan of a 42 RO macro with six power supply islands (VEI to VE6). b Macro
1/0 pad assignments
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any one or none of the seven ROs in that sector. There are three common GND pads
for the seven power supplies including Vppc. An optional sub-circuit is included to
select either the divided or the undivided frequency signal from the ROs by setting
the OS input bit. Pad 25 labeled WS is available for making contact to the substrate
or used as an additional GND pad.

The circuit schematic of a three-input decoder with seven decode outputs to select
one of seven ROs is shown in Fig. 6.17a. The decoder input bit “000” corresponds
to disabling all seven ROs for measurement of their combined IDDQ. The decoder
input bits A0, A1, and A2 are shared by the six sectors and travel on parallel wires
across the macro for a distance of ~1.5 mm. These wires carry DC signals and do
not require buffer insertions. In Fig. 6.17b, a circuit schematic of an RO sector is
shown. The power grid arrangement for the Vppg and Vppc power supplies, with
common GND, is partitioned to place the seven ROs on the Vppg power supply and
the decoder and the “OR” circuits on the Vppc power supply.

Each RO occupies two vertical power grid pitches. The stages can be flipped
in the horizontal direction in the two rows for sharing of Vppg and GND busses.
Alternatively, with the availability of more metal layers and independent Vppg and
GND wires for each row, the stage orientation can be the same in both rows. With
101 stages and a stage width of 20 PS pitches (4 wm), each row spans ~200 pm and
may be subject to spatial variations. The number of stages in any RO or the stage
width in any RO may be altered with very minor alterations in the template. The
design can also be easily scaled with 2-, 3-, or 4-bit decoders, accommodating 3, 7,
and 15 ROs per sector respectively. An upper limit on the number of ROs in a sector
is set by the voltage drop due to background leakage current.

The test setup for this macro is similar to that for the macro in Example 2. One
power supply sector is turned on at a time, and the decoder bits enable a single
RO in this sector. The other 41 ROs remain in the quiescent state and the output of
the selected RO propagates through the “OR” circuit to the frequency divider. The
switching capacitance and resistance estimates of an RO can be accurately made
by subtracting the combined IDDQ value of all seven ROs in the sector from the
measured IDDA value. Other schemes such as adding a footer circuit to disconnect
unselected ROs from the power supply can be used to measure the IDDQ values of
individual ROs.

An additional circuit may be included in the macro to select either the divided
or the undivided frequency signal as shown in Fig. 6.18. This feature is useful for
validating the frequency divider function. DC input signal OS is set at “1” to enable
the frequency divider function and is set to “0” to measure the undivided RO fre-
quency at the OUT pad. The OUT signal pad has adjacent GND pads, providing
an arrangement suitable for measuring an output signal in the GHz range with an
appropriately designed high-speed probe card.

The macro can be reconfigured for parallel test on a digital ATE by adding a
scan chain to select the output, as described in Example 2. The six Vppg power sup-
plies are turned on simultaneously, and the IDDQ values of ROs in each sector are
measured in parallel by setting the decoder input bits to “000.” The other decoder
input bits select one RO in each sector, and their respective IDDAs are measured
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Fig. 6.17 a Schematic of a three-input decoder circuit. b One RO segment including seven ROs
on the Vppg power supply island (shaded area) and a decoder and OR circuit blocks on the Vppc
power supply
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Fig. 6.18 Circuit schematic to select frequency divided or undivided RO output signal

in parallel also. With two additional scan chain inputs (CLK and DAT) for the dig-
ital clock on the tester, the RO frequencies are measured sequentially. This can be
accomplished by eliminating the undivided output feature and using pads 1 and 25
(OS and WS) in Fig. 6.16b for CLK and DAT input signals.

6.2.4 Example 4: Macro for RO Variability Statistics

ROs may be designed to measure circuit delays of logic gates with different loads,
device sizes, and physical layouts. Typically, a sub-set of these ROs are placed in
different locations on a reticle field to map systematic spatial variations in circuit
delays. Measurement of variations in circuit delays arising from random statisti-
cal variations in the constituent circuit elements (MOSFETs, parasitic R and C)
requires an RO design with a small number of stages (3-9) and placement of ~10—
50 nominally identical ROs of each design type in close physical proximity. A
large number of ROs are hence needed to capture both systematic and random
variability.

In this example, a macro for measuring random variability in circuit delays by
rapidly collecting data on a large number of ROs is described [6]. The number of
ROs in the macro template, with a standard 1 x25 padset, can be >500. The design is
of medium complexity and testable with parametric ATE equipped with a frequency
counter or oscilloscope or with digital ATE. Efficiency in test and data analysis is
obtained with additional circuitry in the macro.

The basic idea in this design is to use an internal or external clock to drive a
counter which provides the input bits to a decoder to sequentially enable a single RO
in an array of nominally identical ROs. The outputs of the ROs are muxed to provide
a common low frequency output as in previous examples. This output signal follows
the frequency of the selected RO in the array during a time interval equal to half the
clock period. The frequency statistics of the output signal, giving the mean fre-
quency of all the ROs in the array and its standard deviation, is directly obtained by
utilizing the statistical functions in the frequency counter or oscilloscope. With only
DC or low frequency 1/Os, the macro can be tested with parametric ATE. Important
features in this example are (1) on-chip clock generation, (2) external clock option,
(3) a circuit to select the clock signal, (4) a circuit to trigger a frequency counter
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Fig. 6.19 A circuit scheme for selecting an internal or external clock to initialize an RO array and
for generating a synchronized trigger signal

either synchronously or asynchronously with the clock, (5) a counter coupled to a
decoder to sequentially enable the ROs in a selected power supply sector, and (6)
direct measurement of frequency statistics.

The circuit scheme to generate a clock with two different output periods is shown
in Fig. 6.19. The clock RO is enabled with EBL set to “1.” The clock RO output is
fed to a frequency divider configured to output two different frequencies at nodes
CLP1 and CLP2, corresponding to clock periods 7,1 and T¢p, with Ty < Tco. The
PSEL voltage level is toggled between “1” and “0” to select either clock period,
T.1 or T». An option to use an external clock signal ECLK instead of the inter-
nally generated clock, with a control signal CSEL, is included. Input signal TRIG
enables a trigger output TOUT to synchronize the internal or external clock with the
frequency measurement equipment.

A circuit schematic of an RO array block is shown in Fig. 6.20a. It comprises
32 nominally identical ROs with a common output, a four-stage frequency divider
circuit configured as a counter coupled to two 4-bit decoders to enable the ROs. Both
the true and the complementary outputs Q and Q, of each unit of the frequency
divider circuit shown in Fig. 6.9b serve as inputs to the two 4-bit decoders. The
ROs are sequentially enabled for time durations equal to half the selected clock
period (T¢1/2 or T¢2/2), and their outputs are muxed together via a distributed OR
function. To capture the effect of random variations on circuit delays, the number
of stages in the RO is kept small, typically five, as shown in Fig. 6.20b. The circuit
stages may be appropriately designed to emphasize variations in the parameter of
interest. A two-stage frequency divider circuit may be placed at the output of the
array to lower the frequency of the signal traveling across the macro to an acceptable
value.

The output voltage and the frequency as a function of time are shown in Fig. 6.21.
The frequency in a time interval equal to half the internal clock (7¢1/2) corresponds
to a single RO in the array. The total time to cycle through all the ROs is N7.;/2,
where N is the number of ROs in the array, and the cycle is repeated as long as
the clock is running. This time period should be smaller than the maximum time
over which the frequency counter can process the frequency statistics. A suitable
clock time period may be selected with PSEL input signal. Frequencies of individual
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Fig. 6.20 a Circuit scheme for automated sequential enabling of 32 ROs. b Schematic of a five-
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Fig. 6.21 a Voltage output of four sequentially enabled ROs in an RO array. b Corresponding
output frequency as a function of time
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Fig. 6.22 a Floorplan of a macro with eight RO array blocks. b Macro I/O pad assignments with
eight Vppgs (VEI to VES)

ROs may be measured by using the TOUT signal in Fig. 6.19 to synchronize the
frequency measurements with the enablement of each RO. If 1 of the 32 ROs in
the array, indicated as a shaded rectangle in Fig. 6.20a, is omitted from the design,
the frequency output corresponding to that position is zero. In the absence of a
resettable counter, this serves as an RO position marker in the output frequency
stream.

The macro template with eight RO array blocks is shown in Fig. 6.22. Four RO
array blocks share a common clock control circuit. The ROs in each block are pow-
ered by an independent Vppg power supply. Only one Vppg out of eight is turned
on at a time to select the RO array block to be tested. The Vppg pads for RO blocks
3 and 4 on the left side of the macro are shared with the PSEL and TRIG pads for
the right side of the macro. Similarly, Vppg pads for RO blocks 5 and 6 on the right
side of the macro are shared with the PSEL and TRIG pads for the left side. The
frequency divider at the output and the I/O driver are shared by all RO array blocks.
These together with the clock RO are powered by a common Vppc power supply.
By increasing the number of units in the counter to five and using a 5-bit decoder,
the number of ROs in an array block is increased to 128. Hence, a total of 1,024
ROs in a 1x25 padset macro may be accommodated.

6.2.5 Example 5: 2D RO Array Macro

In the previous four examples, RO macro designs comprising isolated or linear
arrays of ROs can accommodate from one to a few hundred ROs. For DFM applica-
tions and for evaluating systematic and random variations in all the circuit blocks in
a product circuit design library, a large number of ROs ( >>1,000) need to be mea-
sured. In this case, a 2D array approach is more suitable. RO macro designs for 2D
arrays tend to be more complex and require four or more metal levels for a robust
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power grid and wiring channels along with a non-standard I/O pad configuration. It
is preferable to use digital ATE for rapid data acquisition from such a large number
of RO:s.

The basic concept of a 2D array described in Section 2.5.4 is applicable to RO
macros. The ROs are arranged in a N. X Ny matrix, where N; and N; are the number
of columns and rows in the array. A multiplexer or a wide OR circuit is used to feed
the outputs of all ROs to a frequency measurement circuit on-chip or to external
frequency measurement equipment following a frequency divider circuit. The ROs
may be enabled sequentially by adding appropriate selection circuitry to individual
ROs. Alternatively, the ROs may be enabled simultaneously and the selection circuit
placed at the RO output.

All ROs and peripheral circuits may share a common power distribution grid in
which case only the RO frequencies are measured. If the number of available metal
levels is limited, a robust power distribution is ensured by creating smaller power
supply islands for groups of ring oscillators. In this case, the IDDQ and IDDA values
can be measured as described in Example 3.

With increasing design complexity, variations in number of available metal lev-
els, silicon area, and test equipment specifications, a number of different macro
designs options may be exercised [7, 8]. Many of these options are extensions of
circuit ideas described in previous examples. Here, we describe one implementation
of a 2D RO array macro. In this example shown in Fig. 6.23, there is an option to
place each column of ROs on an isolated power supply island to reduce the back-
ground leakage current. A column decoder activates switches to connect the islands
to Vpp and GND pads, while the row decoder is used to sequentially enable the ROs.
Voltage sense wires may be added for accurate measurements of voltage applied to
an RO.

In Fig. 6.23a, a NAND?2 and an inverter are included in the RO circuit for column
and row address inputs. An RO is enabled when both CAD and RAD inputs are high.
A circuit scheme to apply power only to a selected column is shown in Fig. 6.23b.
The Vpp and GND wires of each column are isolated and all the unselected columns
(CAD = 0) are disconnected from the power supply, with a clamp voltage Vc =0V
applied instead to ensure full isolation. A multiplexing scheme as described in pre-
vious examples is used to feed the RO signals to a common output in the 2D array
shown in Fig. 6.23c. The RO frequencies are measured sequentially using an exter-
nal or on-chip frequency counter. The decoder inputs may have dedicated I/O pads,
or scan chains may be used to reduce the number of I/O pads.

In general, different macro templates for 2D arrays may be needed for measuring
systematic and random variability in circuit delays. A rule of thumb is to keep the
number of stages >25 to measure systematic variations in RO frequencies and <9
for investigating random variations, as discussed in Section 6.2.1.1. The optimum
number of stages may depend on the circuit topology and CMOS technology node
as random variations increase with reduction in feature size. The design resources
may be minimized by adopting a floorplan such that the number of ROs, the num-
ber of stages in an RO, and stage dimensions can be easily altered for different
applications.
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Fig. 6.23 a Circuit schematic of an RO with row and column selectors. b A selection circuit to
connect Vpp and GND busses of unselected columns to Vo= 0. ¢ A 2D array macro design with
column and row decoders

6.3 MOSFET and Parasitic Parameter Extraction from ROs

In Chapters 3, 4, and 5, test structure designs for characterization of discrete
resistors, capacitors, and MOSFETSs are described. The non-linear I-V and C-V
characteristics of MOSFETS are represented by a few parameters defined at fixed
DC voltage bias points, Vg5 and Vs, or at a fixed drain-to-source current, I4s. In a
CMOS logic gate, Vs and Vs, and as a result /45 values of each MOSFET may vary
continuously during a switching transient. It is therefore convenient to define an
effective resistance and capacitance, rsy and Csy, of each logic gate corresponding
to a specific switching configuration, such as top, bottom, or both inputs switching
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simultaneously in a NAND2 (Section 2.4.2). With 7, = rgwCsw = RswCsw /W, these
delay parameters (Tp, Rsw, and Csyw) coupled with the IDDQ of the logic gate are
useful aids for circuit sizing and design optimization [9]. These delay parameters
can be derived from circuit models and correlated with the values obtained from
ring oscillators using the procedure described below.

The delay parameters and their relationships to MOSFET properties are intro-
duced in Section 2.4.2 and covered in depth by Taur and Ning [4]. Here, we describe
RO designs and a methodology for self-consistent determination of key MOSFET
and interconnect properties from high-frequency operation of logic gates [10-12].
This approach is useful for validation of device models derived from DC charac-
terization, for relating CMOS product performance to the DC properties of circuit
elements measured in the manufacturing line and for AC performance optimization
of silicon technology.

In the following discussion, RO stage designs for R and C parameter extraction
are described. It is assumed that all stages in an RO are nominally identical and
the number of stages in the RO is large (>50) so that any deviation caused by the
random variations in MOSFETs and by inclusion of a NAND?2 stage in the RO
may be neglected. Average delay parameters of a single stage are then correctly
determined from the measured time period (or frequency) of the RO.

An equivalent circuit schematic of two successive inverter RO stages is shown in
Fig. 6.24. The shaded area in Fig. 6.24, indicates the inverter as a current source,
charging or discharging the capacitances Ci, and Coy each time the logic level
applied to its input changes state from “1” to “0” or from “0” to “1.” The signal
propagation delay, 7, following Eq. (2.4) is expressed as

Tp = FswCsw = Rsw (Cin + Cout)» (6.11)

where Cj, and Cyy are the input and output capacitances per unit width W of the
inverter and Ry, /W is its effective switching resistance. In terms of measured RO
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Fig. 6.24 A circuit schematic of two inverter RO stages delineated by dashed lines. The shaded
area indicates the capacitance components in Cyy
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parameters, Cg,, is expressed in Eq. (6.7) and restated here:

(IDDA — IDDQ)

Csw - (Cin + Cout) W= 2‘L’p VDD

(6.12)

The individual Cj, and Cyy components are determined from the measured Cgy
of a pair of appropriately designed ROs. A load capacitance may be added to each
stage, and its value determined by subtracting the capacitance of an unloaded stage,
treated as a reference. With this differential measurement scheme, the capacitance
values of different components in CMOS circuits may be obtained.

The rgy of an inverter is a measure of the inverse of the average current drive
strengths of the n-FETs and p-FETs during switching. The rgy, value for different
logic gates is dominated by different regions of the I3s—Vys characteristics of the
n-FETs or p-FETs or both. A judicious selection of logic gate designs allows us to
probe different regions of the I3s—Vys curves and relate the differences in measured
rew Vvalues to specific MOSFET properties such as V; and source-drain resistance.

A key advantage of this methodology is that the physical layouts and local envi-
ronment of MOSFETs and parasitic elements in a CMOS circuit are representative
of circuits on a product chip, and their properties are derived under high-speed
switching conditions. With the number of nominally identical stages in an RO > 50,
the delay parameters are averaged over a large number of MOSFETS, and the influ-
ence of random local variations is negligible. This results in a significant reduction
in test time, as measurements on a pair of ROs can be performed in less time than
the time required for full DC characterization of >50 MOSFET pairs.

There are, however, some limitations in the methodology of extracting MOSFET
properties from the delay parameters of a logic gate. In Fig. 6.25, voltage wave-
forms at the input and output nodes of an inverter, the /4 values of the n-FET and
the p-FET (I4sn and Igsp), and their gate capacitances (Cgsn and Cggp), which con-
tribute to both Cj, and Cyy, are plotted as functions of time. The transient current is
dominated by the p-FET current drive during a PU transition and by the n-FET cur-
rent drive during a PD transition. The gate capacitances also vary during a transition
as these MOSFETs change their state. The Ry, Cin, and Coy values represent time
averaged currents and capacitances during transitions, and the measured 7, is the
average of the PU and PD delays. Hence, the n-FET and p-FET properties cannot
be easily separated. In addition, except in the case of an inverter, there are more than
one n-FET and one p-FET in each stage contributing to the propagation delay.

In general, the ring oscillator approach is suited for tracking relative shifts in
parameters with silicon process or physical layout changes. We describe two classes
of RO test structure designs for AC parameter extraction. In the first, covered in
Sections 6.3.1 and 6.3.2, the R and C components are obtained from a differential
pair of ROs. In the second, an additional input is connected to each RO stage to apply
an independent voltage bias to the gate of a MOSFET. The RO stages are configured
to either map discrete bias points in the Cgs—Vys curve or determine relative changes
in the average V; value of a large number of MOSFETs. This second class of designs
is covered in Sections 6.3.3 and 6.3.4.
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Fig. 6.25 Input and output voltages, Igsn, ldsp, Cgsn» and Cggp as a function of time for a PD and a
PU transition of an inverter

6.3.1 Capacitance Extraction

A set of three RO stage circuit schematics for capacitance extraction is shown in
Fig. 6.26. The design and physical layout of the driving inverter in each RO stage
circuit is identical. The RO stage in Fig. 6.26a comprising an unloaded inverter
(FO = 1) serves as a reference for the RO stages in Fig. 6.26b, c and all other RO
stage designs discussed here. Its Ry, is derived from the measured delay/stage, Tpa,
Cswa, and design value of Wusing Egs. (6.11) and (6.12). The RO stage in Fig. 6.26b
is that of an inverter driving two identical inverters. The third inverter load is that of
the following RO stage (FO = 3). Each of the two load inverters is in turn loaded
with a capacitance C; equivalent to FO = 3, so that the switching characteristics
of the three load inverters are nearly identical. The load capacitances may be con-
structed from MOSFET gate loads described in more detail later. The Cyy, of this
FO = 3 stage includes the Ci,W and Co, W of the three inverters and 2C;. The
delay/stage values of the two RO stages, Tp, and Tpp, are

_ ) RswCp
Tpa = Rsw (Cin + Cout) + W (6.13)
and
_ : RswCp
Tpb = Rsw (3Cin + Cour) + . (6.14)
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Fig. 6.26 Circuit schematics of inverter RO stages a with FO = 1, b with FO = 3, and ¢ with a
capacitive load CL,

Note that a capacitance C}, has been included in Egs. (6.16) and (6.17). This capaci-
tance, representing wire interconnections in each stage, is eliminated by subtraction
as long as the physical layouts of all stages follow a template with a standard width
and height, as shown in Fig. 6.8a. Assuming Ry, of the FO = 3 stage to be identical
to that previously determined for the reference stage, Cj, is obtained by subtracting
Eq. (6.13) from Eq. (6.14):

Tpb — Tpa

Cin =
in 2R

(6.15)

It is apparent from Eq. (6.14) that the delay/stage varies linearly with FO
(=3 in this case). Knowing the delay 7y, of an unloaded inverter stage and its Ciy,
the delay/stage can be calculated for any FO value. This relationship is useful for
circuit sizing as discussed in Section 2.4.2. A direct extraction of Cyy is not feasible
as the parasitic capacitance C, is an unknown. However, variations in Coyt may be
tracked in RO stages comprising different logic gates, provided C, is maintained
approximately constant by design.

In Fig. 6.26c, a capacitive load Cr, which may be a MOSFET or a metal wire,
has been added. The switching capacitances of the stages in Fig. 6.26a, ¢, Cgy, and
Cswe respectively, are determined from Eq. (6.12) and expressed as

Cswa = Cin + Cout + Cp (6.16)

and

Cswe = Cin + Cout + CL + Cp- (6.17)

The load capacitance Cy, is determined by subtraction of the switching capacitance
of the reference stage Cgy, from the switching capacitance Cgy,c of the loaded RO
stage.

The circuit schematics of an inverter, a NAND2 and a NOR2, are shown in
Fig. 6.27. With the top input A switching, and the bottom input B tied to Vpp in
the NAND?2 and to GND in the NORZ2, the switching behavior of these gates is sim-
ilar to that of an inverter with a series n-FET, N2, in the NAND?2 and a series p-FET,
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Fig. 6.27 RO stage designs with a an inverter, b a NAND2, and ¢ a NOR2. In each case, the n-FET
and the p-FET participating in the switching transition with signal input at node A are circled

P2, in the NOR2. If the n-FET and p-FET widths, W, and W,, and gate lengths,
Ly, are selected to be the same in all three logic gates, then with input A switching,
the Cj, of all three gates is approximately the same. The Cqy of the NAND2 and
NOR?2 is incremented by the parasitic drain-to-substrate junction capacitance Cj of
N2 and P2 respectively. With increase in the number of NAND or NOR gate inputs
(e.g., NAND3, NAND4), the increase in Cyy, is proportional to the number of series
n-FETs or p-FETs in the stack.

The main n-FET and p-FET capacitance contributors to Cij, and Cqy are gate
oxide capacitance Cor which includes gate-to-source and gate-to-drain overlap
capacitances Coy and diffusion area, and junction capacitance Cj. The contribu-
tion to Cj, of the gate-to-drain side C,y is doubled by the Miller effect which
comes into play as the voltages on the gate and drain terminals (A and Z) vary with
time during switching events [4]. These individual capacitance components can be
experimentally determined with RO stage designs shown in Fig. 6.28.

The output of the inverter in Fig. 6.28a has an n-FET and a p-FET gate-capacitor
load. The source (S) and drain (D) terminals are tied to Vpp for the p-FET and GND
for the n-FET. A physical layout of this stage with a gate load equivalent of FO = 2
is shown in Fig. 6.29. This layout, using the standard inverter design in Appendix
A, can be done with just M1 metal level unlike the FO = 3 stage in Fig. 6.26b which
requires two metal layers. Note that these MOSFET gate capacitors are not subject
to the Miller effect as only the voltage at the gate (G) terminal varies with time.
Hence, the gate capacitance obtained from this design has a smaller value than Ci,
of an equivalent inverter.

—Vpp — 0 T —Vpp
Z A

A

—GND—&— —GND
(@) (b) (©)

Fig. 6.28 RO stage circuit schematics for an inverter with n-FET and p-FET, and load of a gate
capacitance, b overlap capacitance, and ¢ silicon diffusion capacitance (physical abstraction)
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Fig. 6.29 Physical layout of an RO stage corresponding to the circuit schematic in Fig. 6.28a

The IDDQ of the stage in Fig. 6.28a includes gate oxide leakage current, a com-
ponent of which is proportional to the gate width and length of the load MOSFETs.
Gate oxide leakage current can be significant in the 90, 65, and 45 nm technology
nodes. Its value may be obtained by subtracting IDDQ of the reference RO stage.
For this purpose, the gate area of the load MOSFETs is increased by increasing the
number of fingers or channel length.

The Coy component can be characterized with an RO stage design shown in
Fig. 6.28b. The source or drain is connected to the signal line, and the other two
terminals of the MOSFET are tied to the GND (n-FET) or Vpp (p-FET) bus. An RO
stage for measuring C; which includes a physical representation of the DF island is
shown in Fig. 6.28c. Contact to the diffusion area is made through M1 metal which
is connected to the signal wire, and the contact resistance is minimized by using an
adequate number of interconnect HO vias. The measured capacitance includes both
area and perimeter components of the diffusion capacitance.

Interconnect wire capacitances are measured primarily at a test stop later than
M1. The capacitance of a wire is the sum of capacitances to its vertical and hori-
zontal neighbors (Fig. 2.30). The values of the vertical capacitance components Cyp
and Cqown vary with the inter-level dielectric thicknesses, effective dielectric con-
stants, and metal linewidths. The lateral capacitance components Cleft and Crigne are
functions of metal height and spacing and the dielectric properties of material sepa-
rating the wires. Each of these capacitance components provides information on the
wire geometry or the effective dielectric constant of the insulating layers. An RO
stage design for extracting vertical capacitances is shown in Fig. 6.30, and another
for extracting the total capacitance is shown in Fig. 6.31. In both cases, the signal
wire is on M2, and orthogonal M1 and M3 wires (not shown) serve as GND planes
above and below it. The wire resistance is minimized by creating a comb struc-
ture. In Fig. 6.31, the nearest neighbor M2 wires are also held at GND. The signal
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Fig. 6.31 a An RO stage design to extract total M2 wire capacitance. b Schematic cross section
of M2 capacitor, showing M2 signal lines (S) with M2 neighbors and M3 and M1 GND planes

wire resistance in these configurations is negligible compared to the inverter driver
resistance of a few hundred ohms. The wire capacitance is set equivalent to at least
FO = 1, which is ~2-5 fF and corresponds to a wire length of ~10-25 pm. As the
metal pitch increases for upper layers, the stage width and number of stages have to
be adjusted to fit the ROs in a standard area in an RO macro template. Hence, this
technique is more suitable for narrow wires in lower metal layers.

6.3.2 Resistance Extraction

The RO stage designs shown in Fig. 6.27 also provide Ry, values of inverters,
NANDs, and NORs. It is instructive to examine the 13—V trajectories of MOSFET's
during switching to interpret the rg, values of the logic gates. The trajectories of
n-FETs in the inverter and the NAND2, overlaying the DC I33—Vys characteristics,
are shown in Fig. 6.32. Let us consider the trajectory of an n-FET in an inverter
undergoing a PD transition shown in Fig. 6.32a. Initially, the inverter input voltage
or the Vs of the n-FET is “0,” and the inverter output voltage or the Vys of the n-FET
is “1.” The n-FET is in the off-state, with its Igs = Iofr. As the input voltage at node
A transitions from “0” to “1,” the n-FET Vg and l4s increase while Vg is decreas-
ing. When Vys & Vpp/2, the inverter in the following stage begins its PU transition,
and the signal has propagated through this inverter. As the n-FET passes through the
saturation region, its /45 begins to decrease with Vs ultimately going to zero as the
transition is completed. The instantaneous resistance of N1, at time ¢, Vys (¢) /145 (7),
averaged over the switching time is equivalent to the g, of the inverter.

In the case of a NAND2, with the top input A switching and the bottom input
B, tied to Vpp, n-FET NI at the top of the stack follows a similar /g3 — Vg
trajectory, shown in Fig. 6.32b, as the n-FET in the inverter. With identical p-FET
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Fig. 6.32 [4s— Vg trajectories, overlaying DC I4s — Vgs curves, of n-FETs during a PD transition
of a an inverter and b a NAND2

and n-FET widths, W, and W,,, in the inverter and NAND2, the contribution of N1
in the inverter and NAND?2 to rg, are comparable. There is an additional contri-
bution to the rg, of the NAND2 from the n-FET N2. Its Ijs—Vys trajectory with
Ves = Vpp and Vy4s < Vpp lies in the linear region, adding a constant resis-
tance value to the rgy of the inverter. The p-FET P2 meanwhile remains in the
off-state.

The difference in the switching resistances of the NAND?2 and the inverter is then
the resistance of N2, which provides a measure of the source-drain resistance Rg
of the n-FET. In the same way, information on the Ry of the p-FET is obtained from
the NOR2 stage, with the inverter RO as a reference. The sensitivity of gy, to Rys is
increased by increasing the stack height. Alternatively, the sensitivity to Rgs may be
increased by reducing the widths of N2 or P2 in a NAND or NOR gate respectively,
as Ry is inversely proportional to the device width.
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Fig. 6.33 Inverter driving a an n-passgate, b a p-passgate, and ¢ a transmission gate

RO stages to characterize passgate or transmission gate circuits provide infor-
mation on a different region of Iy — Vs trajectory than a static logic gate such as
an inverter, NAND, or NOR. In Fig. 6.33, RO stage designs of an inverter driving
an n-passgate (NP), a p-passgate (PP), and a transmission gate (TG) are shown.
The gate of the NP is tied to Vpp and it is always in the on-state. Let us consider
the RO stage comprising an inverter driving an n-passgate, as shown in Fig. 6.33a.
The Iy4s — Vg5 trajectory of the n-passgate NP for an inverter PU transition is shown
in Fig. 6.34. Initially, the output of the inverter is “0,” the Vs of the NP is equal to
Vpp, and its Vg = 0 as it passes a “0” to node Z. During the transition, as the output
voltage of the inverter begins to increase, the Vg, of NP increases. At the end of the
transition, its Vgs = 0 and Vg4s ~ V4. The n-FET traverses the low Vg5 — Vg, region,
and the effective switching resistance of the NP is sensitive to its Vyin. The RO delay
sensitivity to Vyin is increased by choosing the NP width to be much smaller than
the widths of the MOSFETsS in the inverter, as this increases the resistance contri-
bution of the NP to the measured rgy. In a similar fashion, the delays of the RO
stages in Fig. 6.33b, c are sensitive to the Vi, of the p-FET and a combined effect
of n-FET and p-FET respectively. The capacitance increase in the stages in Fig. 6.33
compared to a reference inverter stage is related to the overlap capacitances of the
passgate transistors. The IDDQ values of the all three ROs are that of an inverter
and any additional gate oxide leakage currents in the passgates.

I ds

Fig. 6.34 145,—Vys trajectory of n-passgate NP for a PU transition overlaid on the DC I4s—Vjs plots



210 6 Ring Oscillators

representation of inverter
driving a wire load. b Circuit A

Fig. 6.35 a Schematic —VDD—
elements of the stage

—GND—— — — 7o/

An RO stage design for tracking of interconnect wire resistance is shown in
Fig. 6.35. For an inverter driving a wire load of length [/, the delay per stage
(Eq. 2.12) is given by

RowCwl Ry Cy 12

Tp = Ryw (Cin + Cou) + + RylCinW + B > (6.18)

where Cy, and R,, are the wire capacitance and resistance per unit length. The RO
stage delay is more sensitive to changes in wire resistance if Ry /W < Ry[. Hence,
a wide inverter is used to drive a long signal wire with the upper and lower metal
layers serving as ground planes. In this case, an RO stage with an unloaded inverter
of the same design serves as the reference stage.

Although the I-V and C-V characteristics of MOSFETs are non-linear, the
delay/stage varies linearly with load capacitance or equivalent FO as shown in
Fig. 6.36a, b. The logic gate capacitances (Ci, and Cyy) and Rgy, which are esti-
mated from measurements of RO frequency and power, vary in a linear fashion
with stack height as graphically illustrated in Fig. 6.36c, d. Hence, the average
properties of a large number of MOSFETSs over a switching cycle of a logic gate
can be derived from a limited number of DC and low-frequency measurements
on ROs.

If only RO frequencies are measured because of test time constraints, or RO
power supplies are not isolated, ratios of frequencies or stage delays of loaded ROs
with reference ROs can be used for tracking process variations [12]. Data analysis
and data visualization techniques for tracking variation in process parameters from
measured RO frequencies are described in Chapter 10.

6.3.3 MOSFET C-V Characterization

An RO can be configured to extract C-V characteristics of MOSFET gate capac-
itance by adding an independently controlled DC input signal to each stage. One
example of an RO stage with this arrangement is shown in Fig. 6.37a in which an
inverter drives an n-FET (or p-FET) gate load and a DC input signal Vg is applied
to its gate terminal. This RO design is used for mapping the Cyr — Vs character-
istics of the n-FET load [13]. The RO is operated at a low Vppg value (<0.4 V).
The inverter output voltage provides a small signal excitation for measuring Cyr at
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Fig. 6.37 a An RO stage with independently controlled Vg bias. b Cyr—Vgs characteristics of an
n-FET with a small signal excitation voltage swing of Vppg supplied by the inverter at a DC bias

point of Vs = (Ve — VbpE/2)
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different discrete bias points on the C-V curve. The n-FET gate capacitance Cyr as
function of its Vs value is shown in Fig. 6.37b. The gate-bias voltage is given by

VDDE
>

Ves = VG — (6.19)

An unloaded inverter RO serves as a reference, and the gate capacitance of the n-
FET is obtained by the subtraction technique discussed in Section 6.3.1.

The MOSFET Cy1—V, characteristics obtained from this RO design are averaged
over a large number of MOSFETSs (>50). The capacitance measurements are carried
out at a very high frequency (~1 GHz), which is equal to the frequency of operation
of the RO while only DC or low-frequency /O signals are used. The gate capaci-
tance can be measured in the presence of significant gate oxide leakage current, as
is the case for the 90 nm technology node and beyond, prior to the introduction of
high-k dielectric (HK) materials. The capacitance values C1 and C2 in Fig. 6.37b
are that of the n-FET in depletion and inversion modes respectively. The difference
(C2-C1) is a measure of the effective electrical channel length of the n-FET. The
voltage bias at Cyr = (C2 — C1) /2 or at any selected point in the transition region
is a measure of the V; of the n-FET.

The simulated Cyt — Vg plots obtained from this type of RO design for n-FETs
of three different V; values are shown in Fig. 6.38a and for three different chan-
nel lengths (Lp) in Fig. 6.38b. With a common reference RO, a total of seven
ROs are used. Test time may become significant for detailed mapping of Cor — Vs
characteristics, as one frequency measurement is required for each Vg bias point.
Measurement at three Vg bias points for each RO, shown as dark circles in Fig. 6.38,
may be sufficient for rapid tests and to track relative differences in V; and L, val-
ues of the n-FETs arising from design or process variations. In addition, the gate
oxide thickness #,x may be determined from the Cqr of a long channel n-FET load.
Note that this technique has some errors associated with systematic and random
variations in inverters between the reference RO and ROs for Cyr — Vg charac-
terization. However, it provides a self-consistent determination of all the essential
AC and DC properties even in the presence of significant gate oxide leakage
current.

The RO design with the Vg bias lead in each stage is shown in Fig. 6.39a.
This design may be implemented at the M1 metal level by modifying the RO macro
design in Example 2. The physical layout of the RO for M1 implementation is shown
in Fig. 6.39b. The GND busses are split to allow the Vg leads traversing the phys-
ical width of the RO, to be connected to all the stages. The underpasses for the Vg
wire are in DF or PS levels. Care must be taken to ensure that the IR drop in the Vg
wire arising from the gate oxide leakage current flowing through it is small. The con-
figuration of such ROs in an M1 test structure is shown in Fig. 6.40. Two ROs may
share a Vg lead and a maximum of five such RO pairs can be accommodated in a
standard 1x25 padset macro.
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Fig. 6.38 Cy1—Vjs curves obtained from ROs for n-FETs of a three different V; values and b three
different L, values. Reproduced from [11], with permission, © 2008 IEEE

6.3.4 AV, Extraction

A second example of an RO design with an independent Vg input, as described
in Section 6.3.3, can be used for measurement of small differences in average V; of
two MOSFETSs types. In this case the Vg bias is applied to the gate of n-passgate
or a p-passgate driven by an inverter. The schematic of such an RO stage with an
n-passgate is shown in Fig. 6.41a. Note that a small p-FET keeper is added to assist
the PU transition. If the RO stage has a p-passgate, an n-FET keeper is used to
assist the PD transition. The effective resistance of the n-passgate and hence the RO
delay/stage is modulated by the Vg bias, in a similar way as it would be modulated
by a change in its V;. In Fig. 6.41b the simulated change in delay/stage, Atp, is
plotted as a function of change in Vcg, A Vg, or a change in Vi, —AV, of the
passgate. The response of At to AVeg and —AV, is identical, at least for swings
of <+40 mV. The passgate operates in the low Vg region as is apparent from the
145 — Vs trajectory of an n-passgate is shown in Fig. 6.34. Hence the measured —A 'V,
is related to the change in Vyiy.
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Fig. 6.39 a Schematic of an RO circuit with Vcg function. b Physical layout of a part of RO with
Ve leads placed in the split GND bus for implementation at the M1 metal level
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Fig. 6.40 Physical layout of RO test structure with a common Vg input for two adjacent ROs.
The ROs, testable at the M1 metal level, can be accommodated in a macro design similar to that
described in Example 2

A pair of ROs is designed with their stages differing only by the V; of the
n-passgate (p-passgate), and the number of stages in each RO is large (o > 50). The
difference in the average V; values of the passgates in the RO pair can be obtained
within an accuracy of a few mV. One of the ROs serve as the reference and several
points on the Az, vs. AV plot are measured to get a calibration curve shown
in Fig. 6.41b. Using this calibration curve, the difference in the average V; values
of the passgates AV; is determined from the difference in 7, of the two ROs at
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Fig. 6.41 a Schematic of an RO stage circuit with Vcg wire for measuring AV;. b A simulated
plot of Aty as a function of AV or —AV;

Ve = 0, At,. The advantage of this technique is that an average difference in Vi
of a 100 FETs is obtained with a few RO frequency measurements and the test time
is significantly reduced.

This technique is particularly useful for measuring V; degradation in p-FETs with
aging [14]. For a p-FET in the on-state, an increase in its V; is observed with time
from the NBTI effect. This effect is also present in n-FETs (PBTI) in 45 nm tech-
nology nodes and beyond where an HK gate-dielectric is used. The V; degradation
is accelerated with increase in Vg and temperature. An average V; shift is obtained
by first obtaining a Aty vs. AVcg (Veg = —VppE for p-FETs) calibration curve for
the RO. The RO Vppg is turned off and with the source and drain of the p-FET pass-
gates at GND, a negative Vg (positive Vg for the n-FET) is applied for a specified
time. In this configuration, the MOSFETs in the inverters are in the off-state and do
not undergo any degradation. Following the stress, the Vppg is turned on and with
Vce = —VDDE, Tp is measured again. The shift in V; after stress is determined from
the measured At and using the calibration of Atp vs. AVcg. Here the RO under
pre-stress conditions serves as the reference.

Alternatively, the offset in Vcg from Vppg, necessary to return the RO frequency
to its original pre-stress value (with initial Vcg = —Vppg for p-FETs) is a direct
measure of AV;. In accelerated stress tests, a pair of ROs may be used and only
one RO is stressed. The unstressed RO is measured along with the stressed RO each
time to ensure that its delay/stage remains unchanged and that the test conditions
are identical for all measurements. This RO design may be implemented at the M1
metal level.

6.4 Special RO Applications

In this section several additional applications of ring oscillators are described. The
applications cover precise measurement of circuit delays and variability and model-
to-hardware correlation of memory and analog circuits. Some of the RO designs
described here may require new macro template designs to include additional
control I/0O signals.
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6.4.1 Precise Measurements of Circuit Delays

The RO test structures described so far include a NAND gate or similar scheme in
the loop to enable/disable the oscillations and a load inverter to couple the RO out-
put to the peripheral circuits such as multiplexers or a frequency divider. The error
introduced in measured circuit delay 7 from these perturbations can be reduced
by either increasing the number of stages (2« 4 1) or obtaining the error correction
from SPICE simulations. An alternative is to design two ROs with different number
of stages and obtain a precise measurement of 7,

= N (6.20)
2fif2 (a1 — a2)

where f] and f> are the frequencies of the two ROs with (2a; + 1) and (2ap + 1)

stages respectively. The effect of random statistical variations in MOSFET parame-

ters on T may be reduced with (a; — a2) > 25. This technique can also be used to

validate a macro template design and to ensure that the effects of the enable circuit

and inverter load are within the desired precision limit.

With additional control input signals, a single RO with switches to select the
number of stages in the loop may be used as shown in Fig. 6.42 [15]. Control signals
for the switches S1, S2, and S3 with true and complementary voltage levels Q and
Q,, are provided. In this case, by exercising switches S1 and S2, the average delay
of two stages labeled 1 and 2 is measured.

A similar approach can be used for measuring the delay of a single large circuit
block. A non-inverting circuit block is inserted in one RO of the pair and its delay
determined from the measured frequency difference between the ROs. A more pre-
cise delay determination is obtained with the arrangement shown in Fig. 6.42 where
stages 1 and 2 are replaced by a non-inverting circuit block of interest. A number of
such circuit blocks, varying in design, may be inserted in a single RO with a decoder
scheme to select a circuit block. Care should be taken to keep the input and output
loads of the circuit the same as the other stages in the RO. This technique is area
efficient when designing ROs with large circuit blocks and when control signals are
readily available, as for example, on a product chip.

Q

S T
. 7

s3. an

(a) (b)

Fig. 642 a An RO design with switches S1, S2, and S3 to select the number of stages.
b A transmission gate switch configuration for S1, S2, and S3
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6.4.2 Matched RO Pairs

In Example 4 of this chapter, an RO macro design for measuring random variability
in circuit delays is described. Here, we cover several other techniques for measuring
random and systematic circuit delay variations based on a pair of ROs. For random
variability, a number of nominally identical RO pairs are measured within a chip or
within a wafer and the standard deviation of delay of a single stage o is derived from
the standard deviation of the measured difference in the average delay per stage of

each of the RO pairs o where
2 1
o =or,/%. 6.21)

Special care must be taken to minimize any systematic variations in the RO pair.
The physical layout of the ROs may be carried out with interleaving stages as shown
in Fig. 6.43. In this arrangement, any variation arising from spatial separation and
local physical environment between ROs is minimized.

A single RO, with two independent control signal inputs for each stage, may
be used for comparing systematic differences in stage delays incorporating two
different MOSFET layouts. A circuit schematic of such an RO stage for compar-
ing differences in p-FET layouts is shown in Fig. 6.44a. By setting CT1 = “0”

ot B B < B i

Fig. 6.43 A section of a matched pair of ROs, RO1 and RO2, with interleaved stages. The inverters
in RO2 are shaded in gray

cTi—  cT20 =1

Ao =4

P1 P2 _h%' N2
Ac a/
Lﬂi CT1D—||: CT2D—|
(a)

~
(b)

Fig. 6.44 Circuit schematics of an inverter stage with control inputs CT1 and CT?2 for selecting
a p-FET P1 or P2 and b n-FET N1 or N2
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Fig. 6.45 Circuit to measure difference (BEAT) frequency of two 101 stage ROs, RO1 and RO2.
Reproduced from [14], with permission, © 2007 IEEE

and CT2 = “1,” P1 is included in the inverter circuit. With complementary inputs,
CT1 = “1” and CT2 = “0,” P2 is included instead. A similar design for selecting
any one of two n-FETs is shown in Fig. 6.44b.

Accurate determination of the difference in frequency values for a pair of ROs
requires that this difference be much larger than the error or uncertainty in a sin-
gle measurement. Measurement accuracy is improved by directly measuring the
difference in frequencies of two ROs. A circuit to measure the frequency differ-
ence of a pair of ROs or the beat frequency is shown in Fig. 6.45 [14]. The output
of this circuit is at half of the frequency difference between RO1 and RO2. This
circuit is particularly useful for measuring frequency shifts in reliability tests for
BTI and hot-electron effects. By improving the measurement accuracy, stress con-
ditions and time may be significantly reduced. In such experiments, only one RO
in the pair is subjected to accelerated stress conditions, and the beat frequency is
measured periodically to obtain the frequency degradation. Additional logic may
be incorporated to measure the individual frequencies of RO1 and RO2 as well
as their beat frequency. RO stage designs described in Section 6.3.4, with higher
sensitivity to changes in the MOSFET V,, further enhance the frequency shift
signal. Stress times as low as few seconds may be sufficient, and the reliability
tests may be carried out in the manufacturing line without a significant impact on
test time.

6.4.3 SRAM ROs

Performance of memory and analog circuits can also be measured in a ring oscillator
configuration. The circuit schematic of a 6T SRAM cell is shown in Fig. 6.46a, with
word line ports W1 and W2 and bit-line ports B1 and B2. A number of different RO
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Fig. 6.46 a Circuit schematic of a 6T SRAM cell. Circuit schematics of RO stages with b inverter
IL, ¢ inverter IL having load IR, and d inverter IL having passgate load NPL

stage designs may be composed from the inverters, IL and IR, and the n-passgates,
NPL and NPR. In Fig. 6.46b, d, RO stages for the inverter IL, IL with load IR, and
IL with an n-passgate (NPL) load are shown. Similar stages may be constructed
for the IR inverter with IL inverter and NPR loads. If the physical layout of the
cell is not perfectly symmetric, comparison of RO stage delays for the IL and IR
inverters provides useful information on any unintentional asymmetry introduced
by fabrication process recipes.

An RO stage configured to measure the write delay of an SRAM cell is shown
in Fig. 6.47a [16]. This circuit is drawn with inverters IR and IL in Fig. 6.47b. The
word line inputs W1 and W2 (in Fig. 6.46a) are connected to the inputs of the cross-
coupled inverters in the latch. Signal propagation takes place from Z1 and Z2 of
one stage to A2 and Al respectively of the following stage, as shown in Fig. 6.47c.
With EBL = “0,” the RO is initialized with node al at GND. The oscillations are
enabled by setting EBL = “1.” There are an odd number of SRAM stages in the
RO as the standard NAND?2 enable scheme is not used. The RO output is coupled
to a frequency divider circuit which may be shared with other ROs in a standard RO
macro template.

In high-density SRAM memories, MOSFET widths are smaller than in logic
circuits and customized OPC for each SRAM cell design is needed to faithfully
reproduce the design dimensions of the circuit elements. It is therefore impor-
tant that in the physical layout of an SRAM ring oscillator, the local environment
of the modified SRAM cells is closely matched with that of an SRAM memory
block. Filler SRAM cells, as described in Section 5.3, may surround each RO stage.
Capacitances of interconnect wires and of the inverter at the output should be kept at
a minimum because of the relatively small current drive strengths of the MOSFETSs
in the SRAM cell.
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Fig. 6.47 a and b Circuit schematics of an SRAM stage configured to operate in the “write” mode.
¢ Ring oscillator comprising an odd number of SRAM cell stages

6.4.4 Voltage Controlled Oscillators

In CMOS products, a phase locked loop (PLL) circuit is employed for gener-
ating a high-frequency internal clock in synchronization with an external clock
[1, 2]. An essential component of a PLL is a voltage controlled oscillator (VCO)
whose output frequency is a function of the magnitude of an input control volt-
age. The VCO design in a PLL may be independently characterized in a standard
RO macro template with provision for an additional input to supply the control
voltage.

One example of a VCO circuit is shown in Fig. 6.48. It comprises an odd num-
ber of inverter stages, each with an additional series p-FET and n-FET. The input
voltage V; along with a current mirror circuit comprising Pm and Nm, sets a limit
on the maximum current drive of the MOSFETS in the inverter, P1 and N1, which
can be consequently starved for current. The output frequency of the VCO is thus
controlled by V;. This current starved inverter configuration in Fig. 6.48 may also be
used for varying the ratio of PU and PD delays such that the RO frequency is dom-
inated by either p-FET or n-FET. Instead of input voltage V;, independent voltage
bias control signals can be provided for P2 and N2. The maximum current through
P1 and N1 can then be controlled independently, with the stage delay dominated
by PU delay for a p-FET starved inverter and by PD delay for an n-FET starved
inverter.
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Fig. 6.48 Circuit schematic of a current starved voltage controlled oscillator

6.5 On-Product ROs

The RO test structure examples in Sections 6.2, 6.3 and 6.4 are situated in an inde-
pendent padset or pad cage, suitable for placement in the scribe line or on a test
chip. These types of designs are useful for monitoring the process, understand-
ing process—circuit interactions and building models for circuit simulations. The
test structures in the scribe line, however, may not correctly reflect the circuits on
the product chip because of across reticle field variation and differences in circuit
topologies and physical layouts. It is highly desirable to integrate ROs in the CMOS
product itself, to more directly monitor circuit performance within the product, and
to facilitate correlation of the product performance with that of the ROs placed in
the scribe line. By distributing the ROs across a product chip, the across-chip and
across-wafer variations in MOSFET parameters can be monitored and the process
tuned to minimize these variations. On-product ROs are also utilized to measure the
impact of process changes and to monitor circuit performance over the life-time of
the product [17].

An example of the placement of spatially distributed ROs is shown in Fig. 6.49a.
There are four product chips, separated by scribe lines, on each reticle field of the
wafer. Here, RO locations are on a uniform grid to map across-chip variations.
The RO locations are generally subject to available space and wiring tracks on the
product. ROs may also be strategically placed near critical chip logic and memory
functional blocks. Each location may have a set of ROs to monitor functional blocks
in its vicinity, such as logic, memory or PLL, or variations in parameters such as L,
and V;.

If ROs are placed at the edges of the chip and have dedicated I/Os, both frequency
and power measurements on individual ROs can be made. It is generally preferable
to distribute the ROs across the chip with the ROs sharing the chip power grid and
I/Os. In this case, RO enable and output selection circuitry is integrated with the chip
logic. The RO frequency may be read out by an on-chip frequency counter circuit
and no special external test equipment for frequency measurement is required.
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Fig. 6.49 a Placement of ROs on a reticle field with four product chips. b Integration of spatially
separated ROs with a common control unit

In high-performance chips such as a microprocessor, there may be variations in
temperature and Vpp across the chip when the chip clock is running, which in turn
may influence the RO frequencies. In order to determine systematic across-chip
variations arising from silicon processing, the RO frequencies must be measured
without enabling the chip clock. A macro with an RO selection scheme and a com-
mon frequency divider circuit of the type described in Example 3 may be included
on the chip and the frequency measurements carried out with an off-chip frequency
counter. Buffers are placed in the RO output signal path to the control macro as
indicated in Fig. 6.49b.

Because of systematic variations in circuit properties across chip and local ran-
dom variations in circuit elements as well as drift in process parameters, there is a
spread in RO frequencies measured on chips from wafer lots processed over a period
of time. This is illustrated in Fig. 6.50 with measured frequencies of RO1 plotted
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(a) (a)

Fig. 6.50 Normalized measured frequencies of RO1 vs. RO2 from many chips on many wafers,
with each dot representing one chip: a with 1:1 correspondence and b with a systematic offset
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against measured frequencies of RO2 on each chip where the frequencies are nor-
malized to the target values. The solid line is a linear fit to the data and the dashed
line indicates a 1:1 correspondence. The frequencies are spread over 0.8 and 1.2 on
different chips because of process variations across wafers, with most of the data
points clustered around 1.0, as is generally the case. In Fig. 6.50a, the frequencies
of RO1 and RO2 are matched, and in Fig. 6.50b, RO1 has a higher frequency than
RO2 arising from a systematic across-chip variation. Data analysis techniques for
tracking systematic variations in distributed ROs and for correlating RO and product
performance are covered in more detail in Chapter 10.

The on-product RO frequencies typically correlate with the maximum fre-
quency of operation of a product fi,x defined at a fixed Vpp [18]. Measurement
of product fihax takes up considerable test time, whereas individual RO frequen-
cies can be measured rapidly. An RO design that most closely follows fiax is
selected for sorting product chips into different frequency bins. Such ROs, strate-
gically located on the products, form a group of performance port ring oscillators
(PSROs).

Product chips are tested at the wafer level after completion of processing or
after dicing and packaging. Correlation of measured frequencies of on-product
PSROs with identical RO designs placed in the scribe line is carried out rou-
tinely to facilitate prediction of product finax from RO measurements at the M1
metal level. This provides feedback for process centering and tuning in the man-
ufacturing line to the desired fiax range early in the process. The relationships
of fmax and scribe-line PSRO frequency to on-product PSRO frequency f(RO) is
validated with a linear fit of the data to provide calibration curves as shown in
Fig. 6.51a, b.

Idealized RO leakage power and active power as a function of frequency
are plotted in Fig. 6.51c, d and have behaviors similar to product standby and
active power respectively. Thus, RO measurement in the scribe line along with
appropriate calibration curves can be used to predict product power as a func-
tion of operating frequency and also for process tuning for power-performance
optimization.

The local temperature and Vpp on a product chip in its fully functional state
may vary across the chip due to variation in local density of switching circuits. The
difference in on-product RO frequencies, with and without functional operation,
is an indication of localized switching activity or Vpp droops. RO designs of the
type shown in Fig. 6.48 have less sensitivity to Vpp variations and may be used as
on-product temperatures sensors.

RO frequencies for determining systematic circuit delay variations across a prod-
uct chip, arising from silicon process variations, are measured after completion of
full process and availability of I/O contacts such as C4s or wire bonds. It is often
desirable to measure the variability early in the process to allow timely corrective
actions. Special masks for one or more metal layers may be designed to delineate
I/O pads and wiring specifically for measuring the on-product ROs. These masks can
be used to process a small number of wafers which are removed from the standard
product process flow.
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Fig. 6.51 Correlation plots for a product fnax as a function of on-product RO frequency f{RO) and
b scribe-line RO frequency as a function of f{RO). ¢ Pt as a function of f{RO). d P, as a function
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A non-contact technique for enabling and measuring RO frequencies is par-
ticularly useful for monitoring systematic variations across product chips in the
manufacturing line. One such RO design includes a silicon diode activated by an
incident laser beam to deliver power and an antenna to couple the output signal
to a frequency measurement system [19]. This pad-less, non-intrusive contact-
ing scheme is very attractive from a process development perspective; however,

it requires a special test setup which adds to the cost and test time for routine
monitoring.

6.6 Model-to-Hardware Correlation

RO measurements form an important link between products designed with circuit
timing models and SPICE simulations and the measured AC performance of cir-
cuits in silicon hardware. Hence, correlation of circuit models to measured circuit
delays in the hardware plays an important role in product debug. Prior to model-
to-hardware correlation, RO frequency and power measurements must be properly
validated. In general, errors may originate from design, test equipment, test condi-
tions, and data manipulation. Each of these items must be addressed for the data to
be reliable.
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6.6.1 RO Circuit Simulations

Models used for simulating circuit behavior in a product design environment con-
tain a large number of variables such as parameters of n-FETs and p-FETs and
resistances and capacitances of interconnects and parasitic elements. Statistical dis-
tributions of key parameters are included to cover their ranges in the hardware. Some
of these variables may also depend on physical layout of the circuits. Model-to-
hardware correlation is complicated by the fact that any one or all of these circuit
parameters for silicon wafers processed over a period of time may fall anywhere
within their distributions. A number of measurements sampling many silicon wafers
and Monte Carlo simulations using algorithms for random sampling of model input
parameters are needed to cover the full range of parameter distributions. Here we
give guidelines for generating the distributions of measured RO parameters from
circuit simulations.

Ideally, simulation of an RO macro may be carried out with a circuit netlist
obtained by full parasitic extraction of the physical layout and with input excitation
levels and timing matching the conditions during testing. Monte Carlo simulations
are then carried out to obtain the mean and standard deviation of RO frequency
and power for the parameter distribution range observed in the hardware. Although
this procedure gives a true representation of the physical system under test, it can
be cumbersome and time consuming even for a single Vppg value for each RO,
especially for large macros with many ROs and complex control circuits. If the fre-
quency divider is included in the circuit, the simulation time may become too long
for the simulator to handle. A practical approach is to use a simplified procedure for
simulating delay/stage without any significant loss of accuracy.

An RO forms a closed system and its frequency is not influenced by the con-
trol or output circuitry. Hence, a circuit netlist may be generated for each RO in a
macro and simulated independently to obtain the IDDQ values of ROs. The sim-
ulation time with the RO in its oscillating state is reduced by considering only a
few sequential stages. This scheme is shown in Fig. 6.52. A chain of at least nine
RO stages is stimulated with a single-pulse input. The PU and PD delays across the
fifth stage are obtained. The stages before and after the fifth stage are for condi-
tioning the input and output signals, to match an infinitely long chain or a loop, by
eliminating the influence of discontinuity at the ends of the chain. The average of
PU and PD delay of the fifth stage is compared with the delay/stage obtained from
full RO circuit simulation. If the difference between the delays/stage obtained by
these two methods is negligible, the delay chain may be used for conducting a large
number of simulations to study the impact of systematic variability in MOSFET and
other circuit parameters. Monte Carlo simulations may be carried out using statis-
tical distributions of all parameters. Early in the technology cycle, only a few key
parameters, such as L, and Vi, may be varied to get the RO stage delay sensitivity
to individual parameters.

This simulation methodology works well for bulk silicon CMOS technology.
In PD-SOI technology, the circuit delays are a function of its switching history
and the delay/stage in a ring oscillator configuration with periodic switching may
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Fig. 6.52 Circuit schematic for simulations and signal waveforms for a full RO circuit simulation
and b delay chain comprising nine RO stages

be different than the delay obtained with a single-pulse excitation. The simulation
methodology for PD-SOI technology is covered in Section 8.4.

6.6.2 Sources of Error

There are several sources of error in determining circuit delays, leakage, and switch-
ing capacitances from RO test structures. These arise from intrinsic and design
dependent behavior. Corrections can be applied based on circuit simulations. Some
of the sources of error and a design methodology for error minimization are
included in Section 6.2.1.1. These sources of error and possible corrective actions
are summarized in Table 6.1.

Table 6.1 Sources of error in estimating circuit delays and power from ROs and possible solutions
for minimizing errors

Parameter Source of error Comments

Delay/stage Random variability a >50

Delay/stage NAND?2 stage a =50

Delay/stage Cj, of inverter I1 Minimum MOSFET widths

IDDQ/stage NAND?2 and Inverter 11

IDDQ/stage Peripheral circuits Vbpc isolation

Delay/stage Vbp droop Robust power grid, placement of DECAPs 1/0

GND isolation
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Test equipment and measurement related errors include presence of harmonics,
excess leakage from peripheral circuits, power supply droops and GND bounce,
noise from impedance mismatch in cables and connectors, and short-circuit power.

Harmonics oscillations in ROs may be eliminated by ensuring that the RO power
supply is stable before enabling the oscillations with a sharp signal edge as described
in Section 6.2.1.4. Reducing the length of cable connections to the test equip-
ment and impedance matching measures are used to avoid noise glitches in the
output voltage waveform. Typical frequency measurements are made by counting
the voltage crossings within set voltage threshold levels. The levels are set near
the mid-point of the voltage output to avoid switching noise and voltage spikes
(Section 9.2.4).

The third set of errors arises from the conditions under which measurements
are carried out. At a very low Vppg, the RO may stop functioning. Typically an
RO comprising static gates can operate at a lower voltage than an RO with a small
number of mixed circuit types with large unequal loads such that the rise and fall
times become comparable to the RO period. At high Vppg, the voltage droops in the
power supply grid may become significant. When varying Vppg, it is recommended
to maintain the power supply for the I/O driver and peripheral circuits Vppc as
discussed in Section 6.2.1.3.

Capacitance determination from measured frequency and power of ROs is valid
only at low Vppg, when the short-circuit current is small compared to the charging
current. The short-circuit current flows directly between Vppg and GND when both
n-FET and p-FET are momentarily partially on during switching. This introduces
an error in the estimation of Cgy, from Eq. (6.7). The short-circuit power Py of an
RO is given by

Trf
P = 2 (Vops —2v03 I, 622)
12 T,

p

where 7,y is the rise or fall time of the signal at the input or output of a stage (t, = tr)
and B is the MOSFET gain factor [1]. The magnitude of Py relative to Pgy, and
hence the error in estimated Cgy, increases with increase in Vppg. As an example,
in an inverter RO stage (FO = 1) with V; ~ 0.2 V for both n-FET and p-FET, there
is an increase in estimated Cgy, of ~2% when Vppg is raised from 1.0 to 1.1 V. The
increase is <1% for an inverter with a capacitive load (FO ~ 3). Circuit simulations
are carried out to determine maximum Vppg for estimating Cs,, within a desired
accuracy. The sources of errors resulting from test setup and suggested solutions are
summarized in Table 6.2.

6.6.3 Macro Design Validation

Macro designs are typically verified for full functionality by circuit simulations
using a netlist extracted from the physical layout. The design is validated in sili-
con to detect any accidental errors created during data preparation for optical mask
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Table 6.2  Sources of error in RO test and possible solutions

Parameter Source of error Comments

Frequency Harmonic content Harmonic free design

Frequency Output voltage glitches Short output cables, impedance matching
Frequency GND noise Higher voltage threshold on frequency counter
Frequency GND bounce Low I/O driver Vppc

Capacitance Short-circuit power Lower Vppg

generation or by systematic defects during processing. Errors in documentation, test
code, and test setup may also produce erroneous results. Some of the key steps in
RO design and test validation are listed below:

e verification of electrical isolation of each power supply sector;
e comparison of measured IDDQ of each power supply sector, for at least one

VbpE, With simulated values;

comparison of frequency and IDDA values of ROs at different values of Vppc to
select optimum Vppc value;

determination of measurement accuracy for each parameter.
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Discrete circuit element and ring oscillator-based test structures described in
Chapters 3, 4, 5, and 6 are essential for CMOS technology characterization.
However, these test structures do not capture all of the transient behavior exhib-
ited by circuits and devices during product operation. High-speed tests on large
logic and memory blocks are very useful for validating product functionality and
predicting product yield but provide only limited information on CMOS technology
process and circuit models. Rapid debug of product chips and technology character-
ization in general are assisted by another class of high-speed test structures devoted
to model-to-hardware correlation for circuit functionality, timing, and noise under
different operating conditions. In these test structures, measurements are carried out
either at high frequencies (10 MHz to several GHz), or with signal rise and fall times
of <100 ps, or both.

One approach to high-speed test structure designs used for detailed characteriza-
tion is to create a macro template with high-speed signal I/Os, DC control inputs,
multiple power supply sectors, circuitry to modulate input signal waveform shapes,
and I/O drivers for the output signals. A variety of high-speed experiments can then
be plugged into the macro template and all macros of this type tested with the same
custom probe card and laboratory bench test equipment. Such tests are generally
carried out on a limited number of chips for model build and product debug. A sec-
ond approach is to design macros with only DC I/Os in which all the high-speed

M. Bhushan, M.B. Ketchen, Microelectronic Test Structures for CMOS Technology, 231
DOI 10.1007/978-1-4419-9377-9_7, © Springer Science+Business Media, LLC 2011
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action takes place within the macro. These types of macros can be tested with para-
metric ATE in the silicon manufacturing line and are suitable for routine monitoring
of circuit behavior at high operating speeds. Examples of test structure designs for
bulk CMOS technology based on these two approaches are described in this chapter
and for PD-SOI CMOS technology in Chapter 8.

An introduction to high-speed measurement techniques is given in Section 7.1.
Design and test of a high-speed macro template for measuring time delays with
sub-ps precision is described in Section 7.2 along with the test setup in Section 7.3.
Five examples of high-speed experiments are covered in Section 7.4. Examples 1, 2,
and 3 include measurements of PU and PD delays, signal wire cross talk and latch
delay, and metastability. Example 4 is a simplified design of a high-speed macro
template that is testable at the M1 metal level. In Example 5 a macro design for
pulse I-V characterization of MOSFETs using only DC I/Os is described.

Circuit blocks used in this chapter are introduced in Section 2.4.8 and covered
in standard CMOS circuit textbooks [1-3]. Specific citations for high-speed test
structures are included in the “References” section at the end of this chapter.

7.1 High-Speed Measurements

Measurement of time by utilizing a periodic phenomenon forms the basis of pendu-
Ium clocks developed in the medieval times as well as the very sophisticated atomic
clocks used for defining the standard of time today. Measurement of elapsed time
for a single shot event requires stopwatch-like instrumentation in which the mea-
surement accuracy is dependent on the relative precision of start and stop times and
the time resolution of the instrument itself.

In Chapter 6, ring oscillator (clock)-based test structures for measurement of
circuit delays are described. The ring oscillator output frequency may be lowered
to ~1 MHz or less with a frequency divider circuit, enabling sub-ps measurement
precision with only sub-ps resolution measurement equipment. A ring oscillator
is a closed system with each stage having fixed inputs and outputs and signal rise
and fall times. The measured circuit delay represents only one of the many possi-
ble switching scenarios experienced by a logic gate in a complex functional block.
Furthermore, the measured circuit delay for these fixed conditions is an average of
pull-up (PU) and pull-down (PD) delays of all the stages in the ring oscillator.

Differential time measurement techniques, analogous to a stopwatch, are used for
precise determination of differences in signal propagation delays through two DUTs
under a variety of switching scenarios. The output signal waveforms of the DUTs,
driven by a common input, are identical in shape with a time displacement corre-
sponding to their delay difference. The time measurement is referenced to the exact
same point on the each of the waveforms as shown in Fig. 7.1. The time difference
between these two points can be measured with the precision of the measurement
equipment, limited only by the jitter-induced noise. With a high degree of common
mode rejection by design, many of the potential sources of errors are eliminated by
subtraction.
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Fig. 7.1 Output signal v
waveforms for a differential T
time measurement scheme.
Dark circles indicate arbitrary
but identical reference
locations on the waveforms ot

time

In some applications, pulse-based high-speed characterization is conducted using
only DC I/Os. One or more narrow pulses or a signal edge with adjustable rise or
fall time can be generated using DC inputs. In one scheme, circuit operation at high
speeds is then characterized by converting an AC output to a DC current. In another
scheme, a signal voltage level generated by a timed event is captured in a latch, and
the DC output voltage of the latch is recorded. In both cases, high-speed actions take
place within the test structure and measurements are made using DC I/Os, thereby
simplifying the test setup.

These basic ideas of high-speed test structure designs described in this chapter
and Chapter 8 are depicted in Fig. 7.2. In Fig. 7.2a, high-speed inputs A, B, and
C conditioned by Ckt_F drive two DUTs, differing only in circuit properties of
interest, which results in different circuit delays. The relative timing of the high-
speed input signals is controlled externally and may be further adjusted with analog
DC control voltages (AJ) for the circuitry within Ckt_F. Digital input S, in Ckt_S,
directs the output of either DUT1 or DUT?2 to the OUT terminal. The arrival times of
the output signals from DUT1 and DUT? are recorded with a sampling oscilloscope.
With the path delays being common through Ckt_F and Ckt_S, the time difference
in the two cases gives the signal propagation delay difference §¢ between DUT1 and
DUT?2. The DUTs can be further characterized by measuring 6¢ with different values
of Vpp and temperature.

In Fig. 7.2b, the test structure is operated with only DC or low-frequency 1/Os.
A clock signal to activate the DUT is generated internally by applying a slow rising
input voltage (rise time ~ s to ms) at the EBL node of a ring oscillator. The out-
put of the DUT is a DC current whose value is related to, for example, the circuit
capacitance or the leakage current. This arrangement is suitable for characterizing
MOSFETs in a pulse mode, as described in Section 7.4.5.

In Fig. 7.2c, a pulse with rise and fall times as low as ~20 ps or less is generated
within the test structure with a slow rising signal voltage applied at the EBL input.
This high-speed pulse initiates an event within a DUT whose output is captured
in a latch as a “1” or a “0.” The latch output voltage can be read out at any time
after the completion of the event. Digital input signals, AL1 and AL2, are used to
steer the pulse and also as control inputs to decoders and multiplexers. High-speed
test structures based on this idea are described in Chapter 8 for PD-SOI-specific
applications.
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Fig. 7.2 High-speed test structure designs with a high-speed I/Os using differential time measure-
ment, b DC inputs and a constant current output, and ¢ DC inputs for pulsed mode activation and
a constant voltage output captured in a latch

7.2 Differential High-Speed Macro Template

In high-speed macro designs, careful consideration must be given to signal integrity,
power supply noise, and cross talk. It is therefore convenient to create a macro
template for high-speed differential measurements, following the scheme shown in
Fig. 7.2a, such that a variety of experiments can be plugged into a single macro
[4, 5]. The I/O pad assignments are fixed, and a single probe card design serves
for all macros of this type. The description of a hierarchical and modular design
of such a macro template is given below. This macro template requires a minimum
of three metal layers for wiring. A simplified M1 testable version is described in
Section 7.4.4.

The macro comprises eight experiments (EXPTs), a decoder to select any one at
a given time, and a common high-speed output for all EXPTs. The EXPTs share five
high-speed input signals. A template is created for an EXPT circuit block into which
different DUTs, the lowest modules in the hierarchy, can be plugged. I/O pin loca-
tions in the physical layout of the EXPT block are also fixed for easy replacement
or interchanging of EXPT blocks within or among macros. Minor changes in the
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Fig. 7.3 DUT configurations of a a chain experiment to determine average of PU and PD delays,
Tp, and b a multiple input logic gate (NAND4) to determine individual PU and PD delays

internal design of Ckt_F and Ckt_S blocks may be made to accommodate different
numbers of DUTs or different DUT types in an EXPT.

Two different configurations of the DUTs for differential time measurements are
shown in Fig. 7.3. In Fig. 7.3a, DUT1a and DUT2a comprise a chain of 5 and 15
nominally identical inverting logic gates. The difference in signal propagation delay
through the two DUTS gives the average PU and PD delay of 10 inverting stages. For
macro design validation, the average delay/stage 7|, obtained with this arrangement
can be compared with the 7}, value determined from a ring oscillator comprising the
same logic gates.

Any number of gates may be used in the chains in the configuration shown in
Fig. 7.3a but the number should be either even or odd in both chains to maintain
the same output waveform shape. Random statistical variation is averaged over all
the gates. Hence the difference in the number of gates should be small (<10) for
characterizing random variations and large ( >30) for systematic variations.

The DUT configuration in Fig. 7.3b is a four-input NAND (NAND4) gate with
four high-speed signal inputs. DUT2b drives a capacitor load C, and hence has a
longer signal delay than does DUT1b. The relative timing and rise and fall times
of the input signals are individually controlled by Ckt_F block. Any one or all the
NAND4 input signals may be switching and they may be rising or falling.

The physical layouts of the individual logic gates in DUT1 and DUT2 are
designed to be identical to maintain the same parasitics. The differences in delay
through DUT1 and DUT?2, for the two cases shown in Fig. 7.3, are then

dt = dnp for case (a) (7.1

and

8t = rewpCL or 8t = rgwnCL for case (b), (7.2)
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where dn is the difference in the number of gates in the chains (= 10) and gy, and
rswn are the switching resistances of the NAND4 gates for PU and PD transitions
(Section 2.4.2), respectively. In the configuration shown in Fig. 7.3b, the delays and
rsw Values for PU and PD transitions of a logic gate or a circuit can be characterized
independently.

Estimated values of &7 are obtained from circuit simulations in the macro design
phase. The §¢ values under different measurement conditions (Vpp, temperature,
and process variations) should be >10x the time resolution of the test setup.

Circuit schematics for two different EXPT configurations are shown in
Fig. 7.4a, b. Both EXPTs comprise Ckt_F, DUTs, and Ckt_S. Ckt_F has four pri-
mary high-speed input signals, A, B, C, and D enabled by an additional high-speed
input signal F that is generally held at “1.” The rise and fall times of the four signals
that drive the DUTs are controlled by current-starved inverters with analog inputs
AJP and AJN. The DUT configurations can be independently customized in each
EXPT.

In Fig. 7.4a, a DUT configuration with four input signals is shown. As an exam-
ple, a NAND4 gate can have a single-input switching, with the other three inputs
held at “1.” Alternatively with inputs A = B = C = D = “1,” simultaneous inputs
are applied to the NAND4 by toggling input F. The DUT outputs are selected by set-
ting the DC voltage level of input S. With S = “1,” the signal path through DUT1a
is selected and with S = “0,” signal path through DUT2a is selected.

Two or more DUTs with fewer input signals can be situated in an EXPT as
shown, for example, in Fig. 7.4b. Here, one set of DUTs has one input signal (A)
and the second set has three input signals (B, C, and D). If DUT1b and DUT2b are
NAND3 logic gates, then with signal levels B, C, and D set at “0,” and S = “1”
or “0,” a signal propagates from input A through DUT1a or DUT2a, respectively,
to the OUT terminal of Ckt_S. Similarly, if DUT1a and DUT2a are inverters, with
input A set at “0,” input signals B, C, and D can be propagated through DUT1b and
DUT?2b to the common OUT terminal.

Input Z is the output of a decoder element to select only one EXPT in the macro
with Z set to a “1.” This DC signal also enables the propagating signal to reach
the OUT terminal. With Z = “0,” the OUT signal of an unselected EXPT is a “0.”
This is a useful feature when the outputs of a number of EXPTs are “OR”ed within
a macro, as it prevents any malfunctioning EXPTs (design or process error) from
disabling other EXPTs.

The circuit schematics shown in Fig. 7.4a, b are two of the many different DUT
configurations that can be accommodated in an EXPT, without altering its inputs
and outputs. The DUT configurations may have any combination of inputs with
the constraint that the total number of high-speed inputs in an EXPT placed in the
macro template is limited to five. The Ckt_S block design is customized to the num-
ber of DUTs and the block template is sized to accommodate up to four pairs of
DUTs.

The signal waveforms at the input and output nodes of each circuit block are
shown in Fig. 7.4c. With the DUT being an inverting stage and with even numbers
of inverting stages in Ckt_F and Ckt_S, the I/O signals of the EXPT have the same
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Fig. 7.4 Circuit schematics of EXPTs with a one four-input DUT configuration, b one single-
input and one three-input DUT configurations. ¢ Signal waveforms at the inputs and outputs of
each circuit sub-block

polarities as for the DUT itself. Maintaining this convention throughout the entire
macro proves to be very helpful in design, debug, and characterization as the test
signal polarities match those of the DUT itself.

The floorplan of a high-speed macro template with a 1x25 padset (Appendix A)
is shown in Fig. 7.5a and the I/O pad assignments are shown in Fig. 7.5b. There are
two power supply sectors, Vppg and Vppc, with a common GND. All EXPTs are
on the Vppg power supply and the I/O driver, buffers, decoder, and OR circuit are
on the Vppc power supply. The five high-speed inputs and one high-speed output
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Fig. 7.5 a Physical layout of a high-speed macro template with power supply sectors and location
of EXPTs, EI-ES8. b I/O pad assignments

I/0O pads are arranged in the G-S—G (GND-signal-GND) configuration. The analog
inputs AJN and AJP, to control the DUT input signal waveform shapes, can be
set anywhere between “1” and “0.” For default waveform shapes, AJN = “1”” and
AJP = “0.” DC input S is toggled between “1” and “0” to alternately select the
output from DUT1 or DUT2. DC signal lines A0, A1, and A2 are decoder input bits
to select any one of the eight EXPTs.

The wiring scheme of the macro for two of the eight EXPTs is shown in Fig. 7.6.
The high-speed and DC inputs travel in the horizontal direction. Buffers are inserted
in the high-speed wires to maintain signal integrity. Guidelines for buffer sizing and
spacing are provided in Section 2.4.4. Decoder input bits A0, Al, and A2 enable

EXPT4 P11 EXPT5 1T
e e W N e e e N
to 1 \
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g e N N, W W W Vg L N §——
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Fig. 7.6 A wiring scheme for the high-speed macro template showing two out of eight EXPTs
located in the center of the macro
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high-speed signals, with input Z = “1” for only one out of eight EXPTs. The outputs
from all the EXPTs go through an OR circuit to a single I/O driver whose output is
connected to the high-speed I/O pad, OUT.

An example physical floorplan of the EXPT block is shown in Fig. 7.7. The
height of the EXPT block is equivalent to 8§ x the standard cell library book height
(power grid pitch) to accommodate a maximum of eight DUTs (four pairs). The
width of the block is approximately equal to the I/O pad width, sufficient to accom-
modate most DUTs of interest. The wire lengths, connecting the DUT inputs to
CKT_F and outputs to Ckt_S, for the DUTs within a pair, are closely matched. This
ensures that the signal path lengths and parasitic delays external to the DUTs are
identical.

The power consumed by the high-speed macro is dominated by that of the I/O
driver connected to the OUT pad. The output of the I/O driver passes through a high-
speed probe, followed by a 50 2 cable and on to the 50 €2 input of a conventional
sampling oscilloscope. To minimize Vpp droop in the macro, the output voltage is
lowered, subject to the constraint that the measurement of §# not be compromised.
This implies an output voltage of ~Vpp/3, where Vpp is the nominal technology
voltage, corresponding to the I/O driver internal resistance of ~100 €.

The integrity of the input and output signals passing through the macro is a major
concern, and issues of jitter and Vpp droop must be considered carefully. Two-stage
buffers, with an output stage of ~3 x the standard logic gate width, are inserted in
long wires to limit the signal rise and fall times (Section 2.4.4). Even when varying
Vppe for an EXPT, Vppc is always maintained close to nominal technology Vpp.
The jitter of this type of macro template has been experimentally determined to be
<1 ps at nominal Vpp [6].

Measurement conditions may vary from a situation approaching isolated high-
speed pulse inputs to square wave inputs at frequencies >1 GHz. It is important
that there be sufficient decoupling capacitance (Section 2.4.6) included to allow
only minimal Vpp droop from the time of input signal arrival until the I/O driver
switches. With typically 10-20 logic gates between macro input and output, along
with significant on-macro wiring, sufficient decoupling to maintain voltage droop of
<1% can be incorporated within the macro. When the I/O driver with a 50 2 output
load switches its state, the current it draws at Vpp of 1.0 V changes by ~7 mA.
However, by then the waveforms for §f measurements have already been recorded.
The Vpp level recovers before the arrival of the next isolated input pulse.

The design of the dedicated probe card includes substantial decoupling capac-
itance between Vppg and GND and Vppc and GND, which further limits and



240 7 High-Speed Characterization

smoothes out power supply voltage excursions. At the high-frequency extreme, the
system is essentially in steady state with a constant current draw smoothed out by
the presence of the decoupling capacitors, a situation resembling that of a ring oscil-
lator. At intermediate frequencies, the situation is more complicated and there can
be some periodic droop that exceeds 1%. The amplitude of this voltage droop scales
with the current drawn by the I/O driver, which is the reason behind maintaining a
low-voltage level at the OUT pad of the macro. The decoupling capacitors in the
probe card also help to limit voltage excursions at intermediate frequencies.

The differential nature of the measurement technique provides immunity to the
residual periodic voltage droop, as long as the variation in Vppg is small (<1%)
during the longest measured 4¢ interval. This is typically the case for §¢ in the range
of 1-100 ps, which covers most measurements of interest.

7.3 High-Speed Test Setup

A representative test setup for high-speed measurements is shown in Fig. 7.8. Pulse
generators with one or more synchronized channels provide the high-speed signal
inputs, their relative timing adjusted by the internal controls in the pulse generators
and additionally with external variable delay lines. SMUs provide the necessary
digital and analog inputs. DC and microwave switch matrices route inputs through
coaxial cables to the appropriate locations on the probe card. The output voltage
transitions are measured with a conventional sampling oscilloscope and the time
shift §¢ determined. With programmable switch matrices and appropriate computer
interfaces in the SMUs, pulse generators, delay lines, and sampling oscilloscope, the
measurement system can be fully automated, although for macro debug and limited
data collection, manual operation is often preferred.

A custom probe card is an absolute necessity for this experiment. For the macro
under discussion, there are a total of six high-speed I/Os, with five inputs and
one output. These six I/Os are physically adjacent to each other as indicated in

trigger
Ise dela microwave sampling
er?grators | Iineg switch oscilloscope
9 matrix __/@—[7/—
1N
card
™_silicon
wafer
DC switch
SMUs matrix

Fig. 7.8 A schematic of a test setup for high-speed differential delay measurements
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Fig. 7.9 a Signal output waveforms for § measurements with a sampling oscilloscope. b Jitter-
free histogram of arrival times within a voltage window AV. ¢ Histogram of arrival times in the
presence of jitter

Fig. 7.5b, with nearest neighbors sharing intermediate GND pads. On the probe
card, each high-speed I/O is in a G—S—G configuration. The Vppg and Vppc inputs
are provided with significant decoupling capacitance to GND, as mentioned in
Section 2.4.6, both out on the probe needle tips (~100 pF) and on the card (~10 wF).

Measurements are carried out in a sampling mode and repeated many times for
each data point. A representative rising output waveform is shown in Fig. 7.9a. It
is the movement of this waveform in time, as the path through the macro is shifted
between DUT1 and DUT?2 in a selected EXPT, that is measured. This is accom-
plished by determining the movement of the location on the waveform at some
specified voltage Vj, as input S is switched from “1” to “0.” In practice the his-
togram of arrival times within a voltage window AV centered on Vj is measured.
In the absence of jitter, this histogram will have a rectangular shape as shown in
Fig. 7.9b, with a width of Ar = AV/(dV/d¢). Jitter from various sources smears
out the histogram, as shown in Fig. 7.9c.

Jitter arises primarily from two sources: from the sampling oscilloscope includ-
ing the timing of its trigger signal with respect to that of the macro input and from
intrinsic statistical switching time variations of the circuits comprising the paths
through the macro. The time to make the measurement scales with AV, so it is
of advantage to increase the measurement window until it significantly widens the
measured histogram. In practice, with AV set at nearly zero, 1o (0 = standard devi-
ation) of the measured histogram can be optimized to a value of <1 ps, suggesting
that the net jitter from all sources is of that order. With dV/d¢ of about 10 mV/ps, AV
can be increased to ~15 mV, to give an effective 1o value in the range of 1.5-2 ps.
In this configuration, a number of points (typically 100) are averaged to determine
the time, 7. Input S is then switched from “1” to “0” and the measurements are
repeated to obtain #y + 6, and thus 4¢. In this manner it is possible to reproducibly
determine 7 with an accuracy of better than 1 ps and frequently better than 0.6 ps.
The lower limit of 5§ measurement appears to be set by slow drifts in the measure-
ment electronics, or within the macro itself and not by the statistical nature of the
measurements.

The pulse generator(s) is used to produce one or more trains of synchro-
nized pulses of fixed period and width. To measure a PU or a PD transition, a
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Fig. 7.10 a Periodic pulse input signal A for a PU and a PD transition. b Periodic pulse input
signals A and B for a PD transition induced by B

single-pulse train may be used as shown, for example, in Fig. 7.10a. The output
waveforms shown at the right are collections of points measured with the sampling
oscilloscope, each point corresponding to a different discrete measurement with the
oscilloscope trigger timed by the same edge that induces the measured transition in
the DUT. In the case of multiple pulse trains, one pulse train may be displaced from
another by some adjustable amount as shown in Fig. 7.10b. To obtain low jitter per-
formance, it is essential that for each point, the sampling oscilloscope trigger signal
and the signal to induce the desired transition in the DUT originate at the same pulse
generator edge. This is accomplished by using a splitter at the primary pulse gener-
ator output or using its low relative jitter complement output, if available, to drive
the sampling oscilloscope.

With eight EXPTs in a macro and as many as four DUT pairs in an experiment,
it is essential to carefully manage all of the I/Os to ensure that the intended exper-
iments are actually being conducted. Documenting the signal and DC voltages for
each test as shown in Table 7.1 is useful for debug and automated test program
generation.

As in the case of ring oscillators, a stringent test can be done to detect if the volt-
age droop associated with the I/O circuitry is introducing an error. If the measured
result does not change as Vppc or the input voltage signal levels are varied, then the
residual voltage droop is not significant.
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Table 7.1 Decoder inputs to select an EXPT and input voltages for inverter chain (input A),
inverter (input B) and NOR?2 (inputs C and D) DUTs in EXPT4, and NAND4 (inputs A, B, C, and
D) DUTs in EXPTS. PL denotes a high-speed pulse

Decoder inputs Signal inputs
EXPT Description A2 Al A0 A B C D F S
4 5 Inverter chain 1 0 0 PL 0 0 0 1 1
4 15 Inverter chain 1 0 0 PL 0 0 0 1 0
4 Inverter 1 0 0 0 PL 0 0 1 1
4 Inverter + C, 1 0 0 0 PL 0 0 1 0
4 NOR2 1 0 0 0 0 PL PL 1 1
4 NOR2+ Cp 1 0 0 0 0 PL PL 1 0
5 NAND4 1 0 1 PL PL PL PL 1 1
5 NAND4+ C, 1 0 1 PL PL PL PL 1 0

7.4 High-Speed Macro Designs

The macro template for differential high-speed measurements described in Section
7.2 may be utilized for a variety of measurements requiring high-speed I/Os. In
Examples 1, 2, and 3, we describe EXPT designs for measurement of circuit delays,
signal cross talk, and latch metastability. All of these designs require more than
one metal layer for wiring. In Example 4, a simplified version of the high-speed
macro template for measuring PU and PD delays and matched pairs of logic gates
is implemented at the M1 metal level. In Example 5, a macro design for measuring
pulse I-V characteristics of MOSFETsS using only DC I/Os is described.

7.4.1 Example 1: Macro for PU and PD Delay Measurements

The differential time measurement scheme described in Section 7.1 is well suited for
independent measurements of changes in PU and PD delays with different circuit
excitation schemes as well as average of PU and PD delays of a small number of
gates. Quantities that can be investigated include the following:

switching resistance rg,, for PU and PD transitions

changes in PU and PD delays with relative timings of multiple inputs
changes in PU and PD delays with input fall and rise times

PU and PD delays of matched pairs of logic gates for variability study
change in rgy with time (BTI and hot-e degradation)

change in rgy,, with switching history in PD-SOI technology (Section 8.3.3)

DUT configurations for measurement of PU and PD delays of logic gates or
circuit blocks are shown in Fig. 7.3b. DUT1 is a logic gate with FO = 1 and DUT2
drives an additional capacitive load Cr.. The value of Ct, can be obtained from circuit
models or independently determined from ring oscillator measurements as described
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in Section 6.3.1. The logic gate widths and Cy, are sized such that §f (= g, CL) is
in the range of 20-100 ps. The load capacitor may be a MOSFET gate or a stacked
metal capacitor. Here, the switching resistance of the gate g, is assumed to be the
same for both DUTs.

For circuit sizing purposes, let us consider the standard inverter parameters in
Appendix A, with Ry = 2,000 € wm and gate capacitance Cyr = 1 fF/um. For
the standard inverter design with (Wp + Wn) =2 pm, and a 2.0 pm wide gate load
(CL = 2 1F), 6t (= RgwCL/W) is only 2 ps. To obtain 6t = 20 ps, a Cp value of
20 fF, corresponding to a FO = 10 for DUT2, is required. The width of the gate load
is then 20 jum, corresponding to 20 PS fingers and a total area of 8 wm?. If a four
metal layer (M3-M6)-stacked capacitor with Cy, ~ 1.5 fF/um? is used, the load
capacitor area including wiring is ~15 pum?. The MOSFET gate capacitor provides
a higher capacitance per unit area, but its capacitance has a weak dependence on
Vi, and in turn on Vpp. It is also more susceptible to random variability. The metal
capacitor, on the other hand, is subject to systematic process variations across wafer
and from wafer to wafer.

PU and PD delays of DUTs with multiple inputs are characterized by changing
the relative timing of the input signals. In logic gates with multiple inputs, measured
8t may vary with the relative arrival times of the input signals. This is illustrated in
Fig. 7.11a for a NAND2 with top input A and bottom input B. As input signal B is
shifted with respect to signal A, and the difference in their arrival times A7 changes
from a negative to a positive value, the NAND?2 transition changes from bottom
input switching to top input switching. Simultaneous switching of all the inputs
occurs as AT approaches zero. In the case of a PU transition, 8¢ is substantially
reduced with all p-FETs switching simultaneously as illustrated in Fig. 7.11b.

Measurement of PU and PD delays as a function of rise and fall times of input
signals is carried out by varying the analog inputs AJN and AJP. Although the exact
rise and fall times of the signals are not directly measured, their values may be
obtained from circuit simulations.

The change in PU and PD delays with voltage and temperature stress provides
information on bias temperature instability (BTI) and hot-e degradation in MOSFET
current drive strengths. For DC voltage stress, the Vppg of the EXPT is raised to a

ot

bottom top

17 . | — PD
-

‘AT

(@) (b)

Fig. 7.11 a A NAND?2 gate and signal waveforms for its inputs A (top) and B (bottom), shifted in
time by AT. b ét of PU and PD transition as AT changes from a negative value to a positive value
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Fig. 7.12 Differential delay measurement scheme for a a matched pair of inverters and b three
nominally identical DUTs using one reference DUT

higher value. Measurements of 67 are carried out before and after stress to determine
the delay degradation. For AC stress, Vppc may also need to be raised during stress
to match the input signal voltage levels.

Circuit delay variability statistics may be collected by measuring the difference
in delays of pairs of nominally identical DUTs. The circuit schematic of a matched
pair of gates is shown in Fig. 7.12a. Alternately, path delays through three different
DUTs are compared with a common reference DUT, as shown in Fig. 7.12b. In this
case, only input AJN is included in Ckt_F and DC inputs AJP and S are used for
selecting the output signal paths through the four DUTs. The number of DUT pairs
in a single EXPT can be increased to eight if AJN as well as AJP and S are used as
DC control signals for high-speed signal path selection through different DUTs.

A second-order effect in 4t is the increase in the rise and fall times of the output
signal of DUT?2 with a capacitor load. As illustrated in Fig. 7.13, the signal fall time
at the output node of DUT?2 is longer than that of DUT1, thereby increasing the rgy
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of DUT2. The rise and fall times of the paths through DUT1 and DUT2 equalize
after passing through two to three lightly loaded (FO < 3) logic gates. The net result
is that the delay of PD transitions has a small component of additional delay of the
PU component from the following stage. These second-order effects are taken into
account in model-to-hardware correlation by extracting §¢ from circuit simulations,
using a netlist of each EXPT extracted from its physical layout.

7.4.2 Example 2: Macro for Coupling Capacitance

Modulation of effective capacitance between two long metal wires, with change in
relative phases of the signals travelling through the wires, gives a measure of signal
coupling. A compact test structure for model-to-hardware correlation of coupling
capacitance is shown in Fig. 7.14a. DUT1 and DUT2 are nominally identical invert-
ers with DUT2 driving one set of fingers of a metal wire comb or a serpentine wire
running parallel to another as shown in Fig. 7.14b, c, respectively. The coupled wire
segment is independently driven via a high-speed signal B. Metal layers above and
below the signal wires form GND planes.

Measurement of §¢ between DUT1 and DUT2 paths is made by toggling input
S between “1” and “0.” With input F set at “1,” the relative delay between signals
A and B is varied with an external mechanically adjustable delay line or by using a
programmable pulse generator. The cross talk varies from a constructive value when
these two signals are perfectly in phase to a maximum negative value when they are
180° out of phase as shown in Fig. 7.15. Signal B can also be held at “1” or “0” to
measure the delay with neighboring wires at Vppg or GND, demonstrating the full
range of cross talk between these wires.

Four such DUT pairs are placed within one EXPT. Wire widths and spaces are
varied between different DUTs to map a range of wire geometries. Measured data
are compared with model predictions.

7.4.3 Example 3: Macro for Latch Metastability Characterization

In this third example, the high-speed macro template design is exploited for charac-
terization of a static CMOS latch [6]. A latch symbol along with clock (CLK) and
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Fig. 7.14 a Schematic of a circuit for measuring interconnect cross talk. Coupled wire layouts for
b an interdigitated comb and ¢ a serpentine
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data (DAT) input signal waveforms is shown in Fig. 7.16a. The difference in time
between the arrival of the rising or falling DAT signal and the falling edge of the
CLK signal is indicated as ATq4. The propagation delay of the DAT signal through
the latch to the LOUT node, 71, is a function of ATy as shown in Fig. 7.16b. With
|ATq| > Ts, where Ty is defined as the setup time of the latch, r] remains con-
stant at 1. As |ATy| is decreased, 7] begins to increase exponentially, theoretically
reaching infinity at a singular metastable point. In practice, the metastable region
has a finite width and during this time window, the latch output may be erroneous.
Beyond the metastable state, the OUT signal no longer responds to changes in DAT
input.

In CMOS circuit designs, it is recommended to keep |ATy| > Ty in timing-
sensitive paths and to ensure the latch delay is not increased beyond t,.
Characterization of the latch is carried out to measure both 7 and 7| to compare
these values with the model predictions. Measurement of the width of the metastable
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Fig. 7.16 a Symbol of a CMOS level-sensitive latch along with CLK and DAT inputs and output,
OUT, signal waveforms. b Latch delay 7 as a function of ATy

region is also of interest as it gives a measure of the jitter in the system. With a jitter
noise of <1 ps, such a latch can be used to measure relative time differences of its
input signals with sub-ps accuracy. The test structure described here is configured
to measure the characteristics of a level-sensitive latch, as well as the width of its
metastability region.

In Fig. 7.17a, b, circuit schematics of an EXPT for characterization of a latch are
shown. There are two high-speed pulsed inputs for CLK and DAT signals and two

(©)

Fig. 7.17 Circuit schematics of a a latch DUT and Ckt_S, and b Ckt_F. ¢ Truth table for selecting
latch, CLK, or DAT signal paths. Reproduced from [6], with permission, © 2008 IEEE
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DC inputs, AJP, and S to select a signal path to the OUT node. The CLK and DAT
signals are steered through the latch, or a direct path to the OUT node is provided by
setting AJP and S as shown in the table in Fig. 7.17c. The fall time of the CLK and
DAT signals can be varied with analog input AJN. Input signal Z from a decoder in
the macro selects one of the EXPTs and enables the OUT signal from this selected
EXPT to propagate to the I/O pad, as described previously.

Input and output waveforms for the CLK, DAT, and OUT signals are shown in
Fig. 7.18. The relative timing of the falling edges of CLK and DAT signals ATy is
varied with the external adjustable delay lines. This time difference is determined by
selecting the direct CLK and DAT paths to the sampling oscilloscope using the logic
shown in Fig. 7.17c. The latch delay is measured by the time difference through the
latch and DAT paths. Using the external delay line, ATy is reduced until the latch
delay begins to increase. This gives the setup time 7 of the latch for the falling
edge of the DAT path. DAT and CLK are derived from the same output of a pulse
generator. The latch resets at the rising edge of the CLK.

The apparatus for latch characterization is shown in Fig. 7.19a. There are two
independently controlled mechanically adjustable external delay lines for high-
speed inputs A (CLK) and B (DAT), calibrated in ps. Time resolution of 0.1 ps
is readily achievable with such delay lines. In addition to the sampling oscillo-
scope, a frequency counter is connected to the OUT terminal to count the number
of transitions from a “0” to a “1” at the output.

In each time period of the input pulse, the OUT signal transitions from a “0” to
a “1” and this is recorded by the counter. With |ATy4| > T, the counter reading is
then equal to the frequency of the input DAT and CLK pulses. As ATy is reduced,
such that the latch begins to operate in its metastable region, the number of counts
begins to decrease as shown in Fig. 7.19b. This indicates that for a fraction of the
transitions, the latch fails to operate correctly. Finally, as |[ATy| is reduced further,
the latch output remains fixed at “0.” If only the DAT signal is varied with respect to
the CLK signal, a direct measure of the width of the metastability region is obtained.

There are several sources of experimental errors that need to be considered. There
is one additional inverter in the DAT and CLK paths each, indicated as 1 and 2 in
Fig. 7.17a. The signal delay through these inverters can be determined from circuit
simulation and added to the measured 4¢ for latch delay from node D through O.
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Fig. 7.19 a Apparatus for measurement of latch setup time and metastability. b Frequency counter
reading for “0” to “1” transitions is plotted as a function of ATy

A small error is introduced by the random delay variations in the inverter and
the three NAND2 gates in the CLK and DAT paths before combining. Any back-
lash error in mechanical delay lines can be avoided by maintaining unidirectional
travel. Overall, the time resolution with this common mode rejection scheme can be
<1 ps [6].

The circuit scheme described above is for measuring the 7] for the falling edge of
the DAT signal. With additional logic and another DC control signal, the technique
can be extended to both the falling and rising edges of CLK and DAT [6].

7.4.4 Example 4: M1 Testable High-Speed Macro

The differential high-speed macro designs described in Examples 1, 2, and 3 are
implemented with three or more metal levels. A simplified version of the macro
template can be implemented at the M1 metal level for circuit characterization in the
early phase of technology development. This macro design is useful for most of the
applications described in Section 7.4.1, except that the number of high-speed inputs
and DUT complexity at M1 are limited. It uses multiple dedicated power supplies
to activate one EXPT at a time, similar to the M1 testable ring oscillator macro
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VDDC

Fig. 7.20 Simplified top-level circuit schematic of the macro with N EXPTs sharing common
input and output signals

design discussed in Section 6.2.2. The I/O circuit configuration is modified to enable
delivery of multiple high-speed inputs to a selected EXPT. These modifications are
necessary for wiring with a single metal level. The circuit design and the physical
layout feature low resistance metal wires for high-speed signal paths (except a few
crossovers in PS or DF layers) and for robust power delivery. Sections of DC signal
lines can be in high resistance PS and DF levels. Adequate decoupling capacitance
is provided to deliver charge to the EXPT during switching.

A simplified circuit schematic of the macro is shown in Fig. 7.20. EXPTs 1
through N are independently powered by Vppg; through Vppgn, respectively. These
power supply voltages also act as logic inputs to the I/O circuitry. The I/O circuits
are powered by an independent supply, Vppc. All power supplies share a common
GND. Only a single experiment is powered on at a given time. High-speed input
signals A and B travel from left to right, only up to the selected EXPT. The outputs
of all of the experiments are mixed together by a distributed OR gate whose output
(OUT) emerges from the right side of the macro. Buffers are inserted in the signal
wires traveling across the macro to maintain signal integrity. Each of the EXPTs
may contain, for example, two pairs of DUTs, similar to those shown in Fig. 7.21.

The generic physical configuration of the test structure is shown in Fig. 7.22a and
the I/O pad assignments for a 1x25 padset macro are shown in Fig. 7.22b. There
are 11 GND pads and two Vppc pads at the right and left ends of the macro. I/O
pads VE1-VES8 are the power supply pads for the N (= 8) EXPTs in this macro.
Pads A, B, and OUT are serviced by wide bandwidth 50 €2 I/O lines, while the
power supply and control signal S are DC inputs. The DECAPs in the macro are
positioned above and below the EXPT circuit and also outboard of the respective
Vppe pad. Common GND busses extend above and below the pads as shown. The
I/O circuitry is positioned in slots between Vppc and GND along the top (inputs A
and B) and bottom (OUT and S) of the design. Additional decoupling capacitance
to GND is incorporated in the dedicated probe card.

In the EXPT circuits shown in Fig. 7.21, only a single high-speed input is
required for each pair of DUTs at a time. If the EXPT is populated with one
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Fig. 7.21 Circuit schematic of one EXPT with two high-speed input signals, A and B, and a
common output signal (OUT) for two sets of DUTs

\/
Vboc
A'B
—GND:!
DECAP DECAP
o o
3 3
8 Vooes EXPT3 GND EXPT4 VpEs i}
a [a)
DECAP DECAP

—GND
S, OUT
Vooe
(@)
12 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25
v|iae|Aala|B|G|v|a|Vv|v|G|lv|Vv|a|Vv|v|a|v|G|s|alo|a|v|a
DfN|[ |N N|E[N|E|E|N[E|E|N|E[E|N|E|N N|U[N[D|N
pfpb| |pb| |Df1t1|D|2|3|D|4|5|D|6|7]|D|8|D D|T|{DfD|D
c c
(b)

Fig. 7.22 a Physical layout of two EXPT blocks placed in the space between their independent
Vppe and common GND pads. b I/0 pad assignments for a macro with eight EXPT blocks

DUT pair with two high-speed inputs, and precise control of their relative timing is
required, there may be significant capacitive coupling between these long wire seg-
ments running parallel to each other. In this case, the circuit schematic and physical
layout can be modified as shown in Fig. 7.23. Input signals A and B now travel from
opposite sides of the macro, with only a very short common parallel run between
them for any selected EXPT.
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Fig. 7.23 Circuit schematic of a high-speed M1 testable macro configured for minimum cross
talk. AJN and AJP are two additional DC inputs

Also shown in Fig. 7.23 are two capacitively decoupled low-speed inputs AJN
and AJP. These are utilized as either analog inputs to various circuits in the EXPTs
or inputs to a decoder (not shown) to pack more DUTs in the EXPTs. These addi-
tional inputs require pads that otherwise serve as Vppg pads, reducing the number
of EXPTs in the macro.

Finally, it should be noted that while the purpose of this template design is to
enable functionality at the M1 metal level for early technology learning, it may
also be used at higher metal levels with more complex DUTS. In this case, a single
macro template with reduced number of EXPTs is used at any metal level. With
this approach, the benefits of commonality in design, probe card, and test code may
outweigh the loss in macro area efficiency of an additional more complex macro
template.

7.4.5 Example 5: Macro for Pulse I-V with DC I/Os

In situations where I-V characterization of a MOSFET using DC sources does not
capture the behavior under AC switching, because of heating, charge trapping, or
floating-body effects in PD-SOI technology (Section 8.1.2), measurements can be
carried out in a pulsed mode. Such measurements are typically conducted as bench
tests with commercially available equipment or with a customized lab test setup.
The test setup requires high-speed probes, cables, and connectors. The I/O pads are
arranged in a S-G-S (signal-GND-signal) configuration as shown in Fig. 7.24 for
an n-FET [7].

The principle of a high-speed pulse I-V test setup is as follows. A pulse generator
is used to apply a low duty cycle voltage pulse, with width in the ns range, to the
gate terminal of a MOSFET through a 50 2 transmission line. The leading edge
of the pulse also serves as the trigger to a sampling oscilloscope that monitors the
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Fig. 7.24 1/0 pad
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arrangement for high-speed gate (GND)[ L] drain
pulse /-V measurements of an | T
n-FET

delivered pulse via a 10x attenuated probe tap into the transmission line. At the
same time, a voltage to the drain terminal of the MOSFET is applied by a DC power
supply through another 50 €2 transmission line, via a bias “tee” that places a large
inductor in series with the power supply. When the gate voltage pulse is applied, a
voltage drop at the drain terminal is read out with another channel of the sampling
oscilloscope via the same transmission line, through a large capacitor in another leg
of the bias “tee.” The corresponding drain current can be computed as the measured
voltage drop divided by 50 2.

Pulse /-V characterization can also be carried out using only DC I/Os, thus elimi-
nating the need of a custom high-speed probe card and the overhead of bench testing.
The basic concept of such a macro design is suggested in Fig. 7.2b [8]. In this case,
high-frequency signals are applied sequentially to the gates of several MOSFETs,
sharing common source and drain terminals within the macro. The /45 delivered
by these MOSFETs appears as a DC current and may be measured using standard
parametric ATE.

The schematic of a circuit for generating high-frequency signals to bias the gate
terminals of 10 n-FETs is shown in Fig. 7.25. A ring oscillator (RO), with 2« stages
and a NAND?2 gate to enable the oscillations with an input signal EBL, serves as the
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Fig. 7.25 Circuit schematic for applying high-frequency AC voltages, using an RO with multiple
taps, to the gates of 10 n-FETs connected in parallel
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Fig.7.26 Input signal waveforms applied to the gate terminals of 10 n-FETs connected in parallel.
Reproduced from [5], with permission

source of the high-frequency signals required for AC characterization. The output
voltages of 10 segments of the RO, each comprising 2n stages, where n = «/10,
are tapped and applied as inputs to XNOR?2 gates. The outputs of the XNOR?2 gates
are trains of non-overlapping pulses of width 2nt,, and period T},/2, where 7, is the
average delay of one stage of the RO and T}, is the period of the RO. These pulse
trains, shown in Fig. 7.26, serve as inputs to inverters that in turn drive the gate
terminals of the n-FETs.

The gate voltage Vs of each n-FET is set by DC voltage inputs Vg1 and Vo,
where Vg = (Vgl — ng). The drain and source voltages of the MOSFETsS are set
by two other independently controlled DC voltages, V4q and Vg, respectively. The
current from the Vg power supply has an essentially constant DC value, equivalent
to the average I4s of these n-FETs under pulsed conditions, with one and only one
of the 10 n-FETs “on” at all times. The I, of all n-FETs is measured by disabling
the ring oscillator, which sets their Vg values to 0.

The RO and XNOR2 gates are powered by a power supply Vppg. The RO fre-
quency may be measured with a standard frequency counter by incorporating a
frequency divider and a I/O driver circuit as described in Chapter 6. This is a useful
feature for validation of the macro design.

There are several advantages in measuring the average Igs of MOSFETSs using
this scheme. The random variations are averaged over 10 (or more) MOSFETS in a
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Fig. 7.27 Power supply n-FET p-FET
connections, including those G G
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single measurement. At the same time, the current drawn by the Vygq power supply
is equivalent to that of a single MOSFET, and IR drop in the wires connecting the
MOSFETSs to the I/O pads is less significant than if all MOSFETs were measured
in parallel. The pulse width can be adjusted with the RO design and rise time of Vg
can be representative of a CMOS circuit in a product. Since the net I35 drawn by the
10 MOSFETs is nearly constant, minimal decoupling capacitance is needed, even
though pulse characteristics are obtained.

When the MOSFETs are biased in the saturation region, each MOSFET is on
10% of the time and off for remaining 90% of the time. This produces negligible
heating in the individual MOSFETSs. There is small, but sometimes significant, con-
tribution to the measured I4s from the MOSFETsS in the off-state. A correction is
estimated by measuring the /o of all 10 MOSFETSs in parallel (with the RO turned
off) and subtracting 0.9x of its value from the measured /.

The DC I4s of all 10 n-FETs in parallel can be measured by setting the Vpp of the
RO to GND. By varying the gate and drain bias voltages with inputs Vg1, Vg2, Vad
and Vg, DC I-V curves of the 10 n-FETSs can be obtained and compared with the
I-V curves obtained under pulsed conditions. For such DC measurements, special
care must be taken to ensure power bus integrity.

The circuit schematic shown in Fig. 7.25, with appropriate polarities of voltage
levels, works for the p-FET as well. The voltage levels for an n-FET and a p-FET
and for the RO power supply, Vppg, are shown in Fig. 7.27. In case of the p-FET,
the high-voltage level is set at the common GND, and the “GND” of the RO is set
at a negative Vppg value.
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The MOSFETs in a silicon-on-insulator (SOI) technology are delineated in a thin
silicon film, electrically isolated from the bulk silicon substrate by an oxide layer.
CMOS circuits fabricated on an SOI substrate have inherent low parasitic source
and drain junction capacitance and hence a potential for achieving higher switching
speeds relative to circuits fabricated on bulk silicon. Because of electrical isolation
and a smaller device volume, the circuits have higher immunity to latch up and to
soft errors generated by incident radiation. In partially depleted silicon-on-insulator
(PD-SOI) technology, electrical isolation of the MOSFET body from the underlying
silicon substrate facilitates modulation of the threshold voltage, providing an oppor-
tunity for further circuit performance gain. Some high-performance microprocessor
products in the marketplace are manufactured in PD-SOI technology.

Electrical and thermal isolation from the substrate introduces effects unique to
PD-SOI technology. The MOSFET body potential and its threshold voltage are
functions of the source, gate, and drain voltages and may change with time as a
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circuit undergoes multiple switching transitions. Logic gate delay and leakage
power are therefore dependent on switching history. Thermal isolation of the body
of a MOSFET leads to an increase in its temperature in the on-state. As a result,
the I-V characteristics measured in the DC mode with continuous heating may be
different than in an AC mode. In this chapter we describe test structures to measure
the impact of changes in floating-body potential and heating on circuits fabricated
in PD-SOI technology. A unique self-timed circuit for in-line characterization of
switching history effect and ring oscillator-based test structures to measure active
state leakage power exemplify design strategies to measure high-speed effects with
parametric ATE.

A brief introduction to PD-SOI technology and circuit characterization is given
in Section 8.1. Techniques for measurement of leakage power, impact of switch-
ing history on circuit delays, and the influence of self-heating effects on MOSFET
characteristics are covered in Section 8.2. Examples of macro designs for measur-
ing leakage power in the active state, delay variation with switching history and its
statistics, and thermal time constants are described in Section 8.3.

Several books on SOI technology and circuit applications are now available
[1, 2]. References on measurements of PD-SOI effects are cited throughout this
chapter.

8.1 PD-SOI Technology

The development of SOI devices and circuits with superior radiation hardness and
a higher temperature range of operation began in the 1960s for military and space
applications. With a strong push toward higher microprocessor operating frequen-
cies in the 1990s, leveraging the lower junction capacitance and floating-body effect,
IBM pioneered the use of PD-SOI technology for high-performance digital CMOS
applications. The first microprocessor in this technology was announced by IBM
in the year 2000 [3]. Since then, the development of PD-SOI technology has fol-
lowed the scaling trends in bulk silicon CMOS technology, and new products are
introduced in the marketplace every year.

Cross sections of an n-FET and a p-FET on an SOI substrate are shown in
Fig. 8.1a. The source, channel, and drain of the MOSFETsS are delineated in a thin
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silicon film separated by an oxide layer from the bulk silicon substrate. This buried-
oxide (BOX) layer is typically >100 nm thick. In PD-SOI technology, the thickness
of the silicon layer above the BOX is greater than the maximum depletion layer
width and there is a quasi-neutral region in the body of the MOSFET. The silicon
layer is fully depleted in fully depleted SOI (FD-SOI) technology. Because of an
undesirable strong short-channel effect and issues with process control in manufac-
turing, PD-SOI technology is preferred over FD-SOI in volume manufacturing of
high-performance digital CMOS products.

The floating-body MOSFET in PD-SOI technology has three terminals (source,
gate, and drain) as shown in Fig. 8.1b. With the elimination of contacts to the sub-
strate and n-well, the physical layouts of the floating-body PD-SOI circuits are more
compact. MOSFET fabrication process steps on SOI substrates are similar to those
for bulk silicon with some differences in process recipes. There are a few additional
processing steps for making contact to the substrate and for inclusion of contacts to
the body of the MOSFETS required in selected analog circuit applications. Some of
the physical layout ground rules (GRs) for active circuit elements may be different
than for bulk technology. If silicon wafers in both bulk silicon and PD-SOI technolo-
gies are being fabricated in the same foundry, test structure macro designs for bulk
silicon described in this book can be made compatible with PD-SOI by including
dummy n-well and substrate contacts in the physical layout and by following other
bulk silicon-specific GRs related to metal contacts to the gates of the MOSFETs.

Electrical isolation of the MOSFET body from the silicon substrate introduces
several differences in the device and circuit behavior from that of similar MOSFETs
fabricated on bulk silicon substrates. The parasitic junction capacitance between the
source and drain and the substrate is reduced and higher switching speeds of cir-
cuits may be obtained. The balance in charge leakage in and out of the MOSFET
body affects the body potential, in turn modulating the threshold voltage Vi, leakage
power, and circuit delays. Thermal isolation of the body of the MOSFET from the
substrate results in a rise in body temperatures at high current densities. With ther-
mal time constants of ~100 ns, the I-V characteristics of MOSFET's under DC bias
may be different than under AC operation with <1 ns time periods. These effects are
included in the models used in circuit simulations of CMOS products in SOI tech-
nology. Validation of circuit models requires special test structure designs to isolate
and capture these effects.

For applications in which variability induced by floating-body effects is detri-
mental to circuit functionality, contact to the bodies of the MOSFETSs can be made
to provide bulk silicon like MOSFETs. Additional silicon area and process steps are
required to accommodate the body contacts. Physical layouts of inverters with and
without body contacts are shown in Fig. 8.2a, b. In these examples, the body of the
p-FET is tied to Vpp and that of the n-FET to GND. The details of silicon diffusion
areas for making contact to n-body for p-FET and p-body for n-FET are shown in
Fig. 8.2c. The parasitic resistance and capacitance of the body contacts add to the
circuit delay and generally their use in PD-SOI circuits is restricted to analog and
I/O applications.
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Fig. 8.2 Physical layout of an inverter in PD-SOI technology a with floating body and b with
body contacts. ¢ Silicon diffusion areas for source, drain, and body contacts of p-FET and n-FET

8.1.1 Junction Capacitance

Physical cross sections of an n-FET in PD-SOI and bulk silicon are shown in
Fig. 8.3. The parasitic junction capacitances of n* silicon diffusion areas in the S
and D contacts to the p-type substrate are substantially reduced by the presence of
the BOX layer in PD-SOI. The reduction in circuit delay from this reduced junction
capacitance in both n-FET and p-FET varies with the total switching capacitance of
a logic gate and its physical layout. The benefit is larger for a logic gate with FO = 1
than with FO = 3 or 4 or for a logic gate driving a wire load. An estimated delay
reduction for an FO = 3 inverter stage with our standard two-PS finger physical
layout shown in Appendix A is ~10% [4].

8.1.2 Floating-Body (FB) Effect

In a static state, the floating-body (FB) potential of a MOSFET is determined by a
balance of charge generated by impact ionization and source-to-body, drain-to-body,

p-type silicon substrate p-type silicon substrate

(a) (b)

Fig. 8.3 Schematic cross section of n-FETs showing the junction capacitance a in PD-SOI
and b in bulk silicon technologies
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and gate-to-body leakage currents. In a switching transient, the body potential is
further modulated by capacitive coupling to the gate and drain electrodes. When
the body becomes more forward biased with respect to the source, V; is lowered as
shown in Fig. 8.4. The dynamic V; modulation during switching transients cannot be
measured directly; however, it impacts measurable quantities such as circuit delay
and MOSFET leakage current, I,ft.

Modulation of the FB potential and V; in the p-FET and n-FET of an inverter
undergoing PD and PU transitions is illustrated in Fig. 8.5, where V},s and V; values
are all shown as positive. Prior to a PD transition, the voltage at the output node
Vout 18 @ “1” and the leakage current is determined by I, of n-FET N1. At the start
of a PD transition, the n-FET body is momentarily pulled up by the gate-to-body
capacitive coupling and then pulled down by the drain-to-body capacitive coupling.
Immediately after the PD transition, the Vs of n-FET N1* is lowered and its V; is
raised, as shown in Fig. 8.5¢c. The Vi of p-FET P1* after the PD transition is higher
and its V; is lowered. The leakage current of the inverter, lofp, is now determined by
P1* in Fig. 8.5a*.

The Vi and V; values of the inverter p-FET and n-FET for a PU transition are
shown in Fig. 8.5d. Prior to a PU transition, Vi is a “0” and the inverter leakage
current is determined by Ioffp, of p-FET P2. Immediately after the PU transition, the
Vis of p-FET P2* is lowered, raising its V;. The Vjs of n-FET N2* is raised and its
V, is lowered. The leakage current of the inverter, Iy, is now determined by N2*
in Fig. 8.5b*. For an interconnected chain of such inverters experiencing passage of
a single isolated edge, the indicated § Vi(N) and 6 V(P) values will invoke a change
in IDDQ of the chain that will persist until the MOSFET bodies settle back to their
pre-switch potentials.

The Vs and V; values after a switching transition vary with time after the transi-
tion and eventually return to the pre-switch state. The time constant to reach static
equilibrium state following an isolated switching transition is typically between a
few ps and a few ms. The MOSFETs in an inverter switching at a constant rate as
in a ring oscillator reach an equilibrium state within a few ms, and their average FB
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Fig. 8.5 Circuit schematic indicating Iog contributions for an inverter before and after a, a* PD
and b, b* PU transitions. ¢, d Inverter input and output waveforms and absolute values of Vs and
V¢ as functions of time for the transitions corresponding to a, a* and b, b*, respectively

potential values are typically different than in a quiescent state or within a few ns of
an initial switching event.

From the above discussion, it is apparent that the leakage current in the quiescent
state IDDQ, and signal propagation delay 7, of a circuit in PD-SOI technology vary
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with switching history. When a circuit switches after being in a static idle state for
a few ms or longer, the event is called a “first switch” or 1SW transition. When it
switches again within a few ns of the ISW transition, it is called “second switch” or
2SW transition. A circuit switching periodically, as in the case of a clocked circuit,
is in a steady state (SS). The Vi,s and V; values of the MOSFETSs in SS state are
typically between their values in the pre-1SW and pre-2SW states.

Output PD and PU signal waveforms for 1SW, 2SW, and SS transitions of an
inverting logic gate are shown in Fig. 8.6. The (1SW — 2SW) switching history
effects for PD and PU transitions, Hy,q and Hypy, can be defined as

Hipa (%) =2 <M> 100 3.1)
Tipd + T2pd
and
Hipu (%) = 2 (M> 100, (8.2)
Tipu + T2pu

where T1pq and 72pq are the 1SW and 2SW PD delays and 7 1py and 72, are the 1SW
and 2SW PU delays. The MOSFETs with the dominating influence on pre-switch
IDDQ and subsequent delays, in different switching transitions of an inverter, are
listed in Table 8.1.

Vout PD — —pPu (a) Transition Delay

1SW 2SW
PD 1SW T1pd
PD 2SW Topd

PU PD
y 1SW— — oW ,_I (b) PU 1SW T1pu
ot ———— == — = — = PU 2SW Topu
PU PD PD SS Tsspd

SS PU SS Tsspu

e T I .

Fig. 8.6 Inverter output signal waveforms a for ISW PD and 2SW PU, b for 1ISW PU and 2SW
PD, and c for SS transitions. d Corresponding circuit delay symbols

Table 8.1 MOSFETsS

dominating the pre-switch Transition MOSFET
fil;]f?a(r)erllrtl :vrxlfiltrglfi:;tertrf;rfsitions ISWPD NI
& 2SW PD N2*
1SW PU P2
2SW PU P1*

MOSEFET symbols correspond to those in Fig. 8.5a, b
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The measured (1SW — 2SW) history effect H; in a circuit path comprising a
chain of gates is the average of Hyq and Hyy. The values of H; for PD or PU
transitions are positive for r; > 1 (1SW slower than 2SW) and negative for 7} < 1
(1SW faster than 2SW). The history effect varies with Vpp and, to a lesser degree,
temperature. The MOSFETSs in PD-SOI technology can be engineered to result in
positive, negative, or negligibly small values of H; in standard logic gates at a desired
value of Vpp. Generally, H; for standard logic gates is designed to be <5% at the
operating Vpp of a product. It is, however, dependent on circuit topology and some
circuits may experience H; values of >20%.

History effect H may be more generally defined as the fractional difference in
the delay values corresponding to two different pre-switch conditions, for PD or PU
of a single gate or for a chain of gates. With pre-switch conditions pc1 and pc2, this
can be expressed as

(8.3)

H(pel — pe2)(%) = 2<w>100.

t(pcl) + t(pc2)

For example, referring to Fig. 8.6, one can define H (1SW — SS) of an inverter as the
% difference in PD or PU switching delay between 1SW and SS and H (SS —2SW)
as the % difference in PD or PU switching delay between SS and 2SW. For a chain
of inverters the same expressions apply where the delay values are now averaged
over PD and PU. Note also that H (1SW — 2SW) = H, is approximately equivalent
to the sum of H (ISW — SS) and H (SS — 2SW). In CMOS circuits in a product,
the pre-switch conditions for individual gates vary widely and are typically much
more complex than the situations shown in Fig. 8.6. It is usually the case that actual
delays are bounded by 1SW and 2SW, and SS delays lie between 1SW and 2SW. For
most situations, Hypy and Hypg, as defined in Egs. (8.1) and (8.2) give upper bounds
of delay variation arising from history effect.

8.1.3 Self-Heating

I-V characteristics of MOSFETSs in PD-SOI technology are intrinsically different
under static DC conditions than under transient switching because of floating-body
and heating effects. The difference between MOSFET currents measured under DC
and pulse excitation is larger at higher bias voltages and higher current densities
where significant Vi modulation and self-heating occur. A comparison of an n-FET
drain current I4s as a function of Vg with and without self-heating is shown in
Fig. 8.7.

8.2 PD-SOI-Specific Measurements

Physical models for MOSFETs in PD-SOI circuits are used to predict the FB
potential and body temperature. These models are validated by characteriza-
tion of MOSFET and circuit parameters under DC and high-speed switching
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Fig. 8.7 Iy as a function of Vg for an n-FET, with and without self-heating, in PD-SOI technology

conditions. Test structures for high-speed PU and PD delay measurements and
pulse I-V characterization described in Chapter 7 are applicable to PD-SOI tech-
nology. New design and measurement techniques specific to PD-SOI technology
are described in the following sections.

8.2.1 Measurement of Active State Leakage Power

Leakage power of bulk silicon circuits is derived from a straightforward measure-
ment of IDDQ which is the DC current drawn by a circuit in its quiescent state.
When a circuit block comprising a number of MOSFETs is switching periodically,
the measured current IDDA, is the time average sum of its active switching current
and the leakage current when it is idle between transitions. If the switching delay
is much smaller than the average time between transitions, the background leakage
current is well represented by the IDDQ value.

In PD-SOI, the threshold voltages of MOSFETs and in turn their I, values are
dependent on the switching history. The leakage current of a circuit sitting in a quies-
cent state for a long time is different than immediately after undergoing a transition
or when it is switching periodically (steady state), as is the case of a ring oscillator
or a clock circuit. As an example, a change in V; of 20 mV corresponds to ~60%
shift in leakage current.

The leakage current of a PD-SOI circuit switching in steady state can be deter-
mined by measuring the current IDDA drawn by the circuit at different frequencies
at a fixed duty cycle, d.. Here d is defined as the ratio of pulse width to the pulse
period. For a pulsed signal input, the measured IDDA of a chain on N inverters
shown in Fig. 8.8a is the sum of the leakage currents of (N — 1) inverters and the
switching current of one inverter. A plot of IDDA as a function of frequency of
the input pulse is shown in Fig. 8.8b for 7y > 1, (positive Hy). The fitted straight
line to the data points is extrapolated to f = O to give the leakage current IDDS
in the active state. The difference in leakage currents in the active and quiescent
states, AIDDQ, is then extracted as indicated in Fig. 8.8b. It is assumed that the
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Fig. 8.8 a Circuit schematic and input pulse waveforms for measuring active state leakage power.
b Measured current (/) as a function of frequency f for AIDDQ extraction. ¢ AIDDQ as a function
of duty cycle d.; at a fixed f

time interval between the input signal edges is always larger than the signal propa-
gation delay through the chain so that only one gate in the chain is switching at any
instant.

Measurement of AIDDQ, repeated for different values of d, is shown in
Fig. 8.8c. With d close to 0 or 1, IDDS in the active state is nearly equal to the
quiescent or pre-1SW value. It increases with increasing d.1 (t; > 12), reaching a
maximum at d¢; = 0.5, and then symmetrically decreases back to its pre-1SW value.
Hence, measurement of AIDDQ at d;; = 0.5 gives an upper bound of IDDS in the
active state. Macro designs for leakage measurements based on this circuit scheme
are described in Section 8.3.1.

8.2.2 Measurement of History Effect

A unique test structure design to measure the average PU and PD history effect
for (1ISW — 2SW) transitions H;, utilizes the feature that the width of a pulse as it
propagates along a long chain of N logic gates is altered when 71 # 12. When a pulse
of width T\, is launched on an inverter chain in bulk silicon technology, as shown in
Fig. 8.9a, the output pulse width Ty, is the same as Ty;. In PD-SOI technology, the
first edge of the pulse experiences a delay of Nt while the second edge is delayed
by N7, as shown in Fig. 8.9b. Hence,

Two = Twi — N(11 — 12) . (8.4)
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Fig. 8.9 a A pulse of width 7,; emerges with a width T, after traveling through a chain of N logic
gates. b First and second edges of the pulse showing narrowing of 7, for t; > 75 and widening for
1 <7

As the pulse travels down the chain, it narrows if 71 > 12, widens if 71 < 1, and
is unchanged if 71 = 13. For N(t1 — 12) > Ty, the pulse is annihilated in the chain
before it reaches the far end [5].

A circuit schematic comprising a chain of n inverters and a NAND gate followed
by an inverter to generate a sharp pulse of width nt from an input signal edge is
shown in Fig. 8.10a. This pulse is generated within the test structure and launched
on the long delay chain of N inverters in Fig. 8.9. If the inverters in the two chains
in Figs. 8.9 and 8.10a are nominally identical and # is increased until the pulse is
just annihilated (7w, = 0), then

H(%) = X x 100 = (1 — 2) % 100, (8.5)
N 7]

where the definition of H; has been slightly modified here to correspond to the exper-
imental output. In this situation, H; is simply the ratio of the number of inverters in

1 2 3 n-1 n
1 A°—|—l>°—‘>°—(>° """""" >°—(>°—,_D—(>a—uz
(@) Twi=nTy
1 2 m-1 m
[ Ao (>’—(>’—,_D—(>o—uz
Two | 0) (7Jw§|'7n7'1)

Fig. 8.10 Circuit schematic a to generate a pulse with a single-input signal edge and b to generate
an offset for the output pulse width to measure negative values of H;. Both n and m must be even

numbers
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the two chains and is therefore self-calibrating. It is also self-timed as the pulse is
generated within the test structure and the measurement of H; is independent of the
timing of the pulse. With a scheme to generate a number of different initial pulse
widths and a method to detect the presence or absence of the output pulse, H; can
be characterized with a precision determined by the incremental increase in input
pulse widths, the highest resolution being equivalent to the delay of two logic gates.
This type of test structure can be implemented with only DC I/Os. As the measure-
ment is self-timed and self-calibrated, it requires no sophisticated time measurement
instrumentation. History effect can thus be measured in the manufacturing line with
a standard DC probe card.

In the case where 71 < 12, the pulse width increases as it propagates along the
inverter chain and the circuit shown in Fig. 8.10b is added to the end of the primary
delay chain with N inverters. Its effect is to introduce a zero-offset of (m/N) x 100%
and enable the measurement of negative values of H; (11 < 12).

A macro design to measure H; using these ideas is described in Section 8.3.2
(Example 2). The generation and detection of the input and output pulses is accom-
plished with level-sensitive latches. Measurements are carried out with DC I/Os
and a number of experiments comprising delay chains with different logic gates are
accommodated in a single macro implemented at the M1 metal level.

History effect for any arbitrary switching pattern is determined by measuring PU
and PD delays under any two different pre-switch scenarios. The differential scheme
for circuit delay measurement under high-speed switching conditions described in
Chapter 7 can be used for measuring average of PU and PD delay values to deter-
mine H in a chain of logic gates or for individual PU and PD delays and H values of
a single logic gate. Pulse width and pulse period of the waveforms shown in Fig. 8.6
can be varied to measure H as a function of the time differences between various
transitions and thereby determine FB relaxation times. When the time between tran-
sitions is longer than the time for the FB potential to come to an equilibrium state
(~10 ps to a few ms), all delays revert to their ISW values. A high-speed probe
card, pulse generators and/or logic pattern generators, and a sampling oscilloscope
are required for such measurements. This approach is not suitable for monitoring of
H; in the manufacturing line on a routine basis, but is ideal for obtaining detailed
information for model build.

A simplified version of the circuit for measuring H is shown in Fig. 8.11. Here
DUT1 and DUT?2 are two nominally identical logic gates, with DUT?2 driving an
additional capacitive load Cr. Input S is toggled between “1” and “0” to select the
signal path from input A to OUT through DUT1 or DUT2, respectively. The shift in
the OUT signal 4t is related to the difference in delays of DUT1 and DUT?2 and is
to a first order given by

8t = rgwpCL or 8t = regwnCL, (8.6)
where 7gwp and rswy are the switching resistances of the logic gate for PU and PD

transitions, respectively. The impact of the FB effect on delay is primarily through
modulation of rgyp and rgwn. The value of 8t is measured for each of the PU and PD
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Fig. 8.11 Differential time measurement circuit for determining history effect H of a logic gate

transitions indicated in Fig. 8.6 and H values are calculated using Eq. (8.3), where
the measured 8¢ values are used in place of values of 7. It is assumed that rg,, values
of the two DUTs are nearly identical. If Cy is a fixed metal capacitor, history effect
is confined to the rgy, of the logic gate. If a MOSFET gate capacitor is used instead,
a small error may be introduced because of the dependence of C, on FB potential
and in turn its Vi. Random variation of threshold voltages in the logic gates also
introduces an error in this differential measurement scheme, as has been discussed
in previous chapters.

The logic gates in the signal paths for DUT1 and DUT2 in Fig. 8.11 are common
except for the two NAND2 gates immediately following the DUTs. The transi-
tion in these gates is a PU when the DUT undergoes a PD transition and a PD
for a PU transition in the DUT. Any history effect in these gates is then mixed
with that of the DUT itself, the observed value typically being about 80% or more
dominated by the DUT. This source of error can be eliminated by implementing
the NAND?2 gates with body-contacted MOSFETSs which exhibit much smaller his-
tory effect. Alternatively the measured value can be corrected based on simulation
results, assuming the device models capture the FB effect to a reasonable degree.

Average of PU and PD history effect is measured with DUTs comprising chains
of logic gates. If DUT1 comprises a chain of 5 logic gates and DUT2 comprises
a chain of 15 logic gates, with Cr, removed, the measured H is averaged over 10
logic gates. This arrangement reduces the effect of random variation in MOSFET
properties but H values for PD and PU transitions cannot be individually determined.

In a third scheme for measurement of PU and PD history effect for (1SW — 2SW)
transitions of a single logic gate, the timings of the DUT output signals for ISW
and 2SW transitions are determined with respect to a reference signal. The circuit
for this differential time measurement technique includes a calibrated variable delay
line and a level-sensitive latch. With the reference signal from the delay line serving
as clock input to a latch, changes in the arrival time of the DUT signal at its data
port can be measured with sub-ps precision. A test structure based on this technique
is described in Section 8.3.4 (Example 4). The basic design can be implemented
with only DC I/Os. More complex macros for digital ATE are designed to collect H;
variability statistics on a large number of gates.
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8.2.3 Measurement of Heating Effects

The impact of self-heating in PD-SOI MOSFETs becomes evident at Igs values
exceeding ~800 wA/pwm. Self-heating is generally stronger in n-FETs, although
with recent improvements in p-FET current drive, it is observed in p-FETSs
also. The effect of self-heating on /-V characteristics is evaluated by comparing
measurements under static (DC) and pulsed (AC) conditions.

A macro design for pulse I-V characterization of MOSFETS described in Section
7.5 can also be implemented in PD-SOI technology. This macro design with DC
I/Os can accommodate only a few MOSFETs in a standard template. Hence,
such macros are typically used for more detailed device characterization in early
technology development and for MOSFET model build.

The increase in MOSFET temperature at a constant /gs value may be extracted
from the change in resistance of the PS gate measured in the direction orthogonal
to the current flow in the channel. Calibration of gate resistance as a function of
temperature is obtained by varying the wafer chuck temperature while the MOSFET
is in the off-state. Care should be taken to ensure that the heat drawn from the metal
wire connections to the gate does not introduce appreciable cooling.

Measurement of thermal time constant of the MOSFET body is more challeng-
ing as it requires sampling a temperature-sensitive parameter immediately after
switching the MOSFET on or off. Using the differential time measurement scheme
described earlier, the thermal time constant of a MOSFET can be determined by
exploiting the temperature sensitivity of inverter delay at known time intervals after
application of a signal edge. A test structure based on this principle for measurement
of thermal time constants in a silicon island with multiple MOSFETs is described
in Section 8.3.5 (Example 5).

8.3 Macro Designs for PD-SOI Circuit Characterization

Modulation of MOSFET temperature and V; from self-heating and FB effects typ-
ically produces changes in circuit delays of the order of ~10% or less. Detection
of these small changes requires accurate measurements of time delays. It is a good
practice to include DUTs comprising body-contacted MOSFETs for validating a
macro template design. Absence of any PD-SOI effect in these DUTs helps establish
design and measurement integrity.

All macro designs follow the physical ground rules (GRs) for PD-SOI technol-
ogy. The macros with FB MOSFETs can be made compatible with bulk silicon
technology if dummy n-well and substrate contacts are included. One I/O pad in
each macro is dedicated to silicon substrate contact through the BOX layer. The
substrate is normally held at the GND potential during test but can be biased to
create a back channel in the MOSFET, if desired.

In this section, five macro design examples for measurement of PD-SOI-specific
effects are provided. Macros for measurement of dynamic leakage power and
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history effect in Examples 1 and 2 utilize DC I/Os. Simplified versions of these
macros are implemented at the M1 metal level for early monitoring in the tech-
nology development cycle or in manufacturing. A macro design for measurement
of statistical variations in history effect, leveraging the capabilities of digital ATE,
is described in Example 3. High-speed macro designs suitable for detailed charac-
terization in a laboratory bench test setup, for measuring PU and PD delays and
history effects with an arbitrary switching sequence and for measuring thermal time
constants, are covered in Examples 4 and 5, respectively.

8.3.1 Example 1: Macros for Dynamic Leakage Power

Measurements of dynamic leakage power in PD-SOI circuits as described in Section
8.2.1 are carried out with either a ring oscillator or a chain of logic gates. A simple
modification of an RO circuit enables IDDA measurements at the fundamental and
third harmonic of the RO. The change in IDDQ in the active steady state with a duty
cycle dg) of 0.5 is obtained by extrapolation of the IDDA values to zero frequency as
shown in Fig. 8.8b. Measurements at different d.; values, pulse widths, and periods
experienced by circuits in a product are made with a delay chain test structure.

In standard RO measurements, spontaneous generation of higher harmonic oscil-
lations corrupts data collection at the fundamental frequency, and these higher
harmonics are undesirable. In Section 6.2.1.4, a circuit to eliminate higher frequency
harmonics in an RO is described. A controlled generation of higher frequency har-
monics in an RO, however, facilitates measurements of leakage power in the active
state in PD-SOI circuits [6].

Shown in Fig. 8.12a is a circuit (CU3) for generating a third harmonic in an RO.
The number of stages in the longest path through this circuit is 4, whereas the
number of the same stages in the RO to be initiated is 6« + 1. Three equally spaced
signal edges at the output terminal EX are generated from a single-input edge at the
IN terminal, with the time intervals between the edges corresponding to one-sixth
of the fundamental period of the RO. The output of this CU3 circuit block serves as
an enable signal for the RO to initialize a third harmonic oscillation.

The CU3 circuit is integrated in the RO test structure as shown in Fig. 8.12b.
Input signal AQ is set to “1” or “0” to select either the external EBL signal or that
from the CU3 unit to generate the fundamental or third harmonic in the RO. The
leakage current IDDQ of the RO in the quiescent state is measured. This is followed
by enabling the RO in its fundamental and third harmonic states and measuring its
frequency and IDDA values, (fi, IDDA1) and (f3, IDDA3), respectively. The change
in leakage current during switching, AIDDQ, is then calculated as

AIDDQ = IDDQ - IDDS, (8.7)

where IDDS is obtained by extrapolating the IDDA vs. fplot back to f = 0 as shown
in Fig. 8.8b. In one fundamental time period of the RO, effectively only one stage
is switching at a time, whereas three stages are switching in the third harmonic
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Fig. 8.12 Schematic a of CU3 circuit to enable a third harmonic and b of a test structure config-
ured to generate either a fundamental or third harmonic oscillation in an RO. Reproduced from [6],
with permission, © 2010 IEEE

state. The number of stages in the idle state is thus different in the two cases. The
accuracy of the AIDDQ determination is improved by increasing « (>50) so that the
switching time of one stage is a small fraction of the RO time period. Alternatively
a correction can be incorporated to account for the different number of idle gates in
the fundamental and third harmonic states.

The circuit shown in Fig. 8.12 can be implemented at the M1 metal level using
an RO macro design described in Section 6.2.1, with the addition of an I/O pad
for the DC input A0O. The physical arrangement of the modified macro is shown
in Fig. 8.13. The circuit in Fig. 8.12b (ckt), on a separate power supply Vppci, is
placed between two I/O pads adjacent to the RO. The RO is powered by Vppg and
the frequency divider and the I/O driver are powered by Vppc.

The schematic of a circuit for measuring leakage current of a delay chain of logic
gates for different duty cycles is shown in Fig. 8.14a. An RO, with (2« + 1) stages,

Vope

frequency divider

A0 EBL Vbpei Vooe

Fig. 8.13 Physical layout schematic and I/O pad assignments for PD-SOI circuit leakage
measurements in the active and quiescent states
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Fig. 8.14 a Circuit schematic to measure AIDDQ of a chain of logic gates with varying input
pulse widths and periods. b Signal waveforms at nodes al, a2, and IN for d¢; = 0.75

generates a periodic signal with a single duty cycle of 0.5. The RO is tapped at
different intervals, to produce a continuous train of pulses that are launched down
the delay chain. A pair of taps, at the output of the NAND2 in the RO and at 2n;,
2ny, 2n3, and 2n4 stage intervals, is selected by a decoder. The d.; value for a tap
across 2n; stages is given by

(8.8)

Signal waveforms at nodes al, a2, and IN for d = 0.75 are shown in Fig. 8.14b.
Note that the signal frequency at IN is twice that of the RO and that d.; values of
0.75 and 0.25 are equivalent as the signal traverses a delay chain.

The frequency of the RO is varied by changing its Vpp. Alternatively, an RO
comprising current-starved inverters is used and its frequency modulated with addi-
tional analog input signals applied to the gates of the current-starved n-FETs and
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p-FETs. The IDDQ and IDDA values of the delay chain are measured at two
different frequencies and AIDDQ extracted using Eq. (8.7).

The delay chain may comprise nominally identical logic gates or a large circuit
block. The number of gates in the delay chain must be sufficiently large (typically
100-200) to generate a significant change in leakage current, thereby minimizing
measurement errors. However, the minimum edge spacing of the pulse train must be
larger than the propagation delay through the chain to ensure that only one switching
event occurs at a time. This time constraint places an upper and a lower limit on d
at any given frequency.

The circuit for variable duty cycle can be accommodated in a similar way as the
RO test structure shown in Fig. 8.13, with an independent power supply Vppci. The
delay chain replaces the RO and an additional I/O pad is required for the decoder
input signal Al. In both schemes, the RO frequency signal is fed to a frequency
divider and frequency measurements may be made with a frequency counter.

8.3.2 Example 2: Macros for H; Measurements Using DC 1I/Os

In PD-SOI technology, in the presence of history effect, the width of a signal pulse
may change as it travels through a chain of logic gates. The basic idea of a technique
utilizing this property to measure (1SW — 2SW) history effect H; is described in
Section 8.2.2. The technique is self-timed and self-calibrated, with all the high-
speed action taking place within the macro itself. The range of H; values and the
measurement resolution are set by the details of the test structure design.

The macro design described here incorporates four independent test structures
for measuring H; of different logic gate types. The test structures, or EXPTs, have
a common template populated with different logic gate designs. The H; values are
measured with a resolution of 1/8th of the full range value of H;. As an example,
with a full H; range of 20%, the resolution is set at 2.5%. The macro design requires
only DC I/Os and is suitable for measurement with parametric or digital ATE in the
manufacturing line. A compact version of this design described here is implemented
at the M1 metal level.

A block diagram of an EXPT circuit is shown in Fig. 8.15. The essential elements
of the EXPT are as follows:

e acircuit to launch a sharp signal edge (launch_ckt),

e a circuit to generate eight different pulse widths from eight segments in a
reference chain (p1 to p8) of n = 20 logic gates each,

a decoder and an output “OR” circuit to select one of eight pulse widths,

a primary delay chain with N (= 800) logic gates,

a circuit to capture the output of the delay chain (capture_ckt), and

DECAPs to deliver charge during switching.

The launch_ckt and capture_ckt blocks shown in Fig. 8.16a, b are each implemented
with a single level-sensitive latch and associated circuitry. The latches are initialized
to hold a “0” with all three DC inputs AL, SD, and SR set at “0” (clock input = “1”
and data input = “0”). With SR = SD = “1,” when AL is raised to a “1,” sharp rising
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Fig. 8.15 Circuit schematic of an EXPT for measuring H;

launch_ckt capture_ckt
D_IN
SR SR
SDo—— sD O= SDo——— D O=n—o OUT

decoder decoder
select select

(©)

Fig. 8.16 Circuit schematics a of pulse launch circuit, b pulse capture circuit, and ¢ a section of
the reference chain and “OR” circuit

signal edges generated at D_OUT and L_OUT nodes are launched at the reference
and primary delay chains, respectively. The output of the reference delay chain is
fed back into D_IN to create the second edge of the pulse launched on the primary
delay chain. The pulse travels down the primary delay chain and either emerges at
the far end or is annihilated before it gets there.

The reference chain has eight segments, each segment comprising a chain of 17
logic gates of the same design as the logic gates in the primary delay chain and 3
additional logic gates with equivalent delays for a total of n = 20 gates. A decoder
selects the number of segments in the reference chain. The pulse width is then nk 71,
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where « is the number of segments and t is the average 1SW delay of the logic
gates in the chain. The number of logic gates in the primary delay chain is N = 800.
In this design, n/N is selected to be 0.025, and H; is measured in 2.5% steps as given
by Eq. (8.5).

The output of the primary delay chain is captured in the latch of the capture_ckt
block. If a pulse from the primary delay chain appears at the clock input LC of
the latch, with SR = SD = “1,” the clock signal is turned on and the OUT node
is subsequently raised to a “1.” If the launched pulse is annihilated in the primary
delay chain, the OUT node remains at a “0.” The output voltage level is recorded
and both the launch and capture latches are reset with AL = SR = SD = “0.”

The DC input signals AL, SD, and SR for each of the measurement steps are
listed in Table 8.2. In the first three steps, the latch is initialized and the output
high- and low-voltage levels are observed to check the validity of the design and
test setup and to verify hardware functionality. Steps 4 through 7 are repeated for
each decoder output to select from one to all eight segments of the reference chain,
thereby generating pulses of sequentially larger widths. In these four steps, first with
the CLK (C) at “1” and DAT (D) at “0,” the latch is initialized to a “0” state. Next,
the CLK is lowered to “0,” DAT is set to “1,” and then the CLK is raised to a “1”
again to generate a signal edge at the latch output that initiates the pulse formation
process as shown in Fig. 8.10.

An output voltage level of “1” at the OUT terminal in Fig. 8.15 at step 7 indicates
the detection of a pulse at the end of the primary delay chain. Conversely, the pulse
is annihilated in the chain if the voltage level at the OUT terminal is a “0.” Starting
with the narrowest pulse width (one segment in the reference chain), the bit pattern
for the OUT voltage is recorded. For 71 > 15, and 12.5% > H; > 10%, the pulse
is annihilated when nk/N is <0.10, and the OUT voltage for « = 1,2,3, and 4 is a
“0.” For k = 5,6,7, and 8, the OUT voltage is a “1.” The output bit pattern, read
from right to left, for the eight steps is then “11110000.”

The floorplan of an EXPT is shown in Fig. 8.17. At the 45 nm technology node
and beyond, it is possible to place all the circuit blocks for an EXPT between two
I/0 pads (Vppg and GND). The GND bus travels along the width of the macro below

Table 8.2 Test voltage levels for the decoder and latch inputs and output for initialization and
measurement of one H; bit

Decoder inputs Control inputs

STEP A2 Al A0 AL SD SR ouT Comments

1 0 0 1 0 0 0 0 Initialize

2 0 0 1 0 1 0 1 Test “1”

3 0 0 1 0 0 0 0 Test “0”

4 0 0 1 0 0 0 0 CLK =*“1"

5 0 0 1 0 0 1 0 CLK = “0”
6 0 0 1 0 1 1 0 DAT = “1”

7 0 0 1 1 1 1 Oorl Record H; bit
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Fig. 8.17 a Floorplan of an EXPT with four banks of DECAPs (C). b I/O pad assignment of
a 1x25 padset macro with four history EXPTs, each with an independent Vppg power supply
(VE1-VE4)

the I/O pads. Short sections of Vppg bus, one for each EXPT, are located above the
I/0 pads. The decoder inputs AO, A1, and A2 and latch inputs SD, SR, and AL carry
DC signals and travel across the width of the macro. These signals are shared among
two or more EXPTs.

There are four banks of DECAPs for each EXPT to supply charge during the tran-
sient switching activity. This is consistent with the detailed discussion of DECAP
placement included in Section 2.4.6.

The I/0 pad assignments for a standard macro template, with a 1x25 linear pad
array, is shown in Fig. 8.17b. There are four EXPTs with independent Vppg power
supplies and a common Vppc power supply for the output driver and buffers. All
the circuit blocks within each EXPT shown in Fig. 8.15 are powered by a dedicated
Vbpe power supply. There are two AL signal pads (AL1 and AL2), one on each
side of the macro, and pad 25 is used for substrate contact. With a common OUT
I/O pad, only one EXPT is measured at a time, while the power supplies of the other
three EXPTs are turned off.

The physical layout schematic of an EXPT placed between two I/O pads is shown
in Fig. 8.18. The power grid consists of interdigitated power and ground busses,
drawn in wide M1 metal layer and emanating from the two I/O pads. The wiring
from the reference delay chain to the OR circuit and other horizontal signal wires is
drawn in the M1 metal level. Wires carrying DC signals including decoder input and
output wires, traveling in the vertical direction, are drawn in the PS level. Vertical
signal wires are drawn in M1 metal, with short PS or DF segments for crossing
horizontal power busses and other horizontal wires.

In this compact EXPT design, occupying a 40 wm x 60 pm area between the
I/O pads in the 45 nm technology node, the primary and reference chains comprise
inverters with FO = 1. In total, there are nearly 1200 logic gates, wired with PS,
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Fig. 8.18 Physical layout schematic of a history EXPT situated between its Vppg and GND 1/0
pads and implemented at the M1 metal level

DF, and M1 layers. There is adequate space to accommodate a zero-offset circuit
described in Section 8.2.2 for enabling negative H; (t; < 1) measurements. With
further technology scaling, more complex logic gates (NAND and NOR) can also
be accommodated.

8.3.3 Example 3: Macros for PU and PD History Effect

Macro designs for high-speed differential time measurements described in
Section 7.4 are easily adopted for measuring history effect H, in PD-SOI. The dif-
ferential time measurement scheme allows independent measurements of PU and
PD delays and FB effect attributed to p-FETs and n-FETs, respectively. A straight-
forward determination of H is made from the signal waveforms shown in Fig. 8.6
with measurements of the delay differences of DUT1 and DUT2 in Fig. 8.11.
Measurements are made for a fixed pulse width and varying time periods to get ISW,
2SW, and SS delay differences from which Hypy, Hypa, and other H values are calcu-
lated. Alternatively PU and PD delay differences can be measured at a fixed period,
long compared with the body relaxation time (~10 ms), over a wide range of pulse
widths (500 ps to a few ms), as well as for SS delays at 1 GHz. From these mea-
surements, the H values are determined using Eq. (8.3), and the time dependence of
the FB relaxation can be extracted.

Waveforms for any arbitrary switching history are generated with a pro-
grammable digital pattern generator. In logic gates with two or more inputs, H may
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Fig. 8.19 Input signal waveforms for a NOR2 gate a with input B switching and b with both input
A and B switching. Delay measurements are carried out for a PD transition initiated by input B in
both cases

be measured with any one of the inputs switching at a time or all inputs switch-
ing simultaneously. Other combinations exemplified in Fig. 8.19 for a NOR2 DUT
are also possible. In Fig. 8.19a, input A is fixed at “0,” while input B is switching
periodically. In Fig. 8.19b, input A may have multiple transitions in any arbitrary
sequence in between the switching transitions initiated by input B. Such signals
may be provided by a digital pattern generator or by a pulse generator operating in
burst mode.

In the case of an inverter driving a passgate, because of the large sensitivity of
delay through a passgate to its Vi, the history effect may be stronger than for an
inverter. The schematic of a circuit for measuring n-passgate PU and PD delays and
H values is shown in Fig. 8.20. With independent controls of the arrival times of
A and B input signals, the gate of the n-passgate may turn on before or after the
inverter switching transition. Hence, the S, G, and D voltages of the n-passgate and
in turn its FB potential are dependent on the timing sequence of A and B signals.
There are 8 possible combinations of S, G, and D pre-switch potentials each for

Fig. 8.20 Circuit schematic for measuring history effect H for an inverter driving an n-passgate
with adjustable relative timing of high-speed inputs A and B
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PU and PD transitions, out of which a total of 14 configurations are stable [7]. The
propagation delays and history effect can be different in each of these 14 cases.

Care must be taken to ensure that the sampling oscilloscope is triggered syn-
chronously with the input signal initiating the transition. As an example, with both
A and B at “0” for several ms, if signal B transitions from “0” to “1” before signal
A, the G terminal of the n-passgate will be at “1” prior to 1SW transition. The sam-
pling oscilloscope should be triggered by the signal edge A. If, on the other hand,
again with both A and B at “0” for several ms, signal A transitions from “0” to “1”
before signal B, the G terminal of the n-passgate will be at “0” prior to the 1SW
transition and the sampling oscilloscope should be triggered by input signal B.

Measurements of H values for PU and PD transitions of the inverters and
n-passgates in an SRAM cell are carried out by reconfiguring the SRAM cell to
wire each component as described in Section 6.4.3. Unloaded and loaded pairs of
inverters or inverters driving n-passgates are placed in the EXPT template as DUT1
and DUT?2 for measuring H for the PU and PD transitions. DUT1 and DUT2 may
also be configured as delay chains for measuring the average H.

An SRAM cell configured to measure “write” delay and H is shown in Fig. 8.21a.
In Fig. 8.21b, this SRAM cell block is inserted in the differential high-speed tem-
plate. The number of SRAM cell blocks in DUT1 and DUT2 in Fig. 8.21b is three
and five, respectively. The number of SRAM cell blocks may be increased to elim-
inate random variations in the cells. Alternatively, a number of DUTs with a small
number of SRAM cell blocks may be measured to obtain random variations in delay
and H.
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Fig. 8.21 Circuit schematics a of an SRAM cell configured to measure “write” delay
and b differential high-speed measurement of SRAM delays and H
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8.3.4 Example 4: Macro for H; Statistics

Measurement of variability in the history effect of nominally identical logic gates
and collecting the related statistics is more challenging. The difference between
ISW and 2SW delays of logic gates, configured as shown in Fig. 8.11, is of the order
of a few ps. Hence, detection of any variation in H; requires a measurement accuracy
of <1 ps. Such accuracy can be obtained in an in-line or bench test environment,
with no sophisticated test apparatus, through the use of a level-sensitive latch. As
described in Section 7.4.3, the sensitivity of the output voltage of a level-sensitive
CMOS latch to its clock-to-data path delay, specifically the width of its metastable
region, can be in the sub-ps range. In this example a test structure design utilizing
this property of a latch to collect H; statistics is described [8].

The simplified schematic of a circuit to illustrate the technique of measuring
changes in arrival times of data input to a latch is shown in Fig. 8.22a. Input A
drives a variable logic delay chain (LDC) circuit block and a DUT comprising a
capacitively loaded logic gate, such that the delays of the two paths are compara-
ble. The LDC and DUT outputs provide the clock (CLK) and data (DAT) inputs,
respectively, to a level-sensitive latch. The clock-to-data delay ATy is adjusted by
varying the delay of the LDC circuit with an analog signal V4j. At some value of
ATy, the latch output voltage Vo, transitions from a “1” to a “0.” This reference
value of ATy can be set with sub-ps accuracy at the center of the transition shown
in Fig. 8.22b. When a change in the delay of the DUT occurs, for example, from a
1SW transition to a 2SW transition, as shown in Fig. 8.22c, the delay of the LDC
circuit is re-adjusted using Vaj, by a time §7,, to again position the latch in the
metastable region. The actual value of §t,, determined from the calibration curve of
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Fig. 8.22 a A circuit schematic to measure time delay A7y with sub-ps precision. b Vo as a
function of ATy. ¢ CLK and DAT waveforms for measuring 1SW — 2SW delay (=61,). d Delay
calibration plot for the LDC circuit
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LDC delay as a function of Vaj, gives the difference between 1SW and 2SW delays
of the DUT. It is essential that the LDC be comprised of body-contacted gates or
that it be preceded by a control circuit to ensure that it always experiences a I1SW
delay when measurements are being made.

The LDC circuit may be a chain of inverters on an independent power supply,
with the value of Vpp used to vary its delay. Alternatively, a chain of current-starved
inverters with one or two analog signal inputs for varying the delay can be used. It
is convenient to bias the LDC circuit such that its delay varies linearly with Vpp or
other analog control inputs. A calibration curve shown in Fig. 8.22d can be obtained
from a companion voltage-controlled ring oscillator (VCO) comprising the same
logic gates as in the LDC circuit block and measuring its delay/stage as a function
of Vaj. A small correction may be necessary to account for the difference of the
SS delay/stage of the RO compared with the delay/stage of the LDC in a 1SW
configuration.

Using this approach, test structures can be designed to measure PU and PD
history effects in single gates or average history effect in a chain of gates. The
schematic of a circuit for measuring PD history effect of one DUT, using the above
scheme, is shown in Fig. 8.23. A waveform generator (WFG) circuit is coupled with
a history element (HE) circuit block and provides the input signals that exercise
ISW and 2SW transitions in the DUT.

A sharp signal edge is generated at the output node Bl of LatchA in the
WEFG, with DC inputs C1 and D1, using the scheme described in Section 8.3.2

waveform generator (WFG) §
:Cl—=nC
. LatchA B1
‘Die—=D O e > B2
— ‘
waveforms F A oo
at node A ;A - ) : LDC =17}
Do [LatchB
: *DO =——=OUT:
1SwW .
: E1 :
: S E2
: 1~
28W: TC
: DUT 4 - history element (HE)

Fig. 8.23 Circuit schematic of a waveform generator (WFG) coupled with a history element (HE).
Waveform shapes at node A for ISW and 2SW transitions are included
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(Example 2). With input S = “0,” the signal from B1 arrives at A in the HE circuit
block, traveling along the upper path in the WFG circuit. The LDC is tuned to match
the 1SW delay of the DUT and establish a reference time for determining &z, by
monitoring the output of LatchB. When S is set to a “1,” a pulse of width equal to the
delay from B1 to B2 arrives at input A to induce a 1ISW PU followed by a 2SW PD
transition in the DUT. The LDC is now tuned to the 2SW transition of the DUT and
the two settings provide the difference in the 1SW and 2SW delays through the DUT.
The signal waveform shapes at node A for the two cases are included in Fig. 8.23.

With appropriate timing delays, the signal at node E1 from the WFG allows the
rising edges to propagate through both logic paths to LatchB. However, it prevents
the initial falling edge from passing the subsequent NAND2 gates in the S = “1”
case. Thus in the S = “1” case, just prior to the 2SW transition, the DUT experiences
a 1SW transition while the LDC does not. For both the S = “0” and S = “1” cases,
the LDC delay is a ISW event.

The signal waveforms at node B1 and at nodes A and F for ISW and 2SW PD
transitions of the DUT are shown in Fig. 8.24. The pulse width for measuring the
2SW transition of the DUT, equal to the delay from B1 to B2, is designed to be in
the ns range. The inputs C1 and D1 to LatchA are cycled such that the repetition rate
of the experiment is a few ms and the reset of LatchA, corresponding to the return
of node B1 to “0,” occurs a ms or more after its initial “0” to “1” transition.

For an estimate of the measurement integrity, let us assume the DUT delay is
designed to be 100 ps, and that it dominates the delay from node A to D2. The delay
from node A to C2 is dominated by the 1SW delay of the LDC block. The offset
between the CLK and DAT signals necessary to be at the latch transition region is
~15 ps in the 65 nm technology node [9]. For a H; value of 10%, the LDC delay has
to be adjusted by approximately 10 ps. The precision with which the delay can be
determined by positioning the latch in its metastable region has been demonstrated
to be <1 ps [9]. This provides a robust signal against which to evaluate the variability.
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Fig. 8.24 Signal waveforms at nodes B1, A, and F in the circuit shown in Fig. 8.23
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The measurements of H; in the test structure design shown in Fig. 8.23 can be
conducted with DC I/Os. It is more expedient to group a number of HE circuits
together with a common WFG circuit to enable acquisition of H; statistics, with
test time efficiency achieved by parallelism. The test structure design can then be
configured to leverage the capabilities of digital ATE for rapid measurements. A
history block HB with n HEs is shown in Fig. 8.25a. The f out signal from the
companion VCO is used for direct calibration of LDC delay differences. All HEs
are addressed simultaneously. Their output signals are directed into a k x n shift
register bank as shown schematically in Fig. 8.25b, where practical values for k
and n are 64 and 16, respectively. Note that with a modest I/O count, several such
circuits can be accommodated in a single macro, further exploiting parallelism.

The circuit is initialized with S = “0,” and all of the HEs are exercised in parallel
through a set of k/2 1SW sequences, each with an incrementally different LDC
setting. The resultant “0” or “1” from each of these experiments is fed into the shift
register bank, filling half of that bank after the first /2 sequences. Input S is then
switched from “0” to “1” and k/2 more sequences are run, rendering a full £ x n shift

history block (HB) S
EBL
Cle WFG LM voo |t our
D1o——
—o AJ
—1 HE1 > —— o OUT1
— HE2 > o OUT2
— HEn [ > OUTn
(a)
1xn
kxn way
— HB "I shift register shift
register
5
ouT

(b)

Fig. 8.25 a Schematic of a history block (HB) circuit comprising a WFG and n HE units.
b High-level schematic for parallel test
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register bank, containing an entire set of 1SW/2SW data for the n HEs from which
8ty and resultant H; values can be obtained. The contents of the shift register bank are
then read out sequentially, one bit at a time, through a single output node via the two-
way 1 x n shift register. First a column of data is moved left to right from the register
bank into the two-way register. Then the r bits are shifted vertically to the OUT port
of the two-way shift register. After n such operations, another column is shifted
in from the register bank. This process continues until the register bank is empty
and at the same time completely reset to zero values. With digital ATE the time for
sequential readout of the data is negligible compared with the measurement time.

8.3.5 Example 5: Macro for Measuring Thermal Effects

The high-speed differential time measurement macro template described in
Section 7.2 can be modified to measure thermal time constants of MOSFET
structures [10]. The technique involves parallel MOSFETs (multiple PS fingers),
delineated in the same silicon diffusion area, and isolated from the substrate by STI
and BOX layers. One of these MOSFETSs forms the n-FET or p-FET of an inverter.
The silicon island is heated by turning on any one of the other MOSFETSs with
a sharp signal edge. The inverter delay is measured as a function of the elapsed
time after the application or removal of the heater signal. Since the inverter delay
is a function of temperature, the thermal time constants for heating and cooling are
determined by measuring the inverter delay as a function of elapsed time.

An example physical layout of an n-FET configuration for measuring the thermal
time constant of elements situated on the same DF island is shown in Fig. 8.26.
Input A is connected to the gates of the p-FET and n-FET of the inverter. Input
signals B1, B2, and B3 are applied to the gates of the other three n-FETs, serving as

Fig. 8.26 Physical layout of
an inverter with three n-FET
heater elements on the same
DF island as the n-FET of the
inverter
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Fig. 8.27 Schematic of a circuit for measuring inverter delay as a function of time before and after
applying a heating pulse

independently controlled heater elements within the DF island. This configuration
is suitable for measuring thermal time constants as well as for measuring the effect
of spatial separation between the heater element and the n-FET of the inverter.

The circuit schematic of an experiment for measuring the thermal time constant
with a single heater element is shown in Fig. 8.27. The difference in delays of an
unloaded inverter and an inverter with a capacitor load Cr, is measured as described
in Example 3. The gates of both the inverters are driven by a high-speed signal A.
Each of the n-FETs in the pair of inverters has one n-FET heater element on the same
DF island, indicated by the shaded area in the figure. The drain of the n-FET heater
is connected to a separate power supply Vi, and its gate is driven by high-speed
input signal B through an inverter, also powered by Vi.

The timing diagrams of inputs A and B are shown in Fig. 8.28. Input signal
B is raised to a “1” for heating just before the inverter PD transition occurs. A
complementary B signal is used to turn the heater off prior to the PD transition. The
heating or cooling time prior to the measurement is varied externally by adjusting
the time delays between signal edges B and A.

\%

AT | e——10us——

B —>| <— heating time
—>| <— cooling time

ouT N N

measure 6t (PD)
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Fig. 8.28 Input signal waveforms for the heater pulse (B) and inverter input and output (A, OUT).
Reproduced from [10], with permission, © 2007 IEEE
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With the availability of more than two high-speed signals, other heater elements
as shown in Fig. 8.26 can be independently controlled. The size of the DF island can
be varied to study the spatial variation of temperature across a large island. Similar
experiments may be carried out for the p-FET.

The Vi, power supply draws a DC current of ~1 mA, when the input signal B
is set at “1.” Robust metal wiring with four or more metal layers is provided to
minimize the voltage drop in this power supply bus. It is a good practice to add a
control experiment with the heater and the inverter on isolated DF islands to validate
the design. In this case, voltage level at input B should have negligible impact on
the inverter delay.

8.4 Model-to-Hardware Correlation

Modeling of PD-SOI devices and circuits is more complex than for bulk silicon
because of the presence of floating-body effects. The body potential prior to 1SW
is determined by a DC solution balancing the effects of impact ionization, gate
oxide tunneling, and drain-to-body and source-to-body diode leakage currents with
time constant of the order of 10 us to a few ms. The body potential prior to a
2SW transition, within a few ns of the 1SW transition, is determined by capacitive
coupling between the gate, source, and drain. Circuit behavior for these two types
of transitions can be simulated with compact PD-SOI models in a straightforward
manner [11].

If, on the other hand, the second transition during measurement in a test circuit
occurs within a few ns to a few ms of the 1SW transition, the body potential may
be somewhere between the pre-1SW and pre-2SW states. If a circuit is switching
periodically in steady state (SS), as in the case of a ring oscillator, the time to reach
equilibrium may be in the ms range. The circuit simulation time for modeling the
behavior of such events can become very long. Special techniques are applied to
reduce the simulation time to achieve SS in circuits [12].

Model-to-hardware correlation of 1SW, 2SW, and SS delays and corresponding
history effect values at an appropriate set of voltages and temperatures covers the
range of delay variation for most circuits. The macro design in Example 3 can be
used for measuring PU and PD delays for any arbitrary switching sequence. If the
delays for a switching sequence fall outside the range of 1SW, 2SW, and SS cases,
circuit simulations reproducing the switching sequence may be carried out to ensure
that the FB effect in the model correctly captures the circuit behavior.
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The test structures described in Chapters 3, 4, 5, 6, 7, and 8 are designed for DC,
low-frequency (<10 MHz), or high-frequency (~GHz) measurements. DC char-
acterization of MOSFETs and resistance measurements can be carried out with
constant voltage or constant current power supplies, voltmeters, and ammeters.
Capacitance measurements, in the absence of any on-chip active circuitry, require
dedicated impedance meters operating over a range of frequencies. Frequency
counters, spectrum analyzers, oscilloscopes, and pulse generators are used for AC
measurements in the frequency and time domains. Silicon fabrication facilities are
equipped with parametric and digital automated test equipment (ATE) coupled
to computer-controlled wafer handling and data storage systems. Customized test
equipment and fixtures may be designed for special applications.

There is a large variation in the complexity of test equipment, from that used
in an elementary laboratory to the ATE used in silicon manufacturing and product
test facilities. However, the basic principles of measurement remain the same. From
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test structure design and data analysis perspectives, it is important to examine and
understand the I/O requirements, measurement range and accuracy, and sources of
errors.

In this chapter, a brief description of standard parametric and high-speed test
equipment is given with emphasis on measurement speed and accuracy require-
ments. In Section 9.1, electrical test requirements and measurement terms are
introduced. Basic test equipment specifications and configurations for DC and AC
parameter measurements are described in Section 9.2. ATE for in-line parametric,
digital, and memory tests are covered in Section 9.3. Test equipment for laboratory
bench tests is described in Section 9.4. Methodologies for test automation and test-
code generation, including output parameter formats to facilitate data analysis, are
discussed in Section 9.5.

Principles of test equipment and procedures used in semiconductor technology
are covered in several books [1, 2]. For the equipment installed in a test facility,
specifications and application notes provided by the equipment manufacturers are
the most relevant source of information for setting up electrical tests.

9.1 Electrical Tests and Measurement Terms

The invention of the voltaic cell or battery by Alessandro Volta in the year 1800 led
to a widespread use of electricity in the later part of the 19th century. The concept
of a moving coil galvanometer to measure current was introduced by Hans Oersted
in 1820 and an instrument of this type was used commercially by the telegraph
companies in the late 19th century. Measurement of voltage and current on a regular
basis began with the Weston’s portable instrument patented in 1888. Electrical test
instrumentation has since followed the trend in electronics, from vacuum tubes to
transistors and integrated circuits, filling the growing need of electrical measurement
capability for a wide range of applications.

DC characterization of CMOS circuits can, in principle, still be done with a
battery and an ammeter constructed from a moving coil galvanometer with a low
resistance shunt and a few discrete resistors to extend the measurement range. The
added complexity in today’s commercial test equipment provides higher precision
over a wide range, fast data acquisition, digitized data, and computer interface for
instrument operation and data transfer. The test equipment is an integral part of or
placed in close proximity to a wafer probe station that is computer controlled to land
probes on silicon with a spatial precision of a few pm.

Macros for DC and low-frequency CMOS characterization are typically tested
with a DC probe card and commercially available test equipment. DC current mea-
surements cover a range from less than a 1pA to several hundred mA, while voltage
measurements range from 1V to a few tens of volts. Precision resistance mea-
surement range is typically from a few mS2 to a few k2 for circuit elements and
spans a wider range for electrical shorts and opens in yield test structures. External
capacitance meter range, limited at the low end by the measurement capability
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of the instrument to a fraction of a pF, extends to a few wF in the upper end.
Capacitances in the 1 fF range are measured with charge-based capacitance mea-
surement (CBCM) techniques requiring DC current and voltage sources and meters,
and an external or internal clock generator. Ring oscillator frequency measurements,
with a divided frequency of <10 MHz, are made with an off-the-shelf external
frequency counter or an oscilloscope coupled to parametric test equipment.

Digital testers with the capability of supplying external clocks on multiple chan-
nels can be used to generate programmable bit-stream digital patterns of the type
“01100011000” and record the corresponding output pattern. The minimum current
measurement capability of commercial digital testers is typically in the LA to mA
range. Recently this is being extended at the low end to the pA range to leverage the
parallel testing capabilities of digital testers for parametric tests.

Test capabilities are further expanded for laboratory bench testing. The test fre-
quency range is extended beyond a few MHz with special probe cards, shielded
signal cables, and decoupling capacitors. External high-frequency programmable
pulse generators, adjustable delay lines with sub-ps resolution, and sampling
oscilloscopes are used for test structures described in Chapters 7 and 8.

The range, accuracy, and resolution for a test parameter such as voltage or current
are important considerations in selecting the right equipment for an application and
in setting up a test procedure. The full functional range of a test parameter is typ-
ically split into smaller sub-ranges, which are set by a range selector switch in the
test equipment. The resolution and the accuracy of the test equipment are specified
within each sub-range in a data sheet provided by the test equipment manufacturer.
These specifications are valid under specified temperature, humidity, and external
noise level limits on the surrounding environment and after allowing for sufficient
equipment warm-up time.

Resolution is the minimum increment displayed by the equipment. This may be
specified in absolute value or as the LSB (lowest significant bit) of an analog-to-
digital converter (ADC). For an N-bit ADC, the resolution is one part in 2. As an
example, in a 12-bit ADC, the resolution is 1 part in 4,096 or 0.0244% of the full
range value.

Repeatability or inherent measurement precision is the variability in repeated
measurements using the same equipment under nominally identical test conditions.
In many cases, repeatability error may be dominated by fluctuations external to the
test equipment such as changes in probe contact resistance or changes induced by
aging of a DUT.

Reproducibility is the variability in measurements on the same DUT made on
different test equipment, test setup, and by different operators.

Accuracy of a measurement is specified as a magnitude of error between the
displayed and actual values. The accuracy in any force and measure value is typi-
cally different for each sub-range and also varies within a sub-range. The accuracy
is typically specified as

Accuracy = a x (output value) + b x (output range) + c,
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where a, b, and ¢ are constants listed in the equipment data sheet. This variation
in accuracy for three different sub-ranges, each covering a decade, is illustrated in
Fig. 9.1. For non-zero values of b and c, the accuracy as a % of the output value is
best (most accurate) at the upper end of the range and poor (least accurate) at the
lower end of the range. The worst case measurement accuracy within a sub-range is
specified as that at the lower end of the sub-range.

Test equipment accuracy is worse than resolution and includes errors in repeata-
bility and reproducibility of the equipment itself. Equipment manufacturers may
specify accuracy as anywhere from 30 to 60 of the total error distribution.
Overall accuracy is further affected by test setup, cables and contacts, and other
external sources of variations.

Calibration of the test equipment is performed periodically to ensure its oper-
ation within specifications. The test equipment is factory calibrated with NIST
(National Institute of Standards and Technology) standards and self-calibrated on
the test floor. The calibration data obtained on the test floor may be stored and
applied to the tester to automatically correct for any drift from factory calibration in
the tester with aging or changes in environmental conditions.

9.2 Standard Test Equipment

In this section, a description of test equipment for standard in-line measurements is
given with emphasis on measurement accuracy, range, and test time.

9.2.1 Source Measure Unit (SMU)

All electrical test structures require a source of power and instrumentation to mea-
sure voltage and current levels. Either constant voltage or constant current power
supplies may be used, although for the majority of the test structures described in
the previous chapters, constant voltage sources are preferred. The power supply and
measurement functions are combined in a single compact unit, commonly referred
to as a source measure unit (SMU). These programmable SMUs are essential for
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high throughput in a semiconductor test facility. ATE may have multiple SMUs
which are connected to I/O pads on a macro via a programmable switch matrix
described in Section 9.2.2. Stand-alone SMUs are also available for laboratory
bench tests.

The function of an SMU is illustrated in Fig. 9.2. The SMU can be configured to
output a constant voltage (and measure current) or a constant current (and measure
voltage) or a GND potential. The SMU also serves to measure or sense a voltage or
a current at an I/O pad. For sensing a voltage, the SMU is configured as a constant
current source with zero current output. Conversely, to measure current, the SMU
is configured as a constant voltage source with zero voltage output. The combined
functions of source and measure are either voltage force current measure (VFIM) or
current force voltage measure (IFVM). These modes are also sometimes referred to
as force voltage measure current and force current measure voltage.

An SMU has multiple voltage and current sub-ranges with each range covering
a decade or less. If the limits of expected measurement values are known and fall
well within a sub-range, the sub-range may be preset in the SMU. If the expected
range is not known or falls within several sub-ranges, it may be automatically set
by the SMU. Auto-setting of the measurement range gives more flexibility but may
result in an increase in test time as the instrumentation has to search for the correct
sub-range. The test time may be relieved somewhat if the minimum sub-range is
specified, and the auto-ranging is activated only if the measurement value exceeds
the upper limit of that sub-range.

The maximum current and voltage delivered by the SMU are set by the compli-
ance limits. It is important to set the current compliance limit to a value consistent
with the current handling capability of the probes to prevent probe damage. This
limit may be further lowered for experiments where excessive currents may damage
the DUT itself. Voltage compliance limits are set to prevent dielectric breakdown or
overheating the DUT.

A resistor measurement can be performed using the VFIM feature in an SMU
connected to one terminal with the second terminal of the resistor connected to
GND. MOSFET measurements, for example, an n-FET with the source terminal
connected to GND, require a minimum of three SMUs, one each for gate, source,
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and drain terminals. Parametric testers with 1-8 SMUs and 1248 I/O pins are
offered in the market place for greater flexibility in measurement configurations. In
these testers, a low-noise switch matrix is programmed to connect any SMU to any
one of the I/O pads on the test structure. The throughput is increased substantially
with a per-pin SMU architecture and a parallel test approach [3].

The accuracy of force voltage and current settings is affected by noise. Noise
sources are characterized as normal mode and common mode. Normal mode noise
is present in the SMU output and modeled as a voltage source in series with the DUT
for VFIM mode and as a current source in parallel with the DUT for IFVM mode.
Common mode noise is present between the external GND and the low voltage
terminal of the SMU or its internal GND. Any undesired voltage drop between the
external and internal GND levels acts as a source of current noise.

The effect of random noise is reduced by taking an average of a number of
measurements or readings. The effect of a known noise source such as AC power
line cycle (PLC) is reduced by taking readings over a multiple of one full cycle
(16.67 ms for 60 Hz line cycle frequency). To reduce the test time, some test equip-
ment may have a built-in feature of initializing the measurements at a fixed phase
in the AC power cycle. This ensures that PLC noise cancellation is identical in all
measurements.

Another source of error is user-defined wait time between forcing a voltage or a
current and recording the measured (or sense) value. There is a rise time associated
with a programmed force voltage or force current value because of the RC time
constant of the SMU and the wires. Any data taken in the settling phase will be
erroneous because of incorrect value of force voltage or current being applied. If
the RC time constant of the system is known, the settling time following a step
application of force voltage is determined to the desired accuracy as

Settling time = 2.3RC {loglo (100/% error)} .

For a 1% error, the settling time is 4.6RC, increasing to 9.2RC for a 0.1% error.
To reduce this time, an initial higher force voltage is applied to charge the lines and
then allowed to settle to the set point V,, as shown in Fig. 9.3.
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The measurement sequence follows after the SMU output has stabilized to a
desired accuracy limit. Too long a wait time increases the total test time and
decreases the throughput. The optimum time for the measurement sequence to begin
is empirically determined by changing the wait time and observing the measure-
ment accuracy with a calibrated DUT. The total measurement time for N readings is
given by

Measurement time = wait time + N X (acquisition time) + data transfer time,

where the acquisition time is the time to make a single measurement at a fixed source
voltage or current. The measurement value is averaged over N readings. Typically,
the settling time is of the order of a few ms and the acquisition time is in the ps
range. The measurement accuracy is dependent on the speed at which tests are
performed and hence there is a trade-off between accuracy and measurement time.

9.2.2 DC Switch Matrices

Generally, the number of pads on a test structure exceeds the number of available
SMUs. Test efficiency and flexibility are achieved with a switch matrix interface
between the SMUs and the test structure. The switch matrix concept is shown
in Fig. 9.4 with solid circles representing electrical connections. Any SMU may
be connected to any pad with either mechanical switches or programmable solid-
state relays. The cable connections between the switch matrix, the SMUs, and the
probe card connected to the test structure remain fixed, and the same test setup can
accommodate many different macros on silicon. The switch matrix can be extended
in both X- and Y-directions to include more SMUs or I/O pads. A programmable
switch matrix with solid-state relays can make and break connections in a few ms.
In order to maintain a high switching speed, the number of I/O channels is limited
(< 50) to keep the stray capacitance between channels under a few pF. Good elec-
trical isolation between the channels is important, particularly when making current
measurements in the fA to pA range.

Although programmable switch matrices are very useful for high throughput,
there is a burden associated with writing the test program before any measurements
can be taken. In test structure design validation and debug on a laboratory bench,
it is sometimes convenient to use manually operated mechanical switches as this
eliminates programming time and any programming error interference with design
validation.

A rotary switch configuration to construct a switch matrix is shown in Fig. 9.5a.
Here, each switch is connected to one I/O pad on the test structure, connecting to
any one of four SMUs or to GND. The GND connections are located between the
SMU connections so that an I/O pad connection is switched to an SMU by always
making a connection to GND first.
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Fig. 9.4 a DC switch matrix with six SMUs and eight outputs. b Eight I/O pads with SMU
assignments. Solid circles denote electrical connections

The face panel of a manual switch matrix for a standard 1x25 padset macro
(Appendix A) is shown in Fig. 9.5b. It comprises a bank of rotary switches of the
type shown in Fig. 9.5a and cable connections to SMUs and to I/O pads. All internal
connections are hard wired on a printed circuit board. The user has complete free-
dom to connect any one of four SMUs or power supplies to any I/O pad location.
This type of manual switch matrix design may be extended to include additional
SMUs and I/0O pad connections. The setup is useful for initial debug of macro
designs over the full range of operating conditions with little or no investment in
software development.

9.2.3 Impedance Meters

Precision impedance meters employ an AC source and measure vector impedance
at a fixed frequency to determine capacitance, inductance, and parasitic resistance
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Fig. 9.5 a Rotary switch configuration with each I/O pad connected to any one of four SMUs or
to GND (G). b Front face panel of a manual switch matrix for testing a macro with 25 I/O pads

components [4]. In CMOS manufacturing, impedance meters are used primarily to
determine capacitance values. An impedance meter is selected on the basis of the

AC
source

Fig. 9.6 Simplified circuit of )
auto-balancing bridge utilized DC bias

in an impedance (LCR) circuit Lmi
meter
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range of capacitance and associated parasitic element values of the DUTs to be
measured, desired measurement accuracy, and measurement frequency range. The
measurement frequency for in-line tests with DC (low frequency) probes is limited
to ~10 MHz.

A simplified circuit for an impedance (LCR) meter is shown in Fig. 9.6. It utilizes
an auto-balancing bridge method. The range resistor R; is adjusted to maintain the
potential of node A at GND, balancing the currents /, and /. The magnitude of
impedance Z is calculated from the measured amplitudes of AC voltages V, and V;:

V.
7 =R —. 9.1)
v,

T

A DC bias circuit is included to set the voltage bias of the DUT. The time-
dependent AC signal and the DC bias voltage applied to the DUT are shown in
Fig. 9.7. This is a useful feature for applications where the DUT capacitance is volt-
age dependent, such as MOSFET capacitances. Care should be taken to ensure that
any DC current flow through the DUT at voltage bias points is minimal.

The voltage amplitude of the AC source is application dependent. A high voltage
amplitude improves the signal-to-noise (S/N) ratio. However, in applications where
the capacitance is sensitive to the voltage across the DUT, as in the case of MOSFET
capacitances, the voltage amplitude is kept <50 mV.

Typically, there are parasitic resistances associated with capacitor DUTs. Metal
electrodes, interconnects and cables and, in addition, silicon diffusion and contacts
for MOSFET capacitors add resistances in series with the capacitor being measured.
Any leakage current through the dielectric acts as a resistance in parallel with the
capacitor. This parallel resistance may be significant in thin gate oxide capacitors
and in the presence of defects in ILD layers in metal capacitors.

At a given angular frequency w, the measured impedance (magnitude and phase)
of a circuit comprising capacitors and resistors can be modeled as either a two-
element series or parallel circuit shown in Fig. 9.8a, b. Impedance meters provide
series and parallel measurement modes. Appropriate selection of the measurement
mode and frequency is therefore important for obtaining accurate measurements [4].
The relationships between the measured effective capacitance value Cypy in series

— — - DC bias
AC signal

Voltage

Fig. 9.7 DC bias and AC
signal voltage amplitudes
applied to the DUT as a
function of time

Time
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Fig. 9.8 Capacitance measurement modes: a series and b parallel

with resistance Ry in series mode, and measured effective capacitance Cppy, in par-
allel with Rpn, in parallel mode are expressed in terms of the dissipation factor Df:

Csm

Com = ————, 9.2)

(140}

1
Rpm = Rsm (1 + D_%> s 9.3)

where
. 1
Df = wCsmRsm  (series mode), Dy = ——— (parallel mode).

@CpmRpm

The dissipation factor is a measure of the purity of the capacitive reactance, with
Dy = 0 corresponding to a pure capacitance (Rsm =0, Rpm => o<). The ratio
Rsm/Rpm increases with increase in Dy and for Dy > 0.1, Ryy begins to approach
Rpm.

The two measurement modes give equivalent capacitance values when Dy <<
1, corresponding to 1/ (wCsp) >> Rsy in the low-impedance region and
1/ (wCpm) << Rpm in the high-impedance region. These regions are shown graph-
ically by shaded areas in the impedance vs. frequency plot in Fig. 9.9. As a general
guideline, at a frequency of 1 MHz, a 10 pF capacitor can be measured in series or
parallel modes, whereas for a 10 fF capacitor, parallel mode is preferred.

If the circuit being measured is a pure capacitor, C, in series with a pure resis-
tor Rg, then their corresponding measured values in the series mode, Cgp and
Rym, will be equal to the actual values C and R. If the same capacitor is mea-
sured in a parallel mode, the measured value, Cpr,, will be different than the actual
value C.

As a specific example, consider the case of a DUT comprising a pure capacitor of
1 pF in series with a 50 k€2 resistor. The measured values at 1 MHz in series mode
are Cgm = 1 pF, and Ry, = 50 k2 and Dy = 0.314. The measured values in the
parallel mode from Egs. (9.2) and (9.3) are Cpy = 0.91 pF, Rpm = 557 k€2, and
D¢ = 0.314. In this case, there is an error of 9% in capacitance value in the parallel
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Fig. 9.9 Impedance |Z| and frequency regions for measurement of different capacitor values in
the series or parallel modes

mode. If the measurement frequency is lowered to 0.10 MHz, with D = 0.031 and
Cpm = 0.9991 pF, the error in capacitance value in the parallel mode is reduced to

~0.01% and either series or parallel modes may be used.

The impedance measurement accuracy range for an LCR meter is illustrated in
Fig. 9.10. The gray rectangles are specified accuracy regions for the LCR meter.
The accuracy deteriorates as the capacitance, frequency points move away from the
center of the rectangle. For example, in the chart shown in Fig. 9.10, at a frequency
of 0.10 MHz, the measurement accuracy of a 10 pF capacitor is +0.1% and that of
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Fig. 9.10 Impedance |Z| as a function of frequency for a pure capacitor. For illustration purposes,

0.1 and 0.3% measurement accuracy regions are shown as gray rectangles
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a 1 pF capacitor is &= 0.3%. Such charts provided by the equipment manufacturer
should be consulted for selecting the appropriate measurement mode and frequency
range.

Let us consider two typical examples in the CMOS technology to make rough
estimates of the desired measurement frequency range. From Fig. 9.10, it is apparent
that to achieve a measurement accuracy of 0.1% at 0.1 MHz with this LCR meter,
the impedance should be in the range of ~10%~10° Q.

Inter-level dielectric material in metal wire stack has inherently low leakage and
metal interconnect capacitance can be measured in the series mode. For a 1 pF
capacitor, and a desired capacitance measurement accuracy of 0.1%, the impedance
at 0.1 MHz is 10° Q. The series resistance can be as high as 104 Q for D¢ < 0.01.

In a MOS capacitor with silicon oxide dielectric, the gate-tunneling current
becomes significant as the gate oxide thickness is decreased below 3 nm. If at 1.0 V,
the gate-tunneling current is 1 nA/wm and the gate capacitance is 1.0 fF/um, for
a total gate width of 1,000 wm, Cp, = 1 pF, and Ry, ~ 1 MQ. The mea-
surement frequency is increased to 10 MHz to get Df ~ 0.016. At 10 MHz, the
impedance 1/ (a)Cpm) = 1.6 x 10* Q and the measurement accuracy would be in
the range of > 0.3% from Fig. 9.10. Measurements at frequencies = 10 MHz require
high-frequency probes and a GND-signal-GND (G-S-G) I/O pad arrangement.

When both series and parallel resistances of comparable magnitude are present,
a three-element model shown in Fig. 9.11 is used. Measurements are made at two
different frequencies in both the series and the parallel modes to extract the correct
capacitance value. Impedance meters may also provide equivalent circuit analysis
from the measurements obtained by sweeping the frequency over a suitable range.

The relationships between measured resistances and capacitances in the two
modes and the true capacitance C for a three-element equivalent circuit are shown
in the following equations:

1
Cm=C|l+—71, 94
(@CRom)
C
Cpm = 3 ; 9.5)
Rsm 2
I+ + (wCRgsm)
Rpm
1 Rym
Df = wCRym + 1+ . 9.6)
@CRpm Rpm
Ry
HS
Fig. 9.11 Three-element 0 I — VWD
equivalent circuit of a g

capacitor DUT
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The range function in an impedance meter is set corresponding to the DUT
impedance parameters. As illustrated in Fig. 9.1, measurement error is lower at
the upper end of a sub-range. Also, there may be a discontinuity in the measured
values at the sub-range boundaries. It may, therefore, be prudent to avoid making
measurements at the lower end of a sub-range and skip to the next sub-range.

In addition to the frequency, the DUT dissipation factor, and the measurement
mode (series or parallel), the measurement accuracy also depends on the allocated
times for measurement and data acquisition. These times comprise the following:

e settling time of the AC source frequency and voltage level
e settling time of DC bias voltage
e integration time for averaging over a number of samples

For accurate capacitance measurements, a calibration is performed to eliminate
stray capacitance of cables, connectors, and the wafer chuck.

9.2.4 Frequency Counters

Frequency counters are commonly employed in CMOS characterization for mea-
suring ring oscillator frequencies. These instruments typically have a frequency
measurement range of a few Hz to a few GHz. Frequency counters may also be
used for measuring the outcome of any repetitive event, such as the number of out-
put pulses generated in a fixed time period. One example of such an application is
with the latch metastability experiment described in Section 7.4.3.

A frequency counter operates in the time domain. It counts the number of transi-
tions between two adjustable voltage levels within a fixed time interval. The internal
clock of the frequency counter is set by a calibrated quartz crystal oscillator. The
measured frequency is equal to the number of transition events from the low to
the high voltage levels divided by the time interval, as illustrated in Fig. 9.12a, b.
The resolution of the frequency counter is determined in part by the time period
of the internal oscillator. The accuracy of the frequency counter is dependent on
the calibration accuracy and the stability of the internal crystal oscillator. For accu-
rate measurements, the crystal oscillator must be held at a constant temperature by
allowing sufficient warm-up time for the instrument.

The voltage trigger level for counting the number of transitions can be set auto-
matically either by taking the average of the minimum and maximum voltage levels
of the input signal or by using the point of maximum slew rate on the waveform.
For ring oscillator measurements using DC probes, it is preferable to preset the trig-
ger within a specified voltage window to filter any spikes in the voltage waveform,
as shown in Fig. 9.12c. The voltage amplitude of the input signal should be suffi-
ciently high to get a clean measurement point on the waveform. When RO frequency
measurements are made at low Vppg values (<700 mV), the I/O driver to the fre-
quency counter is operated at a higher voltage (>0.8 V) to ensure signal integrity
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Fig. 9.12 a Internal time base of the frequency counter. b External input signal waveform.
¢ Reference voltage levels for setting the trigger. Dark circles indicate measurement trigger points

(Section 6.2.1.3). The output waveform is observed on an oscilloscope to validate
the test setup and to specify the voltage levels for the trigger point.

There are limits on input signal frequency measurement using a frequency
counter. An upper limit is set by the internal oscillator frequency and a lower limit
is set by the maximum allowed time interval. The time interval is generally long
enough to cover many cycles to get an average frequency, and errors arising from
spurious noise or end effects are minimized.

Frequency counters are generally equipped with an external trigger function.
When this function is used, the frequency measurement begins each time an external
trigger signal is received and terminated when either the measurement time interval
is reached or a second external trigger signal is received. This external trigger func-
tion in a frequency counter is very useful when the signal frequency is changing
with time as in the RO macro design for variability described in Section 6.2.4.

Frequency counters may also be used for measuring the number of pulses in a
user-specified time interval or for detecting noise. The input signal waveforms for
periodic transitions, pulsed transitions, and the potential at the GND of the circuit
being measured are shown in Fig. 9.13. The counter reports the number of voltage
crossings at the set point within the measurement time window.

Precision frequency counters may have built-in statistical functions which are
useful for test structure designs for variability and for monitoring signal stability.

< measurement time

clockinput —» —1 L+ LELE L LE LS LE LE]
pulsed input —» j +—‘ m

GND potential —» N B W E

Fig. 9.13 Input signal waveforms for a clock (periodic) signal, pulsed signal, and GND potential.
Dark circles indicate measurement set point
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The frequency measurements are carried out repeatedly within an integration time
specified by the user. The maximum, minimum, mean, and standard deviation o
of the frequency measured within this time are reported. Measurement accuracy is
derived from o/mean (%) which includes error introduced by any instability in the
signal from the test structure. The statistical functions are also useful when the signal
frequency is varied by design to give a measure of variability in a circuit element
(Section 6.2.4).

9.2.5 Pulse and Clock Generators

Pulse generators as stand-alone units or coupled with parametric or digital ATE
perform the function of a pulse or a clock generator with programmable pulse width
and time period. These units operate over a large frequency range, from as low as
100 Hz or less to as high as several GHz. A pulse generator may have a single
output channel or multiple channels with programmable time offsets between the
channels. A number of options to set the pulse properties are available. Enabling a
square wave option turns the pulse generator into a clock generator. When a pulse
generator option is available in parametric ATE, a single sharp external signal edge
to enable a ring oscillator circuit can be used, as discussed in Section 6.2.1.4. In
bench tests, pulse generators are used for high-speed measurements described in
Chapters 7 and 8.

The output of a single-channel pulse generator is shown in Fig. 9.14a. The pulse
width, repetition rate (frequency), and delay with respect to an internal timing device

rise time fall time
10%—-90% 90%—10%
Vv > >
o ; (a)
¢ width : Time

«——time period ——

,—‘ [ 1 L <—channel 1—
: ﬂ [ <+—channel 2— ()
delay
[ [ -+ single pulse —
<N pulses— (©

-« burst mode —

Fig. 9.14 a Properties of pulse waveforms. Two-channel pulse generator waveforms b for different
pulse widths and ¢ for single pulse and burst mode with N pulses
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are set by the user. The outputs of two channels with the same time periods but
different pulse widths and relative timings are shown in Fig. 9.14b. In some con-
figurations the jitter between two corresponding edges of these channels can be
<1 ps. A burst option may be available to generate either a single pulse or a number
of pulses within a cycle as shown in Fig. 9.14c.

The output from a channel may be used as a trigger signal which, when coupled
to an oscilloscope or a sampling scope, serves as a time reference for an event initi-
ated by the same or another synchronized pulse. Examples of such applications for
high-speed differential delay measurements are described in Section 7.3.

9.3 Automated Test Equipment (ATE)

ATE for parametric tests, providing high measurement resolution and accuracy,
evolved in parallel with digital and memory ATE for functional tests. Digital, mem-
ory, and analog tests are now being combined to a large extent in system-on-a-chip
(SoC) ATE. The parametric capability of SoC ATE is being expanded to cover lower
current and voltage ranges. The parallel test capability of the ATE provides high test
throughput. Tester clock and digital test pattern generation functions allow more
flexibility in test structure design, and 2D array test structures become attractive
from area and test time efficiency points of view. However, independent paramet-
ric ATE and digital ATE are still present on the test floor of most semiconductor
facilities.

The cost of ATE is much higher than laboratory bench test equipment. Once an
investment in equipment and infrastructure in a silicon test facility has been made,
only minor upgrades to existing equipment may be possible. Transitioning or mixing
the use of parametric ATE with SoC ATE on a test floor would require test structure
designs to be compatible with both types of ATE. One possible scenario is shown
in Fig. 9.15, where with appropriately designed test structures, parametric ATE is
used at the M1 test stop and SoC ATE for all test stops beyond M1, meeting the
requirements of both high accuracy at the M1 test stop and throughput at later test
stops.

M1 test-stop M4 test-stop MT test-stop

parmetric ATE SoC ATE SoC ATE

silicon wafer flow

Fig. 9.15 A possible scenario showing the type of ATE used at different test stops for optimum
throughput
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9.3.1 Parametric ATE

Parametric ATE is designed to meet the test requirements for CMOS technology
characterization. In some applications, measurements of MOSFET parameters and
other discrete resistance and capacitance parameters are carried out at very low
currents and voltages. As an example, in low-power CMOS technology for battery-
operated consumer products, MOSFET leakage currents are in the fA/pum to pA/pum
range. Metal via resistances may be < 1 €2, giving an output voltage of a few mV for
a force current of ~10 mA. If the current and voltage levels are increased by mea-
suring a large number of devices in parallel or in series, only average values of the
parameters are obtained. Increase in variability with CMOS scaling has put more
emphasis on collecting statistics for all the circuit components, and individual ele-
ments need to be measured. Capacitance measurement in the presence of high gate
oxide leakage currents is another challenging area where, unlike with DC parametric
tests, measurement frequencies of the order of ~100 MHz are required.

Parametric ATE installed in a manufacturing line must also facilitate rapid chang-
ing of probe cards and provide high throughput, high data manipulation and transfer
rates, and minimum resource requirement for test program generation. Parametric
ATE attempts to cover these requirements while providing precision measurements
over a wider range. ATE is customized to some degree for use in a specific CMOS
manufacturing line to match the test structure design style, standard I/O pad count,
and required number of SMUs.

Conventional parametric ATE employs several SMUs coupled to a switch matrix
connected to a low leakage probe card, all of which are placed in a test head in
close proximity to a wafer probe station. In earlier models shown in Fig. 9.16a, a
capacitance meter and a pulse generator are mounted on a stand-alone rack. These
instruments are connected to the probe card through additional auxiliary ports in the
switch matrix.

With thinner gate oxides and the need to measure capacitances at higher frequen-
cies, the switch matrix has been modified and the test head includes a capacitance
meter (Fig. 9.16b). This approach has extended the capacitance measurement fre-
quency range to several MHz and decreased the measurement time substantially.
Introduction of CBCM techniques (Section 4.2.2) to measure capacitance using an
off-chip clock and test requirements for electronic fuses blown with an electrical
pulse input have led to further modification of the switch matrix with pulsed relays
for shaping the pulse.

Other options with an increased number of SMUs and additional high-frequency
capabilities are also available. Because of the increased parasitic capacitance of
cables, connectors, and the switch matrix, the maximum number of SMUs with
force and sense functions is typically limited to about eight.

Parametric testers have traditionally been used for making one measurement at
a time with analog force and measure capabilities. For each value of force voltage
or current level, the SMU output is first reset to GND and then ramped up to the
set point. Measurements of gradients in /-V or C-V characteristics and determina-
tion of threshold voltage from extrapolation of /4s—Vgs plots are time consuming.
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Another drawback is in setting of decoder bits in addressable arrays. Because of
a limited number of available SMUs, only two SMUs are used for any number of
addressable bits and all high and all low bits are connected together. Each bit is
reset to GND prior to setting each address code. This process adds to the test time.
Industry demand to reduce test time has led to the development of enhanced parallel
test capability in parametric ATE [3].

9.3.2 Digital and Memory ATE

Digital ATE is primarily used for CMOS product functional and fault testing [5-6].
There are a large number of books and other technical literatures on topics covering
various aspects of digital testing of CMOS and silicon bipolar chips. A compre-
hensive list of publications on these topics is included in the work of Bushnell and
Agrawal [5].

ATE for digital logic built-in self-test (BIST), memory test, and IDDQ test with
varying degrees of DC parametric capabilities are commercially available. Special
features of such ATE are (a) a few hundred to a few thousand independently
controlled channels with digital input (test vectors), (b) DC current and voltage
measurements on a per channel basis, and (c) storage capability for several Mb
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Fig. 9.17 a Digital ATE functions. b Waveforms for clock, user-specified test vector inputs, and a
comparator for matching the output vector with a stored pattern

per channel to facilitate fast data acquisition. Digital testers can provide clock rates
>1 GHz and can handle chip power levels of several hundred watts.

The test functions of a digital ATE are shown in Fig. 9.17. The tester supplies
power, clock, and test vectors to the test structure or the product chip. The output
vector is compared to a stored pattern and a fault or a fail is declared if a pattern mis-
match occurs. The tests are typically not very sensitive to small changes in voltage
levels of the input and output vectors.

Digital ATE is essential for testing yield test structures with a large number of
DUTs or functional circuit blocks. These test structures generally do not require
high measurement accuracy. Test structures for performance characterization such
as ring oscillators are also well suited for digital testers.

High-density memory circuits, used as yield monitors for random defects, may
require the use of memory ATE. Memory testers are similar to digital testers with the
added capability of fault detection and repair. This type of ATE can handle long test
vectors and special memory tests such as access time, noise immunity, and refresh.

9.3.3 System-on-Chip (SoC) ATE

Recognizing the industry need for ATE to meet a wide range of applications, the
architecture of ATE for SoC applications is designed to be modular and reconfig-
urable, offering a high degree of parallelism in test to improve throughput. This type
of ATE can be used for digital, memory, or mixed signal analog testing.
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SoC ATE is now also available with parametric test capability for semiconductor
characterization. The per pin measure unit (PPMU) offering has independent SMUs
for each I/O pin and may have 100 or more pins [3]. Their current range has been
extended down to the pA range which is sufficient for most parametric applications.

The parallel and fast measurement capabilities of such ATE may require
redesigning test structures, originally configured for testing only on a paramet-
ric ATE.

9.4 Laboratory Bench Test Equipment

Test instruments designed for use in a laboratory are best suited for macro veri-
fication and test development on new or exploratory designs and for customized
tests beyond the scope of ATE. Parametric tests are conducted with power sup-
plies (SMUs) along with voltage, current, resistance, and capacitance meters having
appropriate range and accuracy. A programmable switch matrix allows rapid test-
ing of many DUTs, whereas a manual switch matrix gives more flexibility in test
configurations. Some of the additional test equipment dedicated to semiconductor
characterization and used for high-speed testing of CMOS test structures described
in this book are mentioned below.

Semiconductor parameter analyzers (SPAs) are equipped with high-resolution
SMU s for I-V curve tracing and device parameter extraction in the laboratory. The
number of I/O is limited and generally only one device can be contacted at a time.
The capability of quasi-static C—V characterization is also available. User-friendly,
menu-driven programmable interfaces further enhance the usefulness of SPA as a
laboratory benchtop equipment for semiconductor device characterization.

Oscilloscopes are used for observing and recording time-varying voltage sig-
nals. The operating frequency range varies from DC up to >10 GHz. In CMOS
testing, oscilloscopes are used for making frequency measurements on ring oscilla-
tors and for detecting waveform distortion or sources of noise in the test apparatus.
Oscilloscopes are especially useful for setting up the measurement apparatus and
for debugging of new macro designs. Two or more channels may be available for
comparing voltage waveforms of signals. Programmable digital oscilloscopes can
store digitized data and provide summary statistics of input voltage variations over
a period of time.

Sampling oscilloscopes are used for observing the detailed input voltage wave-
forms with a few ps resolution. The bandwidth is higher than that in a standard
oscilloscope but dynamic input voltage range is limited to ~1 V compared with
~100 V for a digital oscilloscope. The jitter is typically well under a ps and mea-
surement of time differences with an accuracy of a fraction of a ps can be made.
Sampling oscilloscopes are used for differential time measurements of circuit delays
for the type of high-speed test structures described in Chapters 7 and 8.

Delay lines are used for adding a known time delay to signal path. Mechanically
adjustable delay lines, for both manual and automated operation, are available with
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resolution of 0.1 ps. These delay lines are used, for example, to change the rel-
ative arrival times of clock and data paths in the latch metastability experiment
(Section 7.4.3).

RF/microwave switches replace a DC switch matrix for routing signals in high-
speed tests. In a typical microwave switch unit, a single high-speed I/O can
be directed to any of its six or more other high-speed terminals by action of
a mechanical relay/actuator mechanism. These switch units introduce negligible
signal distortion up to frequencies of 20 GHz or more.

9.5 Test Equipment Calibration

In technology development, meeting the requirements for both measurement repro-
ducibility and measurement accuracy is of importance. Reproducibility criteria
assure that measurements on a test structure are identical (within specification) on
all testers in a test facility at all times and that observed variations in parameter val-
ues are not corrupted by variations in the test equipment or procedures. Absolute
accuracy, which includes measurement reproducibility, is essential for technology
performance benchmarking. Benchmarks based on integrated performance of a suite
of devices or circuits (e.g., inverter FO = 4 delay, memory access time) provide a
way to assess the technology contribution to product performance enhancements.

In order to assure that absolute measurement accuracy is within specifications,
test equipment must be calibrated to NIST standards of measurement. Calibration
of the test equipment itself is carried out by the equipment supplier. Full calibration
on the test floor may require three or more steps as depicted in Fig. 9.18. In ATE,
calibration of the I/O levels at the input to the probe card, which includes cables and
connectors to the tester instrumentation, is carried out by the ATE manufacturer. The
test specifications in the equipment data sheet are met under stated environmental
conditions. Equipment installation and environment must therefore meet the exter-
nal mechanical and electrical noise limits. Calibration can be verified on the test
floor by replacing the probe card with a test board equipped with NIST-calibrated
resistors, capacitors, and diodes.

Contact resistance between probes and the I/O pads, which affects measurement
repeatability and accuracy, may vary with the mechanical integrity of the probe

calibrate
test 3—‘:' probe | : a
Fig. 9.18 Test setup with equipment | | card m cro
boundaries (dotted lines) : :

indicating the calibration
sequence
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tip, contact pressure, wafer planarity, and metal coverage of the I/O pads. Probe
contact resistance is measured on each site on a wafer using the probe check macro
described in Section 3.2.4. Probe cards are replaced after a specified number of
touchdowns as a preventative measure. A limited set of data measured on ATE are
compared with the data obtained from a higher resolution and more accurate instru-
ment such as a parameter analyzer. This provides calibration of the complete test
setup.

Some of the parasitic circuit elements in the connectors between the test equip-
ment and the DUT can be eliminated with four-terminal measurements and other
common mode rejection techniques described throughout this book.

9.6 Test Automation

Test automation is essential for proper management of engineering test resources.
Complete automation includes the following steps:

landing probes on the macro to be tested

measurements of all parameters with specified input settings
data manipulation

data transfer to a data storage unit

As shown in Fig. 9.19, the inputs to the test program are derived from design
data, test algorithms or modules from a test library, and test settings to be applied
to the DUT. The measured or calculated output parameters are transferred to a data
storage unit and imported into a database for analysis.

The design data contains the relative (x, y) location on a reticle field of a refer-
ence point in each macro with respect to its I/O pads. The dimensions of the reticle
field (X, Y) determine the stepping distance in the horizontal and vertical directions
to this reference point in macros in the neighboring reticle fields. A test plan is gen-
erated to specify reticle field locations on each of the selected wafers in a cassette
or a foup to be tested. The stepping sequence is optimized to minimize stepping

test library
. test code output
wafer location, (inputs arameters
macro location —— puts, P —— data storage
measurement data
temperature . .
sequence) manipulation

Fig. 9.19 Test program contents to locate, make contact, measure, manipulate data, and transfer
output parameters to a data storage unit
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Fig. 9.20 a (x, y) location of a reference point in the macro. b Reticle field locations on a wafer to
be tested. ¢ Wafer locations in a cassette or a foup to be tested

or indexing time. This information, shown graphically in Fig. 9.20, is included in
the test program which directs the wafer-handling system to land the probes on the
macro to be tested.

Wafer temperature is set by the wafer-handling system. The wafer is held by
vacuum suction on a metal chuck held at a constant temperature. Typically, the
wafer temperature can be varied between —40°C and 140°C. Special probe cards
and equipment are needed to set the wafer temperature outside this range. The time
to equilibrate wafer temperature can be several minutes. Hence, all measurements to
be made at one specific temperature on the wafers under test are grouped together.

Standard tests such as VFIM, IFVM, RO frequency, and -V sweep are repeated
on a large number of DUTSs. A test library of algorithm modules or sub-routines is
generated or provided by the manufacturer to ease the burden of writing test pro-
grams. The I/O pad assignment and input levels are defined in the test program
when calling a sub-routine. A unique parameter name is assigned to each mea-
sured parameter which reflects the macro, DUT, and test conditions. ATE has some
data processing capability, and calculations may be performed on the measured
parameters by the tester itself. All or selected output parameters are transferred
to a data storage unit. The data transfer time is minimized by storing data in the
tester memory and transferring it as a bundle when the memory capacity is reached
or after a specified number of tests. The tester identification and date and time
of the day at which the test program was run are also preserved along with the
measured data.

Test programs for macros sharing a common template for the same input volt-
age and current levels are identical except for the location of the macro and the
output parameter names. The test program architecture should include an easy or
a fully automated method of creating test programs for all such macros, including
changing the input voltages, currents, and temperature directly from a document or
a spreadsheet.
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A test may fail when the power supply on the DUT is shorted and the tester
current reaches a current compliance limit, when no contact is made to the DUT and
the current is below a measurement limit, or when other tester malfunctions occur.
Such measurement fails generate erroneous data which is detected and identified by
error codes generated by the tester. A unique tester error code value is assigned to
each type of fail to indicate shorts, opens, and other failure modes. The measured
parameter for a failed test then displays the error code value. The error codes are
very useful for test debug and for monitoring test yield. For easy identification, it
is convenient to assign the error code values to fall outside the range of measured
parameters. These values can be removed from the valid data prior to data analysis
by applying data filters (Section 10.4.1).

Data integrity relies on correct functioning of the macro, the test program, and
the test equipment. In the macro design verification and data validation stage, it is
important to keep all possible sources of error in mind. Although test automation
is extremely useful, it is somewhat cumbersome for test debug when a new macro
design is implemented. It is preferable to test new macros on a laboratory bench
with partial or full manual control over the instrumentation having similar or higher
accuracy than provided by the ATE.
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Chapter 10
Data Analysis
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In CMOS technology, electrical measurements are carried out on a variety of test
structure macros at each test stop as outlined in Fig. 1.3. The data collected from
these measurements are analyzed and the information used for technology devel-
opment, routine process monitoring, and product debug. The number of measured
parameters from a single macro on one reticle field repeated across a wafer may be
anywhere from less than ten to over a few hundred. With hundreds of wafer starts
per day, a large amount of data are collected even if measurements are made only
on selected sites on a subset of wafers. Data are stored in a centralized database and
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software tools are made available for data manipulation and graphics. Electrical test
structure data are correlated with data collected from silicon process and metrology
sectors as well as with product test data. Statistical data analysis and visualization
techniques, customized for CMOS technology, are critical in assimilation of the
information gathered in a clear and concise manner, thereby extending the benefits
derived from electrical test structures.

In this chapter, data analysis techniques with special emphasis on CMOS tech-
nology are described. In Section 10.1, techniques for displaying data and important
steps in data collection and consolidation are introduced. Basic statistics for pro-
cess monitoring, quality control, and variability are covered in Section 10.2.
Development of test plans for process tuning and quality control based on DUT
designs, macro locations, and variability statistics is discussed in Section 10.3.
In Section 10.4, data filters and data reduction techniques are described. In
Section 10.5, five examples of graphical summaries of data collected from test
structures described in this book are given.

There are a number of textbooks on statistics, statistical data analysis, and design
of experiments that provide in-depth coverage of these topics [1-3]. Statistical meth-
ods are applied for manufacturing quality control using statistical process control
(SPC) and Six Sigma analysis [4—6]. A historical perspective on data display and
many excellent examples of data visualization techniques are described in the books
authored by Edward Tufte [7-9].

10.1 Introduction

The development of present day graphical design techniques for displaying infor-
mation was pioneered in Europe in the 18th century. William Playfair’s graphical
display of England’s trade balance and the fluctuation in the price of wheat and labor
cost over 256 years (1565-1821) and Minard’s graphical depiction of the fate of
Napolean’s army in Russia still serve as excellent examples and teaching aids in the
21st century [7]. In these charts, with a combination of words, numbers, graphical
lines, and shading, the clarity and relevance of large amounts of data in a multi-
dimensional space has been preserved to this day. The presentation and distribution
of such information in that era was done with considerable effort and expense as
engraved wooden blocks were required for printing the charts. Computer technol-
ogy has made it easy to generate charts; however, careful thought and planning is
still needed to convey correct and relevant information in a form that can be easily
assimilated.

Scientific pursuit has led to the formulation of physical laws which describe
the relationships among measured electrical parameters in a well-defined mathe-
matical form. Data collected from experiments based on well-established scientific
phenomenon can be fitted to equations describing the inter-relationships of param-
eters or displayed in a graphical format. In a manufacturing line, time variation
of properties of devices, circuits, and other process parameters contains essential
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information for maintaining quality control. This type of data, along the lines of
economic or sports statistics, is not necessarily predictive, yet certain trends may
become apparent and corrective actions taken to avoid large deviations of the
parameters from their targeted values.

Let us consider data collected on metal resistor DUTs. Current through a resistor
I, is measured at three different values of force voltage Vr at 25°C and the mea-
surements repeated at 85°C. The measured values are displayed in the first three
columns of the table shown in Fig. 10.1a. The calculated value of resistance for each
(Vk, Im) pair is entered in the last two columns. A cursory look at this small table,
combined with the knowledge that resistance is independent of V¢, suggests a source
of noise in the measurements. The table can be expanded to include the calculated
measurement error at each temperature, the temperature coefficient of resistance of
the DUT between 25 and 85°C, and other such parameters of interest. When data
are collected on many DUTs and the data volume becomes large, it is convenient
to store data tables in a spreadsheet or a relational database for data manipulation.
However, information in a table format occupying more than a typical printed page
is challenging to assimilate, especially if there are large random variations in values
with no obvious correlation among data points.

An XY scatter plot of the measured values listed in the table in Fig. 10.1a is shown
in Fig. 10.1b. Here, the dependent variable I, is plotted against the independent
variable V¢ and data points at each temperature are fitted to a straight line, indicating
a linear relationship between I, and Vi following Ohm’s law. The inverse of the
slope of the best fit line is the resistance R and the graphics indicates a change in
R with temperature. Bivariate data displayed in this type of graphical format are
compact, drawing the attention of the viewer toward the message to be conveyed
more forcefully and directly than a data table.

A pictorial representation of computed R for each chip on a wafer is shown in
Fig. 10.1c. The resistance values are placed in three bins, each bin covering a range
of values, and a different shade or a color is assigned to each bin. It becomes imme-
diately obvious that the spatial variation in R across a wafer is exhibiting a strong
radial dependence overlaid with a weaker top-to-bottom dependence. This repre-
sentation is particularly useful in silicon technology where process variations are
related to wafer geometry. The electrical parameters of a DUT, measured at differ-
ent locations on a wafer, may reveal information on spatial variations across the
wafer.

A trend chart for the average value of R on all chips on the wafers measured
each day is shown in Fig. 10.1d. Here, a large amount of data collected each day
are reduced to a single data point. The solid line depicts the targeted value of R and
the dashed lines bound the maximum allowed excursions from the target. It can be
inferred in a glance that on day 13, the mean value of R fell outside the lower limit
and a change in the process recipe returned the average R within the allowed limits
after 4 days.

In the above examples, data reduction is carried out by combining the use of
known physical laws with statistical methods. Right selection of tabular or graphi-
cal formats used in charts generated for displaying the data is important for drawing
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25°C 85°C 25°C 85°C
Vi(V)  Ip(MA) I,(mA)  R(KQ) R(ke)
0.10 0.500 0.420 0.200 0.238 (a)
0.20 0.995 0.824 0.201 0.243
0.40 2.015 1.669 0.199 0.240
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Fig. 10.1 a Table of measured V¢ and I, values and calculated resistance R. b XY scatter plot of
Iy vs. Vi for the data shown in (a). ¢ Wafer map with color representing R within a range or bin on
each chip. d Trend chart of daily average R in the manufacturing line

correct inferences and for communicating information. The charts are complete only
if relevant information on DUT design, placement of the macro on silicon, pro-
cess recipe, and identification of wafers is presented. This information is generally
included in the title or in an inset, to be used as reference, while the focus remains
on the data being shown. Too long a title or large insets clutter the chart, but exclu-
sion of this essential information reduces the value of the charts or may even render
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them totally useless. The graphical contents, while maintaining accuracy, must be
balanced with clarity and aesthetics [7].

Our physiology is tuned toward pattern recognition, and graphical displays make
good use of this human attribute. Data normalization techniques and scaling of
parameters on DUTs of different designs are helpful in drawing attention toward
data outside an acceptable range. A small but distinct difference in two uncluttered
graphical displays that are identical in all other respects, when placed side by side,
can be more easily detected than if displayed on subsequent pages. This feature
is easily extended to multiple graphical displays on one page, as exemplified in
Section 10.5.

The use of color in graphical displays is also helpful in focusing attention
on different patterns and in distinguishing data types or classifications. Because
of variations in sensitivities to different colors in different people and color
blindness, extensive use of colors, specifically red and green hues, should be
avoided. Gray scale, fill patterns, and shading work well if color printing is not
available.

Adoption of a few carefully designed graphical templates is especially useful
when data are shared among different process and design teams. The template con-
cept introduced in Section 2.5 for macro designs and carried over to test program
generation is applicable to data analysis and graphics as well. Enabling the use of
graphical templates begins with macro design, documentation of DUT properties,
careful planning of relative placement of macros on a reticle field, and generation
of a targeted range of parameter values. A parameter naming convention, indicating
useful information on DUT design, DUT location on silicon, and test conditions is
important in tracking and presentation of such information.

10.2 Basic Statistics

There is inherent variability in the electrical data obtained from test structures. A
small spread in the data may be present in repeated measurements on the same DUT.
This spread arises from noise in the test equipment, change in the environmental
conditions, and variation in probe contact resistances in repeated touchdowns due
to mechanical vibrations and aging. Measurements made on multiple copies of the
same DUT design in a macro may vary over a wider range because of local random
variations in the DUTs and spatial variations within the macro. The data are dis-
tributed over an even wider range for measurements of such DUTs on multiple chip
locations on a wafer, on multiple wafers from a lot, and on multiple lots. Statistical
methods provide a way to summarize such distributions and condense them into a
few variables.

Knowledge of the statistical nature of circuit elements in CMOS technology is
essential for designing test structures, for developing a test plan, and for analyzing
the data. Here, we begin with a brief introduction to basic concepts in statistical data
analysis and then apply them to the data collected from electrical test structures.
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10.2.1 Central Tendency or Mean Value

The statistical distribution of a parameter can be succinctly summarized by two
parameters, one defining the center of the distribution known as central tendency
and the other defining the range over which the data are distributed. The central
tendency is described by the mean, median, or mode of the distribution of a set of
observations or data sample. The mean of a distribution is the arithmetic average of
all the observations. For n observations in a sample, each with a value denoted by
xi(i=1,2,...,n), the mean is given by

Ex,'
P

X‘:

(10.1)

The median is the value in the distribution that divides the observations into two
halves such that half the values fall below the median and the other half above it.
The mode is the value that occurs most often in the data sample. The range is the
difference between the maximum and the minimum values in the data sample.

Let us examine the significance of these definitions using a random data sam-
ple of observed values. In Fig. 10.2a, the data are plotted in the sequential order of
measurement. Adjacent data points are connected with lines to assist in visualiza-
tion. The values with a measurement resolution of 5 are expected to fall between
30 and 70. The mean, median, and mode of this data sample, shown in Table 10.1,
are 51.3, 50.0, and 55.0, respectively. The range of 250 is clearly larger than the
expected value of ~40. Only one data point occurs with a value >250, contributing
to the large observed range. Such anomalous observations, or fliers, may occur in
data collected from test structures because of misprocessing of silicon wafers, poor
probe contacts, or malfunction of test equipment. If data are collected manually, this
may even be a typographical error in recording the data. Here, a statistical summary
indicates the presence of fliers and a graphical plot immediately points to the sin-
gle flier and any related information such as the place in the measurement sequence
where the flier occurred.

In Fig. 10.2b, the high flier is filtered from the data sample and now the mean
value is lowered to 49.0 but the median and mode remain the same. The median
and mode values of a distribution are not corrupted by the presence of a few occur-
rences of erroneous data. A histogram of the data is shown in Fig. 10.2c. The value
observed most often is 55.0, which is the mode of the distribution. This graphical
format, a bar chart, is especially useful when there is no causal relationship in the
observations.

10.2.2 Statistical Distributions and Variability

The range of a data sample gives no indication of how the data are distributed within
the range. Information on the distribution of data within its range is given by the
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Fig. 10.2 Data sample consisting of numerical values of 100 observations a with one high flier
and b after filtering the high flier. ¢ Histogram showing the number of observations (frequency) for

each value in the filtered data

Table 10.1 Sample
properties corresponding to
data shown in Fig. 10.2

Statistical parameter Raw data Filtered data
Mean 51.3 49.0
Median 50.0 50.0
Mode 55.0 55.0
Range 250.0 40.0




324 10 Data Analysis

variance, which is a measure of how far each data point deviates from the mean
value of the distribution. The variance s> is expressed in terms of the sum of squares
of the difference of data values from the mean and is always a positive number:

2 _ E(xl——)_c)z (10.2)
(n—1

The square root of the variance s is known as the standard deviation. It is a very
useful term, having the same units as the variable itself. When n is very large, and
the sample represents the entire data population, the mean and variance of the data
sample are denoted by u and o, respectively. The values of x and s may deviate
from p and o, respectively, when n is small, as discussed in Section 10.3.4.

A histogram, introduced in Fig. 10.2c, is one type of graphical illustration of
variability. The width of each rectangle, which is called a cell or a bin, denotes the
range of values contained in it as indicated on the horizontal axis. The height of the
rectangle is proportional to the number of observations or frequency of occurrence
of the values within the bin. For a meaningful histogram, it is recommended to keep
n > 50. The number of bins « is selected such that 2 = n, as shown in Fig. 10.3.

A vast majority of data samples follow a normal distribution as shown in
Fig. 10.4, giving the probability of occurrence of an observed value with its peak
centered at the mean of the distribution. The number of observations is lowered in
a symmetrical fashion as the observed values deviate further from the mean value.
This type of distribution occurs when there are a number of different sources of
random variations in the data sample. The central limit theorem in statistics states
that for such cases, the probability density function is a bell-shaped curve. The
probability density of observed value x, p(x), is given by a Gaussian function,

1 | e=w?
px) = ——e L 2 ], (10.3)
V2mo?
where [p(x)dx = 1. The Gaussian distribution is also referred to as normal
distribution.
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Fig. 10.4 Normal 0.5
distribution showing
probability density p(x) as a
function of x, and z, centered
about its mean (x = u,z = 0)

p(x)

Data collected from electrical test structures do not necessarily follow a normal
distribution. Such non-normal behavior occurs, for example, when the dominant
source of variation is a non-linear physical effect. Deviations from a normal
distribution are discussed in Section 10.2.3.

The total area under the curve in Fig. 10.4 is 1.0, equivalent to 100% of the
number of observed values in the sample. It is convenient to transform the x-axis in
this plot to a variable z, where

X — [
—.

7= (10.4)

The cumulative distribution function or C.D.F., denoted by F(x), is shown in
Fig. 10.5. It indicates the probability that a variable has a value <x. The slope of the
line at any value of x is a measure of the probability density p(x).

Statistical tables provide the tail area in a normal distribution in normalized units
of z [1]. In Table 10.2, the % of sample population within the absolute value of z,
|z|, and the probability of occurrence outside this range are listed. The table indi-
cates that 50% of the sample population is within £0.67¢ of the mean value p
and 95.46% of the population is within +20. The corresponding probability that

F(x)

Fig. 10.5 Cumulative
distribution function (C.D.F.),
showing the probability F(x)
of a parameter having a

value <x

u+o  p+20 —2X
+1 +2
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Table 10.2 Probability of

observations within and Pe.rc.ent of samples Probability of .
outside || |z| within <|z| occurrence > z], 1 in

0.50 38.30 1.6

0.67 50.00 2.0

1.00 68.26 3.1

1.50 86.64 7.5

2.00 95.46 22

2.50 98.76 80

3.00 99.73 370

3.50 99.96 2,500

4.00 99.997 16,000

4.50 99.9997 160,000

5.00 99.99997 1,600,000

6.00 99.9999998 500,000,000

an observed value would be outside these limits is 1 in 2 and 1 in 22, respectively.
Generally, in manufacturing, limits are set at +30, leading to the “Six Sigma” goal,
with 3 out of 1000 observations falling outside specified limits. The limits are set
higher when better product yield, quality, or safety are desired.

10.2.3 Non-normal Distributions

When the sample size is small (n < 50), the probability distribution may deviate
from normality with s > o. It follows a z-distribution, which is similar to a normal
distribution with thicker tails. Statistical tables are available to estimate o from a
t-distribution, with (n — 1) degrees of freedom, for any value of n [1].

In some cases, parameters may have inherent non-normal distributions. The
deviation from normality may occur in several different ways depending on the
characteristics of the dominant source of variation. It is therefore important to carry
out a test for normality prior to applying the probability analysis described in the
previous section. This can be done by numerically evaluating the difference in the
shape of the distribution from a normal distribution. Alternatively, parameters such
as skewness and kurtosis are computed to provide information on the type and the
extent of deviation from normality, where

T (x; — %)
skewness = M, (10.5)
ns?
. =\4
. X(x; —X)
kurtosis = ————— — 3. (10.6)
ns*

Skewness is zero for a perfectly normal distribution, positive for a distribution
with a long tail for z > 0, and negative for a distribution with a long tail for z < 0.
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Kurtosis is positive if the distribution is more strongly peaked than normal and nega-
tive for a flatter distribution. Any asymmetry in the distribution can also be detected
by calculating and comparing o values, o, and o _, for the positive and negative
half of the distribution, respectively. In a positively skewed distribution, o4 > o_.

Some MOSFET parameter distributions are intrinsically non-normal. Others may
have a non-normal distribution because of silicon process variations. One example
of intrinsic non-normality is a positively skewed distribution of I35 in the sub-
threshold region. An example distribution of I, for MOSFET DUTS is shown in
Fig. 10.6a. The source of a large increase in Iy on the positive side is random varia-
tion in Vi, which manifests itself as a logarithmic variation in Iog. This relationship,
expressed in Eq. (5.1), is restated here in terms of V; and I:

Idsvt
— =1 . 10.7
55~ o810 < . ) (10.7)

The subthreshold slope SS and the current at which V; is measured, /gy, are con-
stants for the DUTs. The V; distribution itself may be negatively skewed if V; rolls
off with L, over the range of data collected. In this case, a larger increase in Ioft
spread is observed than predicted by random variability in V; alone.

Standard definitions of u and o for a normal distribution, which assume all
sources of variations to be random, when applied to non-normal distribution, may
lead to erroneous conclusions. As an example, for the Iy distribution shown in

0.3

ool X(l,p) =7.4E-7

p(x)

2 8 18 28 38
IOff (X1 e7)

X(lop) =5.5E-7

(b)

Fig. 10.6 a /. distribution
with a long tail at the positive
side (positive skew).

b log(1,sr) distribution

—log It
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Fig. 10.6a, the arithmetic average of Iog or its x value is higher than the value at
which the peak of the /o distribution occurs.

A skewed distribution may be converted to a normal distribution by applying a
transformation to the variable x [5]. An appropriate transformation is selected on
the basis of the relationship between x and s. In a normal distribution, which is
symmetrical with respect to x, the value of x is independent of s. In a non-normal
distribution, if there is a systematic dependence of x on s, then a transformation in
x may be applied to convert it to a normal distribution. It is observed that in case of
Lo, X varies linearly with s. A transformation of the type y = log(l,¢) then exhibits
a normal distribution in y as illustrated in Fig. 10.6b. The variance of y is then
transformed back to get the variance in Iyg. This empirical method of determining
the Iog transformation is consistent with the known logarithmic dependence of Iyt
on Vi, as indicated in Eq. (10.7).

A second example of a skewed distribution of a variable is the resistance of inter-
connect vias. The resistance of a single via varies inversely with its area. Typical
inter-level metal via resistances are on the order of an ohm or less and small varia-
tions have little impact on circuit functionality. In the case of HO vias in the 65 nm
technology node and beyond, via resistances may fall in the 5 to >100 2 range.
Increased via resistances may occur because of reduced via dimensions and the
extent of metal fill, or even an absence altogether of metal in vias. The resul-
tant HO via resistance distribution may be positively skewed and an appropriate
transformation may need to be applied to obtain a normal distribution.

10.3 Data Collection

Careful planning in determining the number of instances and physical location of
different test structure macros in the available space on a reticle field ensures that
data can be collected to meet all anticipated process and product debug needs.
Defining macro and parameter naming conventions in the design and test program
generation phases simplifies data analysis and visualization tasks. Establishing an
infrastructure for storing and analyzing data and selection of appropriate software
packages for statistical data analysis are critical factors in data mining efficiency.
Establishing a hierarchy in data analysis helps balance test time budget and mini-
mizes the amount of time and resources required to extract correct information from
the data collected from test structures.

10.3.1 Macro Placement

Throughout this book, we have discussed the importance of creating macro tem-
plates to improve test structure design and test efficiency. With a small number
of macro templates, a large number of macros may be generated in a straightfor-
ward manner and the physical layout process automated through the use of P cells
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(parameterized cells). Placement of macros on silicon is based on macro contents
and available area on silicon.

Proper documentation is an important step toward full utilization of a macro.
Detailed documentation including circuit diagrams, physical layout description of
the DUTs, I/0 pad assignments, and test requirements may be prepared in a stan-
dard format for ease of viewing and importing this information into a database.
Any error in documentation may take up precious resources in the macro debug
phase. It is even worse if errors go undetected and the conclusions derived from
the test structure data are misleading. Simple macro designs sharing a com-
mon design template, differing only in DUT descriptions, can be automatically
generated from a common documentation template. Errors are avoided if the
documentation is created directly from the P cell code generation defining the
design of experiments (DOE) as illustrated in Fig. 10.7. In this case, the DOE
is created by the end user of the macro and continuity in the entire flow from
the concept phase to design and test is maintained without human intervention.
Documentation for more complex macros is usually generated manually, but main-
taining a standard manuscript format for all the macros is helpful in ensuring that
the documentation is complete. Standardization also makes it easier to locate the
desired information by end users who may not be familiar with the detailed macro
design.

All macros should be classified to indicate their likely use. The test stops at
which a macro is functional should be specified in the document as some macros
can be tested at all levels and some only at a specific metal level. There are sev-
eral categories of macro classification based on contents, where and how frequently
the macros are tested, and how the data are utilized. These can be summarized as
follows:

e application area: technology development, process debug, routine manufacturing,
DFM, product performance, and product debug

e purpose: process monitor, product yield monitor, and GR validation

e cross-correlation: scribe line to on-product and electrical to metrology

e frequency of test: routine and infrequent (debug and GR check)

Based on this information, the number of instances of a macro on a test chip or
scribe line and the physical location of each instance in a reticle field are established.
As an example, for correlating ring oscillator frequency to MOSFET characteristics,

DOE input |—» P-cell | | macro
generation design
A
Fig. 10.7 Graphical v
illustration of macro design, test conditions and macro
test plan, and documentation test plan i documentation
flow from DOE input
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the RO and MOSFET macros should be placed in close physical proximity to min-
imize the impact of spatial variations across the reticle field. Other examples of
macros to be grouped together are those to evaluate the impact of layout and GR
variations and macros to measure circuit delays using ROs and high-speed differen-
tial measurements. Several instances of a few key macros may be placed on a grid
across a test chip or within the interstitials in a multi-chip reticle field for moni-
toring and modeling spatial variations. Sensitivity to long- and short-range pattern
density variations should also be considered as they may affect processes such as
lithography, RIE, rapid thermal annealing, and CMP. These macros contain resis-
tors, capacitors, MOSFETS, ring oscillators, and a few high-speed experiments and
yield monitors. The technology performance macros are migrated from the previous
technology generation and care should be taken in standardizing the design so that
yield and performance improvements from one technology node to the next can be
consistently tracked.

Macros for routine monitoring are measured on silicon wafers in each lot,
whether the technology is in the development or manufacturing stage. A macro may
be tested on all sites on a wafer or only on a limited number of sites to reduce test
time. A wafer site map specifying the (x, y) coordinates of the macros to be tested
is created in the test plan, considering the trade-off between test time and sample
size. Testing of all sites on a wafer may be needed to obtain wafer-level variations
for tuning process tools. It may be prudent to carry out such testing on short-loop
lots/test vehicles to keep the test time for actual product wafers to a minimum.

10.3.2 Parameter Naming Convention

A macro naming convention should be established prior to starting design activities.
It is convenient to name a macro to indicate its contents. The output parameters
of a macro may contain the name of the macro, metal test level, and either DUT
location in the macro or DUT description. Using a DUT location in the parameter
name is useful for macros sharing a common template. Example formats for macro
and parameter names are shown below:

e Macro name: M1_FET_A012_TS2 XXXXX
This macro is first tested at M1 and is the 12th MOSFET macro designed with
template A on test chip TS2. The last set of digits XXX may have additional
information such the purpose of the macro. For example, XXX = n_W indicates
that the macro is designed to evaluate width effect on n-FETs.

e Parameter name: M1_FET AO012 N10 Vt M4@1.0V
The parameter name indicates V; measurement at 1.0V for the 10th n-FET in
macro M1_FET_A012 measured at M4 test stop.

These or similar conventions can be exploited in creating test programs and soft-
ware routines for data analysis by sharing programming code for parameters named
with a common set of characters.
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10.3.3 Database and Software Tools

The electrical test data collected by ATE are transferred and stored in a relational
database. The data obtained from test structures on different test vehicles and tech-
nologies are often correlated with data obtained from process tools, metrology tools,
and product functional test equipment. It is therefore convenient to have the data col-
lected from these different sources reside in one database or that multiple databases
be linked to each other.

If the data volume is small, the data may be imported into a spreadsheet applica-
tion program such as Microsoft Excel or Lotus symphony for further manipulation,
statistical analysis, and preparation of graphical displays and charts. This is very
useful when a more detailed, non-standard analysis is needed. Large test data vol-
umes in silicon technology development and manufacturing facilities are loaded into
databases, preferably with built-in software packages for data query and display.
Software services dedicated to semiconductor technology for yield and performance
analysis are offered by several companies. Some of these companies provide cus-
tomized test structures for specific technology nodes and GRs prescribed by silicon
foundries.

There are many software packages available for statistical data analysis and data
mining with interactive graphics and user-friendly customization. With the help of
computer software, it is easy to create many charts and port these into a presentation.
The challenge is not in generating charts and tables but rather in efficiently assimi-
lating the vast amount of data and reaching conclusions that are correctly weighted.
Knowledge of the physical nature of a measured or calculated parameter and how it
relates to technology process recipes and circuit functions and its inter-relationship
to other measured or calculated parameters is extremely valuable. This is comple-
mented by knowledge of statistics and data mining practices and availability and
use of software tools. Expertise in each of these areas is developed with learning,
training, and experience. The scenario gets more complicated with the incorpora-
tion of new features in each technology generation and with the introduction of new
product applications.

As an example, consider the case where an unexpected decrease in a critical
parameter I,, of an n-FET DUT tested at the M1 metal level is observed. Statistical
data mining software can quickly (and even automatically) detect the shift and
search for any correlation of I,, with process conditions gathered from all the
tools in the manufacturing sectors and produce an engineering report with suggested
actions. The correlation of this shift in /,, with corresponding changes in I, Vi,
and circuit delays is obvious. The correlation with a large increase in HO via resis-
tance and no change in n-FET process recipe may lead to the root cause. A reported
correlation of I, dip observed in the test at the M1 level with resistance of the top
metal layer is purely accidental.

Two of the commonly used programming languages for statistical analysis of
semiconductor data are SAS and R. SAS, originally an acronym for statistical
analysis software, is now known for the company that sells software solutions for
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businesses [10]. The advantage of the SAS programming language is that it can han-
dle large volumes of data very efficiently. SAS-based programs are compact, with
a sequence of statements executed in order. One disadvantage of SAS is that the
CMOS process and manufacturing team must learn to use SAS for data analysis and
report generation or dedicated resources must be added to generate customized SAS
programs.

The efficiency of SAS has been extended in the commercially available JMP
software tool to provide a user-friendly interface for analysis and graphics [11].
This tool not only can be used by those not familiar with SAS, but also provides the
flexibility for SAS users to generate their own programs.

The R programming language, which evolved from the “S” programming lan-
guage at Bell Laboratories, contains many unique software routines and graphical
capabilities [12]. It has a stronger focus on object-oriented programming and new
statistical methods can be programmed with relative ease.

SAS and JMP are powerful tools with user-friendly features and software support
but have a licensing fee associated with their use. R falls under the general public
license (GNU) project and can be downloaded for free. There are a number of other
statistical analysis software packages available as well such as SPSS and SYSTAT.
Software updates and new offerings are constantly enlarging the scope of statistical
data analysis tools.

10.3.4 Number of DUTs to Be Measured

Measurement of all DUTs on all macros on each chip on every wafer is prohibitive
from both the wafer throughput and cost perspectives. A test plan is developed to
optimize test time while meeting the desired accuracy with which different parame-
ter distributions need to be tracked. The test plan defines the measurements at each
test stop, specifying the number of sites (macro locations) per wafer for all the
DUTs to be measured and the number of wafers in each lot. The number of sites
and number of wafers in a test plan may be different for different DUTs.

Let us consider a parameter x which exhibits a normal distribution. The x and
s values of a data sample are determined from a limited number of measurements,
n (<100). The distribution of X, obtained from a number of such data samples, is
also normal with a mean of . The standard deviation of X, o (x), in terms of the
population’s standard deviation o is given by

_ o
o(x) = T (10.8)

As n increases, o (x) decreases and x gets closer to ;. We would like to know how
close x is to the w value for different values of n and what the confidence level is with
which (u — Xx) is known. This information can be obtained from statistical tables
[1, 5]. A few representative values of the number of samples required to determine
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Table 10.3 Number of

observations 7 to determine n for 90% n for 95% n for 99.7%

(1 — %) within a given (U —Xx) confidence confidence confidence
interval in units of o, with 90
: ’ +1.000 3 4 9
95, and 99.7% confidence [5] 10750 5 7 16
+0.500 11 16 36
+0.440 14 20 46
+0.330 25 36 83
+0.250 44 62 144
+0.200 68 97 225
+0.100 271 385 900

(u — X) are listed in Table 10.3 for confidence levels of 90, 95, and 99.7%. As an
example, for n = 97, it can be asserted with a 95% confidence level that x lies within
uw£0.200.

The type of information given in Table 10.3 is very useful for designing test
structures and for setting up a test plan to determine the optimum number of DUTs
to be measured. An estimate of p and o for critical parameters is made from
models or derived from past experience. The number of DUTs to be measured
is determined for the accuracy with which p must be known for the measured
parameter and its o value. As an example, if the mean value of V; is 200 mV,
and o (V) from random variations is 20 mV, then with n = 62, V, can be
measured with an accuracy of £5 mV (£0.25¢) with 95% confidence. If on
the other hand, the o(V;) for a very narrow MOSFET is £50 mV, then n has
to be increased to 385 to get the same £5 mV (£0.100) accuracy with 95%
confidence.

Once the accuracy and confidence level of u are estimated, we need to know the
sample size for determining o with a desired accuracy and confidence level. The
distribution of o is a X2 (chi-square) distribution, which is an asymmetric distribu-
tion for n < 200. As n is reduced, the asymmetry in the x? distribution becomes
more pronounced with a positive skew, increasing the error on the upper side. At
a fixed confidence level, the uncertainty in o is higher on the upper side than on
the lower side. The o intervals for a 95% confidence level are listed in Table 10.4.
Typically, the value of n within a scribe-line macro, designed for characterization
of circuit elements, or for sites measured for determining across wafer variation is
<100. When data are collected on a large test structure such as a 2D array or memory
block or on a test structure on many lots, n may be >1000.

The 2 distribution approaches a symmetric shape as n > 200 and an approxi-
mate expression may be used to determine n for knowing o within 8% of its value
with 95% confidence:

2
n=72 (%) . (10.9)
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Table 10.4 Interval limits .. o
for (s — o) for 95% n (s — o) lower limit (s — o) upper limit

confidence, expressed in units

of o, for different values 4 -0.430 2.730
of n [5] 7 -0.360 1.200
16 -0.260 0.550

20 -0.240 0.420

36 -0.190 0.320

62 -0.180 0.190

97 -0.120 0.160

200 -0.100 0.100

385 -0.070 0.070

900 -0.050 0.050

5000 -0.020 0.020

From Table 10.3, for a sample size of 36, the value of p is known within £0.33¢
with 95% confidence. For the same sample, from Table 10.4, ¢ is known within 19%
of its true value on the lower side of the distribution and within 32% on the upper
side. In general, the uncertainty with which o is known is larger than the uncertainty
with which p is known. Hence, the absolute error in (i — X) and in (o — s) increases
with the value of 0.

In the above discussions, it is assumed that measurement accuracy of a parameter
is at least an order of magnitude better than the desired accuracy of u and o. This
ensures that the variability is truly from the physical or electrical properties of the
DUTs and not that of the test equipment.

10.3.5 Number of Sites to Be Measured

The criterion for selecting sites or DUT locations on a wafer to be tested is set dif-
ferently for yield macros than for macros designed for characterization of circuit
elements. During technology development, systematic defects may contribute sig-
nificantly to yield loss. In silicon manufacturing, yield loss is dominated by random
distribution of defects on wafers. Generally, all sites are measured to capture the
defects which may tend to appear in clusters. The yield over an area A is given by

. (1 A x (DD))"‘“
=(1+=—=== , (10.10)

Q¢

where DD is the defect density and «. is a clustering parameter [18]. A large value
of a. indicates random defect distribution across the wafers.

The number of sites on a wafer for parametric characterization varies with the
accuracy requirements of x and s for critical circuit element parameters and whether
the variation to be studied is local random, systematic spatial (across a wafer or
a reticle field), wafer to wafer within a lot, and temporal lot to lot (over a period
of time). Each of these variability components with standard deviations o tqm, 0 spt,
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O wat, and o'ymp, respectively, includes random variations arising from test, process,
and defects. The grand statistics of a parameter include variations from all sources
obtained from a large number of DUTs:

(0—var)2 = (Urdm)2 + (Uspt)2 + (0—waf)2 + (O'tmp)2 + (Ures)2 > (10.11)

where o s comprises measurement and defect-induced errors. In the following dis-
cussion, we assume that the variations from measurement errors and defects are
small or can be filtered from the data (Section 10.4.1).

With estimated values of o rdqm, 0 spt, O waf, and o yyp from prior knowledge, the
number of DUTs and sites on a wafer to be measured for each type of variation for
different critical parameters is determined from Tables 10.3 and 10.4. This infor-
mation is used in designing macros, determining their placement in a reticle field,
and generating a test plan. The strategy for accomplishing this is discussed in more
detail in the following sections.

Test time can be reduced by isolating the random and systematic across wafer
variations and characterizing them independently. If o r4m and o gy are either small
or nearly constant on all wafers, these can be monitored over a small sub-set of
wafers. The impact of random local variations on the determination of across wafer
variations is minimized by tracking the local mean parameter value of a number of
DUTs placed within a small macro. Across wafer variations are tracked by partition-
ing the wafer in nearly constant parameter zones and measuring a limited number
of sites per zone. The mean parameter value for the wafer is then obtained as a
weighted average of the values within zones. Wafer-to-wafer variations are averaged
over wafer averages within a lot. This scheme is illustrated in Fig. 10.8.

10.3.5.1 Local Random Variations

Statistics for random variations of a parameter are obtained by measuring a number
of nominally identical DUTs in close physical proximity, placed in similar local
environments, preferably within one macro.

macro silicon wafer

I
/

|

|

|

\

\
\

\

group of DUTs

random local variations across wafer variations lot-to-lot variation
macro (local) average wafer average lot average

(a) (b) (©)

Fig. 10.8 Averaging of parameter values a for nominally identical DUTs in a macro, b for macros
distributed across four (or more) zones in a wafer, and ¢ for wafers in a lot
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If a macro is designed to measure o4y With an accuracy of +10% (£0.100),
then the number of DUTs within a site from Table 10.4 is 200. Measuring such a
large number of sites consumes silicon area and test time. Hence, measurements
of random variability are generally more extensive during the technology develop-
ment phase than in manufacturing where the process is more or less stable. In the
manufacturing phase, only a few sites across a wafer on selected wafers may be
periodically sampled for tracking o g

Consider V; variation from random dopant fluctuations in a MOSFET. From
Eq. (5.8),

const
WL,

ordm (V1) = (10.12)

The value of the constant (~4 mV) may vary with MOSFET engineering. Hence,
MOSFET random V; variations are characterized on wafers processed with different
recipes. Only a few sites (macros) on a wafer need to be measured. Random varia-
tion in HO resistance, on the other hand, may itself vary across a single wafer and
more sites on a wafer need to be measured.

In characterizing spatial and temporal variations discussed in the next sections,
random variations are accounted for by using a local mean value of a parameter of
a number of DUTs within a macro. The test time is substantially reduced with test
structures designed to output parameter values averaged over many DUTs from a
single measurement. Nominally identical MOSFETSs in a macro may be measured
in parallel to obtain a V; value averaged over random dopant fluctuations (RDF)
as discussed in Sections 5.1.2 and 5.4.2. Resistances of long wires are averaged
over local linewidth variations. Ring oscillators, with stages numbering >25, provide
average circuit delay values, eliminating the effect of random local variations in
MOSFETsSs and parasitic circuit elements, as described in Section 6.2.1.1.

10.3.5.2 Spatial Variations

Variations in properties of devices and circuits in different locations on a wafer are
present because of the nature of wafer scale processing in silicon technology. Some
of the sources of such variations are illustrated in Fig. 10.9a. Spinning of wafers
in lithography, CMP, and wafer cleaning steps may introduce radial variations. Gas

optical

_ 4 0l mTE

(a) (b)

Fig. 10.9 a Sources of spatial variations across silicon wafers: spinning, gas flow, and temperature
gradient. b Sources of variations across a reticle field: circuit density (gray scale) and optical
exposure
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flow and density of reactants in RIE and film deposition processes may be affected
by the discontinuity at the wafer edge. Temperature gradients in radial or cross-
wafer directions may be present in process chambers. Although every effort is made
to mitigate spatial variations at each step, some residual effect is present in all wafers
and is generally more pronounced in the chips at the edges of the wafer.

Sources of variations across each reticle field are illustrated in Fig. 10.9b. Circuit
density variations, inherent in product design and scribe lines, affect the optical
reflectivity and the local temperature during rapid thermal annealing and reactant
density in plasma deposition and etching. Linewidth variations in identical circuits
placed across a reticle field may be present in optical masks used for patterning
or introduced from scanning during optical exposure. In large area product chips,
across wafer variations may in turn introduce variations across the chip itself, as is
apparent at zone boundaries in Fig. 10.8b.

Ideally, across wafer variation statistics are determined using the mean of the
local random distribution per reticle field. A 300 nm silicon wafer typically has
~100 reticle fields. If all sites are measured and across wafer variation is random,
from Table 10.3, the mean value is then known within £0.200 s, with a confidence
level of 95%. Note, however, that the spatial effects causing parameter variation are
generally systematic and may thus not yield a normal distribution.

A wafer map of the type shown in Fig. 10.1c may be generated to help visualize
across wafer variations or a contour map created from discrete measurements. The
nature of the spatial variation itself may be changing with time, as in early technol-
ogy development, in process tuning, or when new process equipment for a critical
step is installed. In this case, an algorithm may be used to quantify coefficients
of radial and cross-wafer components fitting, for example, a polynomial expansion
series [15]. These coefficients can be tracked more easily than viewing many wafer
maps.

In order to reduce test time, the wafer is divided into zones of nearly constant
parameter values. As an example, a wafer is divided into four regions in Fig. 10.8b.
A few sites from each region, measured on many wafers, can provide a wafer
average with reasonable accuracy. Information on radial as well as top-to-bottom
variation patterns is also obtained from zone averages.

Variations across a product chip arising from across reticle field variations may
directly impact product performance and power on all chips. The statistics of this
variation are tracked for the chips in different zones as well. The use of ring oscil-
lators to track across product variations is described in Section 6.5. Visualization
techniques for across chip variation are covered in Example 3.

10.3.5.3 Temporal Variations

In a silicon manufacturing line, parameter variations of wafer lots processed in
any fixed time period (day, week, or month) are monitored to maintain a sta-
ble process. As long as the random and spatial variability components remain
nearly constant, mean parameter values for each lot are used for tracking temporal
variations.
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The accuracies with which sample mean, x, and standard deviation s of a lot
are known are dependent on the number of wafers tested in a lot, which is typi-
cally 25 or less due to the wafer handling capability of processing equipment. From
Tables 10.3 and 10.4, a wafer lot comprising 20 wafers gives x within ~ £0.440y,¢
of population mean p and s within —0.240 yaf t0 +0.420 ywar.

A trend chart of the type shown in Fig. 10.1d is a useful way of visualizing
temporal variations. Silicon manufacturing lines use Six Sigma or Taguchi or other
statistical methods to center the process within specified limits. The Six Sigma pro-
cess indices C}, and Cpk are used for monitoring parameter deviation from targets
[5]. The process mean p an upper specification limit USL, and a lower specification
limit LSL are defined for each parameter based on model expectations or empiri-
cally determined targets. The spread around the process mean over a short period
of time over which the data are collected is defined as £30 short. The Cp, index is
defined as

_ (USL — LSL)

Cp
60short

(10.13)

The C, index is used when a parameter distribution is perfectly symmetric about
the mean. If USL and LSL are the target +30 and —30 limits, respectively, C,, = 1
indicates the parameter and its variation are as specified. A C, > 1 indicates the
parameter spread is smaller than target and that the process is well controlled.

Generally, the center of a parameter distribution may drift from the targeted
value over time. For some parameters, the distributions may not be symmetric and
(USL — p) may be different than (u — LSL). A more convenient index is Cpk,
defined as the smaller of the two values:

USL — X
Cox = St —» (10.14)
305short
and
(x —LSL)
Cok = ————. (10.15)
30short

As with Cp, a Cpk value of >1 indicates that the parameter is within the specified
limits.

The Cp and Cp indices for two different parameters over a period of 3 weeks are
summarized in Fig. 10.10. In Fig. 10.10a, the parameter distribution is centered at
u (= Xx) and the C,, value increases as the spread in the distribution is reduced. In
Fig. 10.10b, the Cp values of a different parameter are shown over the same time
period. The USL and LSL values for this parameter are not symmetric about . The
value of x drifts with respect to u, and Cpk remains < 1 over this time period.
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parameter 1 parameter 2
C,=0.66 C,=1.00 C,=1.33 Cpk=0.40 Cp=1.00 C,=0.66
usL
USL -
T |
H g 4 60short H
@< X
LSL LSL
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Week1 Week2  Week3 Week 1 Week2  Week 3

(a) (b)

Fig. 10.10 Indices for two parameters showing the movement in X (solid circles) and 30gport OVer
a period of 3 weeks: a Cp and b Cpk

10.3.5.4 Process Recipe Variations (Split Lots)

In CMOS technology development, experiments with process recipes and device
engineering are carried out to optimize circuit parameters. Similarly, in silicon man-
ufacturing, process recipe modifications are explored to improve product yield or to
tailor selected process steps to a specific product. It is a common practice to split
the wafers within a lot into groups and process one group with the “standard” recipe
while varying the recipes for the process step to be studied in other groups. All
wafers in this lot are processed together with all other process steps being identical.
The differences in mean parameter values of interest in each group are compared
with the mean values in the “standard” group. In such an exercise, it is essential to
identify sufficient number of DUTS to be measured in each group to unambiguously
separate the effects of the process recipe change from local random, wafer spatial,
and wafer-to-wafer variations within the lot.

A measure of MOSFET performance improvement is an increase in average Iofr
of n-FETs and p-FETs at constant /. At least a 15-20% increase in gt (or I,,) and
a similar reduction in inverter delay are expected in migrating from one technology
node to the next. Let us consider an experiment using a split lot to achieve a 4%
increase in average n-FET I.¢r at a constant Iog and with no change in p-FET charac-
teristics. The mean n-FET V; is targeted to be within £2 mV of the standard process
to constrain the Iog within ~£5% (Eq. (10.7)). With an n-FET I.¢ increase of 4%, a
reduction of ~2% in an inverter delay 7, is expected. With an ~1:1 correspondence
between inverter delay and product cycle time (=1/f), this experiment, if successful,
would help bring the product performance to its committed frequency target.

To analyze the split lot, we use a MOSFET array macro, testable at the M1 metal
level as described in Section 5.4.3. This macro has 4 n-FET and 4 p-FET arrays, each
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array comprising 30 nominally identical MOSFETs. The MOSFETS in an array can
be measured individually or with all 30 connected in parallel. A ring oscillator (RO)
macro as described in Section 6.2.2, also testable at the M1 metal level, is situated
adjacent to the MOSFET array macro in the reticle field. The change in n-FET It
is correlated with 7, values derived from an RO. The split lot is processed up to the
M1 metal for early feedback to meet the product ship date.

In this example, there are 20 wafers in a lot with a five-way process split, having
4 wafers in each split. With 100 sites per wafer, there are a total of 400 macros
of each type available for testing. The test times for one V; and one ring oscillator
(frequency and power) measurement are each reported to be five times longer than
the test time for one l.;f measurement. In order to meet the test time budget, we
would like to balance the number of Vi, I.¢, and RO measurements such that the
mean values are known within £2 mV for Vi, +0.50% for Ietf, and 0.20% for 7.

Example mean and o components of Vi, Iefr, and 7, based on prior knowledge,
are listed in Table 10.5. We expect o components to remain fairly constant for all the
wafers in the lot. With o,/ over four times larger for Vi compared to Ier and 7,
it is apparent that the number of samples for V; measurements is an important con-
sideration. For determining p with a 95% confidence level, the number of samples
to be measured 7 is given by

2
n= [%} . (10.16)

The number of samples n and test time to determine Vi, lefr, and 7, within the
specified accuracy for three different scenarios are listed in Table 10.6. First, we
assume that all the DUTs are measured individually. In this case, we need to mea-
sure 1104 DUTs for Vi, 236 DUTs for If, and 20 DUTs for 7. The test time
is computed in units of I measurements, with 5x test time for V; and 7 as
mentioned earlier. The test time is reduced by a factor of ~11 if the V; of 30
n-FETs in the array macro is measured in parallel to get an average local value.
Measurement of I.fr of 30 n-FETs within a macro in parallel is not feasible because
of IR drop in the M1 metal wiring. Further test time reduction is possible if a discrete
MOSFET macro with five n-FETs of the same design, wired in parallel, is used for
I.ff measurements. If one or more of the process recipes produce the performance

Table 10.5 The u and the o

components for n-FET V; and Statistics Vi Lest Tp

Leir and for inverter 7p u 200 mV 800 LA/um 10.000 ps
O rdm 25mV 24 WA/pm 0.040 ps
- 20 mV 18 wA/Lm 0.020 ps
O waf 10 mV 9 pA/pm 0.010 ps
O res 5mV 2 pA/pm 0.002 ps
O var 34.0 mV 31.4 pA/pm 0.045 ps

O var/ [t 0.17 0.039 0.004
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Table 10.6  Statistics and number of measurements n for n-FET V; and I and inverter 7, to meet
stated accuracy requirements with 95% confidence

Vi A Tp Test time
% 200 mV 800 WA/pm 10 ps
Target (© — X) +2 mV +4 pA/pm 0.02 ps
Ovar/ (U — X) 17 7.8 2.3
n 1104 236 20 5860
n 40 (30 parallel) 236 20 538
n 40 (30 parallel) 60 (5 parallel) 20 361

Test time is in units of one I measurement

enhancement, local random variations can be measured using the MOSFET array
macro for more detailed characterization.

In the above example, a combination of statistics, macro design and placement,
and test strategy is used to optimize the split-lot experiment. For this purpose, macro
designs are based on known sources of parameter variations from modeling and lim-
ited experimental data for the current technology node or data from other technology
nodes. Macro designs and their placement, planned with these considerations, pro-
vide flexibility in tailoring test resources and in minimizing test time without loss
of information.

Sophisticated statistical models for a technology are built once appropriate
data become available. These models may be used for further tuning the macro
designs, modifying test plans, and to provide design guidelines for future technology
generations.

10.4 Data Reduction

The measured data collected from test equipment are manipulated for presentation
in a usable format. The data are sanitized and filtered to remove invalid values or
values outside a specified range. Parameters of interest are calculated from raw
measurements, such as DUT resistance from measured voltage and current values.
Parameter values may be normalized to DUT dimensions, model target values, or a
reference value to facilitate data analysis. Statistical parameters such as median, o,
Cp, and Cpg are convenient ways to summarize large data volumes.

10.4.1 Data Filters

Data filters are applied to remove observations likely to corrupt the dataset or lead to
erroneous conclusions. The data removed by filtering can be examined to debug and,
if applicable, eliminate the root cause of data corruption. There are four commonly
used sets of filters.
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The first set of filters removes data reported as tester errors described in
Section 9.6. Tester error codes are generated when no contact to the I/O pads is
made, an SMU hits compliance, or a tester malfunction occurs. The error code for-
mat or values are far removed from any real data and can be automatically filtered.
The error count for each type of error points to the problems with the test equipment,
probe contacts, or test structure itself.

The second set of filters relates to the integrity of the macro design. As an exam-
ple, an IDDQ test is carried out for each power supply sector in a macro. An upper
limit on the IDDQ value for each sector is specified based on circuit simulations
or estimated from published leakage current per unit width of each MOSFET type.
An IDDQ value matching the current compliance limit of the test equipment indi-
cates an electrical short in the power grid. An IDDQ value exceeding the specified
upper limit of a circuit block such as a decoder or a scan chain, even if below the
tester current compliance, is indicative of presence of shorts or opens in the circuit
block itself. The data collected from macros failing IDDQ test are rejected. In early
technology development, the IDDQ limits may be more relaxed as the experimental
hardware may not be centered correctly.

The third set of filters may be applied by setting limits based on the expected
range of a parameter. This is not a practical approach for a large number of
parameters but may be used in specific cases.

The fourth set of filters is based on examination of the data to remove fliers or
outliers. A statistical rule of thumb is to reject any data in the sample outside set
upper and lower limits, irrespective of the type of data. The data are divided into
four equal parts by quartiles Q1, Q2, and Q3. The first or lower quartile QI cuts
off the lower 25% of the values; the second quartile Q2 divides the values into
two halves; and the third quartile Q3 cuts off the upper 25% of the values. This is
graphically illustrated using a box plot in Fig. 10.11. The vertical boundaries of the
box are defined by Q1 and Q3, and Q2 is coincident with the median. The cross-bars
show the data range containing 90% of the data (from 5 to 95%) and values outside
this range are individually shown as dark circles. If the median is not in the center
of the box, the data sample is skewed. The mean of the data sample is shown as a
cross in the box and may not be coincident with the median. The width of the box
can be programmed to be proportional to n or log(n) to indicate the total number of
observations in the data sample.

The range containing the middle 50% of the data is called inter quartile range
(IQR = Q3 — Q1) which includes data values within +0.70 of the mean. Filter
limits are defined by the lower and upper IQR multipliers, w; and w,, where

Lower filter limit = Q1 — u; x IQR,
Upper filter limit = Q3 + 1y x IQR.

The IQR multiplier values are selected to be in the range of 2.5 to 5, correspond-
ing to £1.750 to £3.50 limits, respectively. Values outside these filter limits, shown
as open circles in Fig. 10.11, are removed from the data sample.
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10.4.2 Calculated and Scaled Parameters

Scaling or normalization of DUT parameters to a physical dimension of the DUT
is very useful when viewing and tracking data from DUTs of different design
dimensions. Metal wire resistances are normalized to the wire length and MOSFET
parameters such as I4s and gate capacitances are normalized to device width. The
circuit delay/stage, capacitance/stage, and IDDQ/stage are calculated from ring
oscillator frequency and power measurements. Test structure design information
such as wire lengths, device widths, and number of stages is entered in the database
to facilitate such calculations.

Parameters may also be normalized to the nominal model or target value. All
parameter values are then dimensionless and targeted to be centered at a value of
1.0. If target  and o are both known, the parameter values may be converted to
equivalent z value using Eq. (10.4) to render all values to be dimensionless. The
mean value should then be 0.0 with £3 denoting the “+ 30 values.

Bivariate data of the type shown in Fig. 10.1a can be fitted to equations and the
fitting parameters used for describing and comparing data samples or for extrapola-
tion of data outside the measured range. Regression analysis provides a goodness of
fit measure, expressed as coefficient of determination R2 value, where 0 < R2 < 1.
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Fig. 10.12 Variation of . with /Iy, obtained with a linear fit to two different data samples

Values of R* > 0.9 indicated a reasonable correlation between the X and ¥ param-
eters, whereas R> < 0.75 generally indicates very weak or no correlation. An
example Iefr vs. Iy plot on two wafer lots fabricated with different process recipes
is shown in Fig. 10.12. A linear fit of the data gives the correlation coefficients and
R? values. Each data sample is compressed into three parameters (slope, intercept,
and R?) given by the linear fit.

10.4.3 Summary Statistics

Summary statistics are computed for raw, calculated, or normalized parameters.
The parameters x and s reduce a large number of measured or calculated values
of a parameter to two numbers which succinctly describe statistical behavior. In the
example shown in Fig. 10.10, Cp, or Cpk values are computed to provide a measure
of process centering. The mean Cpx and its distribution averaged over all critical
parameters summarize the process control status in a manufacturing line.

10.5 Data Analysis Examples

The complexity of CMOS processing requires a high degree of specialization
in each of the process modules and in product design, test, and failure analysis
[13—18]. Standardization of data analysis and display formats is very helpful, espe-
cially when data are shared among many different engineering teams and managers,
some of whom may not be familiar with the details of the test structures.

The data analysis examples in this section are specifically targeted toward test
structure data from CMOS technology, although a number of visualization tech-
niques described are of more general applicability. The planar nature of CMOS
technology with sensitivity to spatial effects across silicon wafers leads to certain
preferred methods of analysis and graphical illustrations.



10.5 Data Analysis Examples 345

An understanding of the interrelationships of properties of MOSFETSs and para-
sitic elements in CMOS circuits and circuit delay parameters is useful in displaying
the data. Target specifications for the parameters are important, but relative values
and differential data analysis schemes can also provide insight into the electrical
behavior of circuits.

A common requirement in sharing data is that the title, labels, and other text
in graphical displays and parameter names as well as values and column headers
in tables should provide sufficient detail to the viewer on the source of the data
being examined. This information should also allow users to access other data stored
elsewhere but related to the experiment under investigation. An example title

IBM4 65 nm M1_FET_AO012_TS2 Lot ID: X Wafer ID: Y

indicates that the data are gathered in IBM’s silicon fabrication facility #4 for 65 nm
technology node on macro M1_FET_AOQ12 placed on test vehicle TS2 on Wafer Y
in Lot X. The sub-title

n-FET Iogr vs. Legr at 0.9 V 25°C n = 50, Aug 5, 2010

provides more detail on what is being plotted, test conditions, number of samples,
and the date on which measurements were made. Summary statistics, fitting parame-
ter coefficients, and other relevant information may also be included in the graphical
display.

Graphics and tables for summarizing data in a hierarchical fashion are shown
in Example 1. Graphical displays for showing and validating inter-relationships of
parameters are covered in Example 2. Methods of correlating circuit properties in
the scribe line with those on-product are described in Example 3. In Example 4,
graphical summaries of MOSFET properties extracted from ring oscillator mea-
surements are shown. Finally, in Example 5, graphical correlation of RO data with
maximum operating frequency fmax of the product is demonstrated.

10.5.1 Example 1: Data Summary

The data collected in a silicon fab are summarized to get a quick hierarchical view of
the technology status. A few critical parameters are selected to represent technology
or product performance and their Cpk values are monitored over time. An example
chart for tracking Cpx values on a weekly basis is shown in Fig. 10.13a. A box
plot of Cpk provides a composite summary of how well the process is centered for
all selected critical parameters. As discussed in Section 10.3.5.3, a Cx value >1.0
indicates that a parameter is well within specification and parameters for which Cpx
falls below 1.0 require a corrective action.

Circuit yield is an important consideration in setting parameter specifications,
especially in the technology development cycle. Hence, circuit yield must be tracked
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Fig.10.13 High-level weekly status summary: a Cp distribution of critical parameters and b yield
distribution of selected macros and product yield (solid circles)

along with the Cpg values. A number of test structures are selected for monitoring
yield during manufacturing, from small macros to those covering larger areas and,
if available, yield of the product itself. In Fig. 10.13b, a box plot of the composite
fractional yield of selected macros is shown for the same time frame and on the
same wafers used for tracking Cpk values shown in Fig. 10.13a.

Graphical and quantitative views of parameter statistics of a number of parame-
ters of interest are displayed in a tabular format in Fig. 10.14. A box plot of the type
illustrated in Fig. 10.11 is rotated sideways for each of the six parameters shown.
The table on the right of the box plot gives the number of samples measured along
with the variation of sample mean (x) and standard deviation (s) from their respec-
tive target values ¢ and o;. From the box plot, it is easy to identify the parameters
centered away from the target 1 or with values outside the £30 limits. The target
value of (x — ) /ot is 0.00 and that of s/o¢ is 1.00. As an example, the mean value

Kop) s
=30t +30; n ot o X s Bt o
Tp —'—Ct'—'— 520 -0.33 0.90 3.90ps 0.27ps 4.00ps 0.30 ps
Lot —o—t:»—o— 600 +0.50 0.90 1.24mA 0.07mA 1.20mA 0.08 mA
IDDQ —o—:»—o— 560 +0.67 0.83 024pA 0.05uA 0.20puA 0.06 pA
Csw : : : 520 0.00 0.50 211fF 0.03fF 211fF 0.06fF
Rsw E:l——i— 520 -2.30 1.60 1600Q 200Q 1887Q 125Q

Fig. 10.14 Box charts and tables providing the statistics on measured parameters. The box charts
are normalized to target specifications of ¢ and o



10.5 Data Analysis Examples 347

of 7, is =0.330 below target and its standard deviation is 10% below target. The
values of X, s, i, and o are also recorded. The source of data is identified in the
table heading (not shown). This format is useful for displaying statistics on many
lots, many wafers, or a single wafer.

Spatial variations of parameters across wafers are of special interest in silicon
technology. A wafer map of the type shown in Fig. 10.1c or a contour map generated
from the measured data is helpful in visualization of this variability. When data are
collected on many wafers, a stacked wafer map may be created for summarizing the
findings in a single chart. The stacked wafer map shows the statistics at each macro
or reticle field location on the wafer for all the wafers in the sample. In Fig. 10.15,
a stacked wafer map of 500 wafers is color coded (gray scale) to show the mean
fmax on reticle field locations on which measurements were made. The mean values
and number of yielding chips are also displayed to get a quantitative view. In this
example, at a glance, it is apparent that measurements are made on 14 out of 89
locations on the wafer. On an average, the mean fhax values are smaller in the top
right part of the wafer and the yield in these locations is lower than in the bottom
left corner.

frnax range
W44-48
[]40-44
[]36-40

Fig. 10.15 A stacked wafer map of 500 wafers, color coded (gray scale) to indicate the range of
product chip fmax, average fmax values and number of yielding chips in measured chip locations
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10.5.2 Example 2: Circuit Element Characterization

The relationship between two or more measured or calculated parameters is shown
in an XY scatter plot also known as a scattergraph. Two example XY scatter plots
for a technology power-performance metric are shown in Fig. 10.16. In Fig. 10.16a,
L. values for n-FETs and p-FETs are plotted vs. their respective Iy, each point
representing measurements on one DUT or average values for nominally iden-
tical DUTs in a macro. In high-performance CMOS technology, I at a fixed
Lot (= 100 nA/pm) is compared between different silicon foundries or technology
nodes [19]. In Fig. 10.16b, inverter delay 7, derived from a ring oscillator test struc-
ture is plotted vs. its IDDQ per unit MOSFET width, where the total MOSFET width
is (Wp + Wh). As Iyt contributions of p-FET and n-FET are from alternate stages
in the RO (Section 6.1.1), 7 is compared at IDDQ = 50 nA/pum. The value of /ot
or IDDQ at which MOSFET current drive or inverter delay is compared is arbitrary
and may be different for low-power than for high-performance applications.

In the presence of random variability such as RDF, it is important to consider
the total device width of the DUT. Since the variability in MOSFET parame-
ters increases as the width is reduced (Eq. (5.8)), the spread in the data is larger
for a single MOSFET compared to an average of 30 MOSFETs as shown in
Fig. 10.17. In using an I vs. Iofr plot as a technology metric, an average value
of I over a large number of MOSFETs provides a better representation of
product IDDQ.

The data in XY scatter plots may be fitted using a known physical relationship
or an empirical fit may be made as discussed in Section 10.4.2. Critical MOSFET
parameters such as V; and I are plotted as a function of L;, to assess the impact of
channel length variation. These parameters are also plotted against device widths as
well as Vpp and temperature over the expected application range of products and
compared with model predictions.

lefs (MA/um)

0.6 \ ] \ , . [ . )
1 10 100 1000 10000 1 10 100 1000 10000

Ios (NA/um) IDDQ (nA/um)
(a) (b)

Fig. 10.16 a /. as a function of /o of a p-FET and an n-FET. b Inverter delay as a function of
IDDQ per unit device width
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Fig. 10.17 I.¢ as a function of I, where each point represents a a single standard MOSFET and
b an average of 30 standard MOSFETs

Generally, two to four standard XY scatter plots may be placed on a single page
without losing clarity of the data being presented. In some cases, a simplified version
of an XY plot is used to place 20 or more charts on a single page. The data are
normalized to the target specifications or to a reference value and plotted as shown
in Fig. 10.18a, b. The identity line (dashed) represents a 1:1 correspondence and
the solid circle gives the location of the (1, 1) point when both parameters are at
their normalized values. A linear fit of the data is shown as a solid dark line and the
correlation coefficient (R?) indicates the goodness of the fit. If X and ¥ parameters
have a 1:1 correspondence, data will fall exactly on the identity line. Any deviation

1.4 , 1.4
RO2 vs. RO1 lon V8. lof
N
% 1.0 S10¢
R2=0.94 R2=0.96
0.9 ' 0.9k '
0.9 1.0 1.1 0.9 1.0 14

f(RO1) Lot
(@) (b)
Fig. 10.18 a Normalized frequencies of RO2 as a function of ROI1, indicating a higher fre-

quency for RO2. b Normalized /,, as a function of I indicating a slope different from model
predictions
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from the identity line such as an offset or a change in slope is clearly visible. This
method of presentation for a large amount of data is demonstrated in Examples 3, 4,
and 5.

10.5.3 Example 3: Scribe Line to On-Product Correlation

In a silicon foundry, product designs supplied by customers occupy most of the
area in a reticle field. These product designs are carried out using physical ground
rules (GRs) and circuit models supplied by the foundry. During silicon wafer fab-
rication, a common set of electrical test structures placed in the scribe lines of all
the wafers in a given technology node are measured for monitoring the process
centering and yield. The circuit topologies, local circuit densities, and physical lay-
out of DUTs in the scribe line are generally different than those on the product.
In addition, the test equipment and measurement methods used for scribe-line tests
in the manufacturing environment are also different than those used in the product
test. This may result in differences in measurement accuracy for data from the two
sources. Such differences vary in importance from one product to another as prod-
ucts with smaller design margins to meet specifications require a tighter process
control.

Although the foundry may have perfectly tailored the process to match the circuit
models or tuned it to a specific product request, there is always a question of how
well the test structures on the scribe line represent a product design. A comparison
of data collected from test structures placed on the scribe line to that obtained from
product test must be presented in a way that helps to answer that question in an
unambiguous fashion.

It is a good practice to place identical test structure designs on the scribe line
and across the product itself whenever possible. Ring oscillators serve this purpose
well as frequencies can be easily measured during product functional test. Circuit
delays, derived from ring oscillator frequency measurements, provide information
on expected maximum product operating frequency. By appropriate design of ROs,
information on MOSFET and parasitic circuit element parameters can be extracted
as discussed in Section 6.3. Circuit delays, averaged over many logic gates in an
RO, minimize the impact of random variations in circuit parameters and are useful
for tracking systematic variations across chip, across wafer, and from wafer to wafer
and lot to lot. When the RO designs in the scribe line and on-product cannot be truly
identical, the same logic gate type such as an inverter (FO = 3) may be used.

Here, we show examples of data displays for comparing ring oscillator data col-
lected in the manufacturing line with that from on-product tests [21]. RO frequencies
for the on-product and on-scribe-line designs are normalized to target values derived
from circuit simulations. Example physical locations of nominally identical ROs on
the reticle field are shown in Fig. 10.19a. In this case, there are nine ROs on the
product and one each on the scribe lines on the left and right side of the product.
The measured RO frequencies are normalized to the target value and plotted vs.
that of RO1, which is situated on the top left corner of the product. In Fig. 10.19b
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Fig. 10.19 a Physical locations of ROs (1-9) embedded within a product and in the scribe line
(ST and S2). b Normalized RO frequencies of each RO as a function of RO1 in the same physical
arrangement as in the reticle field

the XY plots are placed corresponding to the physical locations of the ROs in the
reticle field. As previously described, the dashed lines on each plot indicate 1:1
correspondence of RO frequencies. The solid line is fitted to the measured data
or alternatively, individual data points may be shown. The solid circle shows the
(1, 1) location, where both RO frequencies match the nominal specifications. Similar
charts may be produced by plotting the RO frequencies vs. the mean RO frequency
on the product or vs. an RO in the scribe line. If model targets are not available, raw
data may be plotted instead.

The data fall exactly on the dashed line on the RO1 vs. RO1 plot in Fig. 10.19b,
by definition. The data fall below the dashed line moving to the lower right cor-
ner, indicating a systematic across-chip variation, with a reduction in frequency in
going from top left to lower right corner of the product. The ROs in the scribe line
are shown to have higher frequencies than RO1 on both sides of the product. In
this case, a product frequency prediction based on the measurements made in the
manufacturing line would be more optimistic.
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Fig. 10.20 Stacked reticle field maps of frequencies a of ROs distributed within product and on
scribe lines and b of ROs placed on a regular grid on-product

The across reticle field variation may be displayed as a stacked reticle field map
for a large number of wafers as shown in Fig. 10.20. In Fig. 10.20a, the color-
coded (gray scale) boxes representing RO frequency ranges are centered on the exact
locations of the ROs on the product and the scribe lines. If the ROs are on a regular
grid on-product, the boxes may be expanded to fill the space as shown in Fig. 10.20b.
Different stacked maps may be created for different wafer zones.

A full wafer map showing the frequency ranges of 16 nominally identical ROs
across a single product chip located in each reticle field is shown in Fig. 10.21.
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Fig. 10.21 Wafer map showing RO frequency ranges within each reticle field across a wafer,
highlighting differences in wafer zones
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In the center of the wafer, the RO frequencies across the product are nearly the
same. However, there is a systematic radial variation across wafer. Across product
variations arising from across wafer variations are clearly visible in the chips away
from the center. The scribe-line to on-product correlation may also be different for
chips from different zones on the wafers. In this example, product performance may
be related to the location of product chips on the wafer as described in more detail
in Example 5.

A major advantage of presenting data in this fashion is that measured data
are plotted with minimum manipulation. The information is easy to assimilate
even for those not familiar with details of test structure design and measurement.
Conclusions on differences between scribe-line and on-product data and across chip
variation can be drawn and easily agreed upon.

10.5.4 Example 4: Correlation of ROs to Circuit Elements

RO designs for tracking of MOSFET and parasitic parameters are described in
Section 6.3. As generally only frequency measurements are possible for RO designs
placed on-product, absolute Ry, and Csy values of logic gates cannot be extracted.
However, the relative values of parameters of MOSFETSs and other circuit elements
may be tracked by comparing measured RO frequencies for different RO stage
designs with a reference (inverter) RO design [20]. Data are displayed for all the
ROs on a single page to provide a clear and concise evaluation.

The RO frequencies are normalized to nominal specifications for each RO design.
In Fig. 10.22, normalized RO frequencies of a variety of RO designs are plotted
against a reference RO comprising a loaded (FO ~3) inverter stage. This loaded
inverter stage is not as sensitive to small differences in layouts and parasitic resis-
tances and capacitances as an unloaded (FO = 1) inverter stage. As many as 20 or
more such plots can be accommodated in a single page.

A quick view of the plots in Fig. 10.22 indicates that except for Inv(V3) and
Inv(Lp3) all other inverter RO frequencies are on target. The NAND and NP
(n-passgate) loaded inverters are slower than target, and NOR and PP (p-passgate)
loaded inverters are faster than targets. Likely causes of these deviations from tar-
gets in NANDs, NORs, and passgates are a stronger p-FET and a weaker n-FET.
The inverter with an M2 wire load is slower than target, indicating a problem with
M2 layer delineation.

A similar approach is used for displaying data for different process recipes. In
Fig. 10.23, measured RO frequencies, normalized to the target values, are plotted
against reference RO frequency for two different process recipes, process_1 and
process_2. For the majority of ROs, there is no difference in the two process recipes
and the fitted lines to the data are coincident. ROs for inverter designs L02, L10,
and L15 have a higher than expected frequency for process_2 and only these RO
designs need to be investigated. Such graphical displays are useful for RO designs
with GR differences and for investigating the effects of layout sensitivities to process
changes.
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Fig. 10.22 Measured RO frequencies, normalized to target values, of different RO stage designs
as a function of a reference RO (inverter stage)

10.5.5 Example 5: Correlation of ROs to Product

In this last example, we show how to link data collected on test structures to prod-
uct functional data and ultimately how to connect technology process information
to product performance [21]. This method of product debug is less complex than
detailed analysis used for identification of cycle time limiting paths.

A number of identical ring oscillators (inverter FO = 3) are distributed across
the product as shown in Fig. 10.24a. In Fig. 10.24b, a stacked wafer map of RO fre-
quencies across the product is shown. The product chips inside the dotted circle have
similar across product variation, with ROs at the center top, 02 and 03, exhibiting a
higher frequency. The product chips near the wafer edges have higher RO frequen-
cies in locations closest to the outside edge. By correlating the measured frequency
f of different ROs to the maximum frequency of operation of the product fi,ax we
can gain an insight on the area of the product most critical to its performance. Such
information may not be readily available otherwise as timing tools used in product
design assume a uniform model across the product.
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Fig. 10.23 Normalized frequencies of inverter ROs of different physical layouts as a function of
normalized frequency of a reference RO for two different process recipes

Correlations of the frequencies of the distributed ROs with f,x are shown in
Fig. 10.25. The correlation factor for each plot is computed and printed at the
bottom right corner of each plot. Here, RO-13, at the bottom left corner of the
product, has the highest value of R and hence the best correlation with finax.
From the wafer map in Fig. 10.24b, this is also the slow corner in the reticle field
in most chips. An improvement in fi,x may be obtained by tuning the PS level
lithography exposure and trimming the channel length in the area in the vicinity
of RO-13.

Another technique for linking RO frequencies to product fi,.x makes use of the
fact that in CMOS circuits, signal propagation delay sensitivity to Vpp varies with
circuit topology. The Vpp dependence of ROs comprising different logic gate types
may be used to determine the circuit composition in frequency limiting paths of the
product [21]. Frequencies of a set of ROs of various circuit topologies and product
fmax are measured at two or more Vpp values. The df/dVpp values of the ROs vs.
fand dfimax/dVpp VS. fmax are plotted as shown in Fig. 10.26 and compared. The
stage design of the RO exhibiting the best match with the product fi,.«x data is likely
to represent the circuit topology in the frequency limiting paths. In this example, the
behavior of the RO-01 circuit is closest to that of the product characteristics. The
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Fig. 10.24 a Locations of 16 ROs on-product. b Wafer map showing variation in RO frequencies
across reticle field

information on physical region and circuit composition of the frequency limiting
path obtained from ROs should be further verified by localizing and examining the
product design and model predictions.

On-product test structures continue to play a role in monitoring product perfor-
mance throughout the life of the product and can be used to debug hardware-related
product fails reported by customers. Circuit performance degradation with time
from BTI and Hot-e effects, generation of defects from electromigration or other
aging mechanisms, and product application conditions outside the range of charac-
terization prior to product shipment are some of the possible causes of product fails
in the field. Data collected from on-product test structures along with an appropriate
graphical display of the data can facilitate the identification of the root cause of such
failures.
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Fig. 10.25 RO frequencies as a function of product fi,ax. The correlation factor is displayed at the
bottom right corner of each plot. RO-13 has the highest correlation factor with fiax

Fig. 10.26 a df/dVpp as a
function of f of three ROs of
different circuit topologies.
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Appendix A
Standard Physical Layouts and Parameters
Used in the Book

Physical ground rules (GRs) and properties of circuit elements used throughout this
book are in the range applicable to the 65-45 nm technology nodes. The values are
selected for simplifying calculations but do not subscribe to any specific technology
node or manufacturing facility.

A.1 Key Physical Layers in CMOS Circuits

The physical cross section of a silicon CMOS circuit with four metal interconnect
layers is shown in Fig. A.1. The gates of the n-FET and the p-FET are defined by
the PS layer. This PS layer and the n* and p* regions, capped with a low-resistivity
silicided DF layer, are contacted to M1 metal through HO vias. Metal interconnect
layers are denoted by MX (X = 1, 2, 3, and 4) and inter-level vias by HX (X = 1, 2,
and 3).

n-FET p-FET
p-doping Qe n-doping DF
m \ PS
n-we fe%%
S K ny J \_ N+
n-FET
p-type silicon substrate p-doping

(a) (b)

Fig. A.1 a Cross section of a CMOS circuit with four metal interconnect layers. b n-FET cross
section showing silicided PS and DF layers

M. Bhushan, M.B. Ketchen, Microelectronic Test Structures for CMOS Technology, 359
DOI 10.1007/978-1-4419-9377-9, © Springer Science+Business Media, LLC 2011



360 A Standard Physical Layouts and Parameters Used in the Book
A.2 MOSFET Parameters

The physical layout dimensions and MOSFET properties, normalized to a width of
1 wm, are listed in Table A.1.

Table A.1 Physical and electrical properties of MOSFET's

Component or parameter Dimensions (jLm) Properties

MOSFET gate pitch 0.2 Fixed pitch

MOSFET gate length, L, 0.04 -

MOSFET parameters at 1.0 V wW=1.0 Ioger = 100 nA/pm
Vlsal = 02 V

Ig = 1.0 nA/um

Cer = 1.0 F/ um
p-FET W, =1.0 Ion = 0.8 mA/um
n-FET Wh=1.0 Ion = 1.2 mA/pm

A.3 Standard Inverter and Circuit Parameters

The layout of a standard inverter is shown in Fig. A.2. The p-FET and the n-FET
in the inverter each have two fingers with shared drain terminals. The width of each
finger in the p-FET is 0.6 pum (W, = 1.2 um) and that in the n-FET is 0.4 pm
(Wh = 0.8 wm). The PS pitch is fixed at 0.2 wm. The inverter height in the vertical
direction is 2.0 pm. Physical layout dimensions of an inverter and key parameters
used in circuit designs are listed in Table A.2.

T
IS
a3
©
o
\
S
3
o
o M1
g - HO
i
S E Ps
DF
Fig. A.2 Physical layoutofa | GND | | 777 n-well

two-finger inverter and layer
mapping key

<—0.6 pm—>
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Table A.2 Physical dimensions of a standard inverter and key circuit parameters

Component or parameter

Dimensions (jLm)

Properties

Standard inverter W, =12, Ryw =2000 Q pmat 1.0 V
(two PS fingers) W, =0.8 Cin = 1.0 fF/pum
W= (Wp+ Wp) =2.0um Cou = 1.0 fF/um
Cow =4.01fF
Logic gate height 2.0 -
RO circuit stage width 3.0 15 PS fingers/stage
Inverter beta for py = Tpg - Wp/Wh =15
Inverter delay (FO = 1) - T, =40psat1.0V
Inverter delay (FO = 3) - 7, =80psat1.0V
Pulse rise and fall times, 7, ,t¢ - 20.0 ps

(FO=3)
Decoupling capacitor (DECAP)

5.0 fF/pm?

A.4 Properties of Conducting Layers
Physical dimensions, electrical properties and allowed maximum pattern densities
of silicided silicon diffusion (DF) and polysilicon (PS) layers, and interconnect

metal layers (M1 to M4) are listed in Table A.3.

Table A.3 Physical dimensions and electrical properties of conducing layers

Component or parameter Dimensions (jum) Value

PS (polysilicon gate) layer - psh = 10 /00
DF (silicon diffusion) layer - psh = 10 /0O
M1 and M2 metal layers - psh = 0.20 /OJ
M3 and M4 metal layers - psh = 0.10 /0
M1 and M2 width/space 0.1/0.1 Ry =2.00 Q/pm

Cy = 0.20 fF/pm
Ly = 0.5 pH/pm

M3 and M4 width/space 0.2/0.2 Ry =0.50 Q/um
Cy = 0.20 fF/pm

Metal area coverage - <80%

PS area coverage - <50%

A.S Standard 1x25 Padset Design

Electrical test structures described in the book can be designed with any geometri-
cal arrangement of I/O pads. However, a standard I/O pad configuration is highly
desirable for sharing macro templates and probe cards in different stages of tech-
nology development as well as among different technologies being processed in the
same fabrication facility. The standard I/O pad configuration, used in many of the
examples in this book, is a 1x25 linear array as shown in Fig. A.3. A summary of
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the properties of this padset and of the I/O pads themselves is given in Table A.4.
The form factor of the macros designed with this padset is suitable for placement
in the scribe line. The number of pads per probe touchdown can be increased to 50
(1x50 padset) by butting two 1x25 padset macros.

2500 pm

oo oggoonogonoodgooogdn
01 02 03 04 05 0607 08 09 10 11 1213 1415 16 17 18 19 20 21 22 23 24 25

(@)

=40 pm—

<60 pm——

«—60 pm——

(b)

Fig. A.3 al/O pad arrangement in a 1x25 padset macro. b Pad placement and dimensions

Table A.4 Properties of

standard 1x25 padset used in Property Value

macro templates Macro width 2500 jum
Macro height >80 um
Number of 1/0 pads (linear array) 25
Pad pitch 100 pm
Pad height 60 wm
Pad width 60 pm
Pad space 40 pm

Probe to pad contact resistance 1.0 @
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Symbol Description Unit
A Area cm?
o Number of stages in a circuit None
ac Clustering parameter None
B Magnetic field vector Gauss
B MOSEFET gain factor A
c Speed of light in vacuum (3 x 109 cm/s) cm/s
C Capacitance F
Ceh MOSFET channel capacitance F

Cq Depletion layer capacitance F
Cap MOSFET drain-to-body capacitance F
Cao MOSFET gate oxide capacitance in the overlap region F
Cdown Inter-level wire capacitance to layer below F

Cq Gate-to-substrate capacitance of a MOS capacitor F
Cgp MOSFET gate-to-body (substrate) capacitance F
Cys Gate-to-source capacitance F
Cor MOSFET total gate capacitance F

G Inversion layer capacitance F

Cit MOSFET inner fringe capacitance F

Cin Equivalent input capacitance of a logic gate F/cm
C; Source (drain)-to-body junction capacitance F
Cleft Wire capacitance to adjacent wire to the left F

CL Load capacitance F

Cot MOSEFET outer fringe capacitance F
Cout Equivalent output capacitance of a logic gate F/em
Coy MOSFET overlap capacitance F
Cox Oxide capacitance per unit area F

Cp Parasitic interconnect capacitance F

Gy Six Sigma index for process control None
Cpk Six Sigma index for process control None
Com Measured capacitance in parallel mode F
Cright Wire capacitance to adjacent wire to the right F

Csp MOSEET source-to-body capacitance F
Csm Measured capacitance in series mode F
Csw Switching capacitance of a logic gate F
Cyp Inter-level wire capacitance to layer above F

Cy Wire capacitance per unit length F/cm
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Symbol Description Unit
d Film thickness cm
dgl Duty cycle None
Dy Dissipation factor in impedance element None
DD Defect density cm™
8 Accuracy of o Variable
Sm Measurement error None
8t Time difference in signal delays s
AL Channel length bias cm
& Permittivity None
Eeff Effective permittivity None
£o Vacuum permittivity (=8.85 x 10~'* F/cm) F/cm
f Frequency of oscillation Hz
Jmax Maximum frequency of oscillation Hz
FO Fan out None
g Inductance correction factor None
GND Ground potential v
y Area efficiency of a defect monitor None
y MOSFET body-effect coefficient None
h Dielectric thickness cm
H History effect %

H, History effect for ISW-2SW transitions %
Hipg PD history effect for ISW-2SW transitions %
Hipu PU history effect for ISW-2SW transitions %

1 Current A
Ipp Power supply current A
IDDQ Quiescent current of a circuit A
IDDA Active current of a circuit A
Liin MOSFET drain-to-source linear current A

Iy MOSFET drain-to-source current A
Tysat MOSEET drain-to-source saturation current A
Lot MOSFET effective current = (Iy; + o) /2 A

Iy Forced current A

Iy MOSEET gate current A

Iy MOSFET gate oxide leakage current A

Ini MOSFET Igs at Vas = Vbp/2, Vgs = VDD A

Lo MOSFET Iy at Vgs = Vpp, Vgs = Vbp/2 A

I Measured current A
Loge MOSFET drain-to-source leakage current A
Lotn n-FET drain-to-source leakage current A
Tottp p-FET drain-to-source leakage current A

Ion MOSFET on current A

k Dielectric constant relative to SiO; None
K One element in a set of N None
K Thermal conductivity Wicm/°C
K Cell (bin) size in a histogram and in history macro Variable
[ Wire length cm

L Inductance H
Legt MOSFET effective channel length cm
Loy MOSFET gate overlap length cm
Ly MOSFET gate length cm
Ly Inductance per unit length H/cm




Glossary of Symbols 365

Symbol Description Unit

m Number of elements None

I Sample mean Variable
Meff Carrier mobility cm?/V s
i Lower filter multiplier None
Lo Permeability of free space H/cm
It Target sample mean Variable
Hu Upper filter multiplier None
Hw Magnetic permeability of a wire H/cm

n Number of data points or samples None
Nsq Number of squares in a film None

N Number of elements None
Nc Number of elements in a matrix column None
N Number of elements in a matrix row None

n Divide-by-factor None
p(x) Probability density of value x None
pc Pre-switch state of PD-SOI gate None

P Power dissipation w

Py Active power dissipation w

Py Power density W/em?
Prax Maximum power dissipation W

Poge Standby power dissipation w

Py Short-circuit power W

0] Magnetic flux Wb

Oc Charge transfer during switching of a CMOS circuit C

Ql First quartile in descriptive statistics Variable
Q2 Second quartile in descriptive statistics Variable
Q3 Third quartile in descriptive statistics Variable
X Igs ratio in a set of parallel MOSFETs with V¢ and Vg None
Fsw Switching resistance of a logic gate Q

R Resistance Q

R Measured resistance Q

Ry Parasitic probe resistance Q

Ry Parasitic parallel resistance of a capacitor Q

Rpm Measured parallel resistance of a capacitor Q

Ry Parasitic series resistance Q

Ry Source—drain series resistance Q

Rym Measured series resistance of a capacitor Q

Row Specific switching resistance of a logic gate Qcm
R Thermal resistance °C/W
Rw Wire resistance per unit length Q/cm

P Resistivity Q cm
Psh Sheet resistance Q/0

s Sample variance Variable
s Spacing between wires in the same metal layer cm

S Primary CMOS technology scaling factor None
A\ Secondary CMOS technology scaling factor None
SS MOSEET subthreshold slope V/decade
o Standard deviation Variable
ot Target standard deviation Variable
o Vi Standard deviation of V; \%

t Time S
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Symbol Description Unit
leq Dielectric thickness equivalent to SiO» cm
tox Oxide thickness cm
T Temperature °C
T. Clock period s
TCR Temperature coefficient of resistance Q/°C
T4 Time delay s
T, Period of oscillation S
Ts Setup time of a latch s
Tw Pulse width S
T Delay of a logic gate s
Tipd 1SW PD delay of a logic gate s
Tipu ISW PU delay of a logic gate s
T2pd 2SW PD delay of a logic gate s
Topu 2SW PU delay of a logic gate s
Tf Signal fall time s
T Delay of a latch s
Tp Average of pull-down (PD) and pull-up (PU) delays S
Tpd Pull-down (PD) delay S
Tpm Measured value of 7, S
Tpu Pull-up (PU) delay S
Tr Signal rise time S
v Speed of light cm/s
Vv Voltage \%

Ve Clamp voltage v

Vs MOSEET drain-to-source voltage \

VbD Power supply voltage v

Vbpe Common power supply voltage \'%

VbDpE Experiment power supply voltage \%

Ve Forced voltage \'%

Ve MOS capacitor gate voltage v

Vin Voltage of an input circuit node \'%

Vi Measured voltage v

Vout Voltage of an output circuit node \

Vi MOSFET threshold voltage v

Vitin MOSEET threshold voltage in linear mode \

Visat MOSFET threshold voltage in saturation mode \%

w Wire width cm

w MOSFET width cm

w Logic gate width (= Wp, + Wy) cm

Wh n-FET width cm

Wp p-FET width cm

1) Angular frequency Radians/s
x Observed values in a data sample Variable
y Transformed variable Variable
Y Yield None

z Transformed variable None

Z Impedance Q




Acronym

ATE
BTI

c4
CAD
CBCM
CMOS
CMP
DECAP
DIBL
DFM
DOE
DRC
DUT
ESD
FD-SOI
GIDL
GR

HK
IFVM
ILD
/0
IQR
LSL
LSSD
LVS
MEMS
MOS
MOSFET
MPS
n-FET
NIST
p-FET
PD
PD-SOI
PICA
PLC
PU
RDF

Automated test equipment

Bias temperature instability

Controlled collapse chip connections
Computer-aided design

Charge-based capacitance measurement
Complementary metal oxide semiconductor
Chemical mechanical polishing
DEcoupling CAPacitor

Drain-induced barrier lowering

Design for manufacturing

Design of experiments

Design rule checker

Device under test

Electrostatic discharge

Fully depleted silicon-on-insulator
Gate-induced drain leakage

Ground rule

High-k (gate dielectric material)
Current force voltage measure
Inter-level dielectric

Input/output

Inter quartile range

Lower specification limit
Level-sensitive scan design

Layout vs. schematic

Micro electro-mechanical system

Metal oxide -semiconductor

Metal oxide semiconductor field-effect transistor
Multiple serpentine

n-type MOSFET (NMOS)

National Institute of Standards and Technology
p-type MOSFET (PMOS)

Pull down

Partially depleted silicon-on-insulator
Pico-second imaging circuit analysis
Power line cycle

Pull up

Random dopant fluctuation
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RIE
RO
ROI
SCE
SMU
SoC
SOI
SPC
SPICE
SRAM
STI
TFI
USL
VFIM
VLSI

Reactive ion etching

Ring oscillator

Return on investment
Short-channel effect

Source measure unit
System-on-chip
Silicon-on-insulator
Statistical process control
Simulation program with integrated circuit emphasis
Static random access memory
Shallow trench isolation

Thin film interposer

Upper specification limit
Voltage force current measure
Very large-scale integration

Acronym



Index

A
Accuracy, 293-294
Ampere’s law, 134-136
ATE
digital, 165-166, 179, 190, 193, 195, 199,
271,273,276
parametric, 24, 62, 71, 85, 125, 178, 191,
195, 232, 254, 260, 306-309, 311
SoC, 307, 310-311

B

Beat frequency, 218

BTI, 218

Buffers, 13, 43-44, 51, 53, 178, 222, 237-239,
251,279

Buffer sizing, 238

C
C4, 25-26, 29, 223
Calibration
test equipment, 312-313
Capacitance
coupling, 108, 178
gate capacitance, 113, 115, 202
inner fringe, 114
interconnect, 111, 118-122, 126, 130, 150,
166, 168
outer fringe, 114, 129
overlap, 114-115, 117-118, 120, 128-129,
145, 205, 209
parallel plate, 39-40, 79, 109, 111, 116,
135
per unit length, 40
Capacitor
energy storage, 108
impedance, 110
MOS, 107-108, 112-114, 116, 127, 303
thin film, 109-110

CBCM
CIEF-CBCM, 119, 129, 132-133
CTCM, 121
QVCM, 120, 125, 129-130
Channel length, 14, 37, 115, 140, 142,
146-147, 206, 212, 348, 355
Charge Based Capacitance Measurement,
see CBCM
Chart
box plot, 342, 345-346
trend, 320, 338
XY scatter plot, 319-320, 348-349
CMOS
cross-section, 135-136
scaling, 21-23, 63, 115, 148
technology nodes, 140, 154
technology trends, 21-23, 70
CMOS logic gates
inverter, 18—19
NAND?2, 19-20
NAND3, 20
NOR2, 20-21
XNOR2, 21
CMP, 18, 33, 75, 111-112, 123, 132,
330, 336
Contacted gate pitch, 21-22
Cp, 118, 120, 204, 338, 341, 344
Cpk, 338, 341, 344-346

D
Data filter, 341-343
flier, 341-342
DECAP
in high-speed macro, 62-63
placement, 49
placement in RO, 50
in power grid, 48
in probe card, 48
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370

Decoder, 19, 42, 53-54, 56, 59-63, 89-91, 93,
95-100, 102, 125, 131-132, 161-167,
169, 171, 191-200, 216, 233-234,
236-238, 243, 249, 253, 275-280,
309, 342

Decoupling capacitor, see DECAP

Defect density, 82, 334

Defect monitors, 76, 80-81

Delay line, 246, 249, 271

Delay parameters, 37, 43, 174, 201-202, 345

Demultiplexer, 53-54

Design Of Experiments (DOE), 4, 318, 329

Design for manufacturability, 18, 96

Design Rule Checker (DRC), 57

DIBL, 143, 146-147

Differential measurements, 52, 118, 202, 234,
271, 330

Diode, 13, 15, 45-46, 88, 224, 289

Dissipation factor, 123, 126-127, 301, 304

DUT, 12, 57-58

E
Electrical defects
opens, 76
shorts, 76
Electromigration, 82—83
Error code, 315, 342
ESD, 15, 44-46
circuit, 44—46

F

Fall time, 62-63

Fan-out, see FO

Flip-chip bonding, 25

Flip-flop, 178, 184-186

Floating-body effect, 260, 262-266

finax» 223-224, 345, 347, 354-355, 357

FO, 37, 44, 49, 154, 181, 184, 203-205, 207,
210-211, 227, 243-244, 246, 262, 279,
312, 350, 353-354

Foup, 27, 313-314

Frequency counter, 24, 45, 51, 178, 186-187,
191, 195-196, 199, 221-222, 249-250,
255, 276, 293, 304-305, 309

Frequency divider, 56, 132, 171, 178-179,
181-186, 189-193, 195-196, 198-199,
214, 216, 219-220, 222, 225, 232, 255,
274-276

G

Gate capacitance, 113, 115, 119, 128-129,
205, 210, 212, 244, 303

Gauss’s law, 134-135, 137

Index

GIDL, 143, 159

GND-Signal-GND, see G-S-G

Greek Cross, 75-76, 101-103

Ground rules (GRs), 18, 70, 261, 272, 350, 359
G-S-G, 28, 238, 241, 303

H
Heating effects in PD-SOI
self-heating, 266
thermal time constant, 272, 287-288
Histogram, 241
History effect in PD-SOI
1SW transition, 265
2SW transition, 265
steady-state (SS) transition, 265

|
IFVM, 24, 71, 85, 295-296
ILD, 16, 40, 47, 300
Impedance, 24, 30, 45, 49, 51, 110, 116-117,
178, 227-228
meter, 24, 116, 298-304
Index time, 30, 87
Inductance, 41
cables, 48
mutual, 137
on-chip wire, 41
self, 137
Interconnect RC delay, 4243
Interconnects, 16—-17
layer properties, 75
metal stack, 16
Inverter
equivalent RC circuit, 35
physical layout, 18, 181
scaling, 21
properties, standard, 339-341
standard layout, 44
1/O driver, 45, 178-179, 181-182, 186-187,
189-190, 192, 198, 214, 227, 237,
239-240, 255, 274, 304
I/0 pads, 32-34
cheesing, 34
design considerations, 34
multi-layer, 32
mushroom, 33
IQR, 342-343

J
Jitter, 232, 239, 241-242, 248, 307, 311
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K
Kerf, 6
Kurtosis, 326-327

L
Latch
circuit, 178
level-senisitve, see LSSD
master—slave, 55-56, 178, 184, 190
metastability, 232, 243, 246, 248-250, 304,
312
setup time, 247, 249-250
Layout vs. Schematic (LVS), 57
LCR meter, see Impedance, meter
Linewidth measurements, 103
LSL, 338-339
LSSD, 55-56

M
Macro, 8-9, 12-13, 17-18, 24-35, 38-39,
41-42, 44-48, 50-54, 56-59, 61-64,
68, 70, 73-74, 76, 83, 85, 87-90,
93-100, 102-103, 108, 119, 122,
124-132, 139-140, 147, 149-150,
152153, 155-158, 160-161, 163,
165-166, 168, 171, 174, 178-182,
186, 188-193, 195-196, 198-200, 207,
212, 214-217, 219-220, 222, 225,
227,231-232, 234-256, 260-261, 268,
270-289, 292, 295, 297-299, 305,
311-315, 317-318, 320-321, 328-330,
332-336, 339-342, 345-348, 361-362,
364
Macro design, 1-D array
capacitor, 125
MOSEET, 15, 132, 155
resistor, 59
Macro design, 2-D array
capacitor, 40, 61, 125, 132-133
MOSFET, 15, 61, 132, 149, 151, 155,
165-168
resistor, large array, 103
resistor, passive array, 87-88
resistor, small array, 169
ring oscillator, 61, 174, 179, 198-200
Macro design, discrete element
capacitor, 200
MOSFET, 58-59, 200
resistor, 200
Macro designs
1-D arrays, 58
2D arrays, 57, 60-62, 95-101
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discrete element, 57-59, 149
high speed, 62-63, 232, 234-240, 243-256,
273
high speed with DC I/Os, 231-233, 254,
272-273
1x25 padset, 96
scaling, 63-64
template, 8-9, 13, 57-64, 85, 89, 163, 186,
215-216, 231-232, 234-240, 243, 246,
250, 253, 321, 328-330, 361-362
Macro designs, high speed
coupling capacitance, 108, 239, 246, 251,
256
latch metastability, 243, 246-250
at M1, 43, 62, 232, 234, 243, 250-253, 273
PU and PD delays, 235, 243-246
Mean, 1, 24, 80, 95, 148-152, 165, 171, 181,
195, 208, 225, 306, 319-320, 322-325,
332-333, 335-340, 342-344, 346-347,
351, 365
Median, 322-323, 341-343
Metrology, 6, 67-68, 101-103, 318, 329, 331
Miller effect, 112, 115, 205
minimum feature size, 2-3, 21
MOS capacitor
accumalation mode, 127
C-V characterization, 108, 114-115
inversion mode, 113115, 127-128
MOSFET DUTs
inverter, 132
SRAM cell, 149
MOSFETs
cross-section, 2-3, 13-15, 115, 127,
140-141, 260
DC characteristics, 155
I-V measurements, 149-151, 155
linewidth variations, 139-140, 147, 152,
336
parameters, 46, 127, 140, 144145, 148,
150, 168, 181, 187, 216, 221, 308, 327,
343, 348, 360
properties, standard, 5, 15, 37, 119,
140-149, 180, 201-202, 271, 345, 360
pulse I-V measurements, 254
variability, 139-140, 148-149, 155, 225,
261, 348
MOSFET switches, 19-21, 89
Multiplexer, 19, 53-54, 60, 104, 199, 216, 233

N

Naming convention
macro, 328-330
parameter, 330

NIST standards, 312
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(0]
Ohm’s law, 68—-69
On-chip clock generation, 125, 131, 195
Oscilloscope, 24, 45, 178, 186187, 195, 233,
239-242, 249-250, 253-254, 270, 282,
291, 293, 305, 307, 311
sampling, see Sampling oscilloscope

P
Parallel plate capacitance, 39-40, 79, 109, 111,
116, 135
Passgate
n-passgate, 353
p-passgate, 20-21, 53, 62, 209, 213-214,
354
P cells, 329
PD-SOI MOSFETs
body-contact, 272, 284
cross-section, 260-262
diffusion capacitance, 205
floating-body effect, 253
PD transition, 288
delay measurements, 243-246
PICA, 29
Pico probe, 29
Power distribution, 8, 13, 16, 18, 26, 31,
46-47, 134, 180, 192, 199
Power line cycle, 296
Probe cards
custom, 28, 51, 62, 99, 231, 240
high-speed, 119, 193, 253-254, 270
MEMs, 29
Probes
contact resistance, 34, 72-74, 183, 293,
313, 321
material, 28
Pull-down transition, see PD transition
Pull-up transition, see PU transition
Pulse generator, 24, 119, 125, 129, 188,
240-242, 246, 249, 253, 270, 281, 291,
293, 306, 308-309
Pulse I-V
with DC I/Os, 253-256
high speed, 253-256
PU transition
delay measurements, 243-246

Q
Quality control, 4, 318
QVCM, 120-121, 125, 129-132

R
Range, 322
RDF, 148

Index

Repeatability, 293
Reproducibility, 293
Resistance
metal layers, 289
parasitic, 72
probe contact, 72
temperature dependence, 69
vias, 70
Resistance bridge, 75
Resistance measurement
contact, 73-74
four-terminal, 72-73
Kelvin, 72-73
sheet resistance, 74-76
test equipment, 70-71
two-terminal, 72
Van der Pauw, see Van der Pauw
Resistivity, 38
Resistor
Joule heating, 78
power dissipation, 69
Resistor DUTs
area, 76-83
comb, 80-81, 123, 126, 246
maize, 80-81
MultiPle Serpentine (MPS), 80
self-heating, 79, 82, 151
serpentine, 78, 80-81, 123, 126
via chains, 78, 80-81
Resolution, 63, 79, 174, 232, 236, 249-250,
270, 276, 293-294, 304, 307, 311-313,
322
Reticle, 6-7, 73-74, 126127, 147, 195,
221-222,313-314, 317, 321, 328-330,
334-337, 340, 347, 350-352, 355-356
Reticle field, 6, 314
Ring oscillator
frequency, 173-193, 195-199, 201, 210,
212,214-216, 218-225, 227-228
harmonics, 187-189
matched pair, 217
number of stages, 180-181
on-product, 221-224
operation, 175-178
performance sort, PSRO, 174
physical layout, 181-186
switching power, 176-177
time period, 174-175
variability, 195-198
Ring oscillator stage
capacitor load, 205
C-V characterization, 210-213
interconnect wire load, 201, 206, 210
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inverter, 175-176, 179-184, 186-187, 189,
201-205, 207-213
MOSFET resistance extraction, 207-210
SRAM, 218-220
Rise time, 35, 180, 233, 243, 256, 296, 306

S
Sampling oscilloscope, 240-242
Scan chain, 55, 61, 125, 166-167, 190-191,
193, 195, 199, 342
Scribe-line, 67
Semiconductor Parameter Analyzer (SPA), 24,
311
Sheet resistance
number of squares, 69
wire resistance estimation, 75-76
Shift register, 53, 55-56, 62, 286-287
Short channel effect, 142, 146-147, 149
Six Sigma, 4, 318, 326, 338
Skewness, 326
SOI technology
FD-SOI, 261
PD-SOI, 261
Solder bumps, 25-26
Source Measure Unit, SMU
IFVM, 24, 71, 85, 295-296
VFIM, 295-296
SPICE, 5, 143, 186187, 216, 224
SRAM
SOI history effect, 282
Stacked, 45
Standard deviation, 148
Statistical distribution, 326-328
non-normal, 326-328
normal, 325
transformation, 328
Statistical Process Control (SPC), 4, 318
Stripline, 134-137
Subthreshold slope, 142-143, 159
Switching capacitance, 193
Switching resistance, 37, 42, 177-178, 201,
209, 243-244
Switch matrix, DC, 240, 250, 298
manual, 298-299
programmable, 295
Switch matrix, microwave, 240
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T
Taguchi, 4, 338
TCR, 69
Test automation, 292, 313-315
Test plan, 313-314, 318, 321, 329-330,
332-333, 335, 341
Test station, 27-28
Test-stops in CMOS manufacturing, 4-5
Test structures, 2—8
classification, 8
cost, 4-6
placement, 6-8
role in semiconductor technology, 2
Test time efficiency, 29-30
Test-vehicle, 7
short-loop, 7
Thermal resistance, 79
Threshold voltage
measurement, 143
MOSFETs in parallel, 7, 287
random variations, 148
roll-off, 146
Transmission gate, 53—54

U
USL, 338-339

v
Van der Pauw, 68, 74-75, 103
Variability
MOSFET, 140, 148-149
ring oscillator, 225-226
Variance, 324
VFIM, 24, 71, 85-86, 149, 295-296, 314
Voltage controlled ring oscillator, 284

w
Wafer map
stacked, 347, 354
Wafer probing station, 25-27
Wire bonding, 25-26

Y
Yield monitors, 95, 100, 102, 310, 330
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