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Preface

With the continual scaling of complementary metal-oxide-semiconductor (CMOS)
technologies, latchup is an increasingly significant reliability issue in semiconductor
technologies. Because of the parasitic silicon controlled rectifier (SCR) in CMOS,
latchup can be initiated via a positive regeneration feedback if there is a large enough
substrate or well current. Once latchup occurs in a powered system, huge currents can
conduct through a low-impedance path from the power supply to the ground nodes. If
the resulting high current is not limited, irreversible damage can occur in CMOS
integrated circuits (IC) due to the latchup-generated high power. Even though the
latchup current is limited to prevent permanent damage, it is highly possible that
CMOS ICs will malfunction due to a “latched” power system.

Transient-induced latchup (TLU) means a latchup event initiated by a fast transient
triggering mode. Several different transient triggering modes have been proven to be
able to initiate TLU, such as power-on transition, transmission line reflections, supply
voltage overshoots or undershoots, and cable discharge events (CDE). In addition to
these transient triggering modes, the system-level electrostatic discharge (ESD) stress
has been verified as a significant TLU-triggering mode, especially when modern
electronic products are usually requested to satisfy the electromagnetic compatibility
(EMC) regulations. The system-level ESD test is commonly used to evaluate the
system-level ESD robustness of electronic products. During the system-level ESD test,
the ESD-generated transient current can induce TLU in CMOS ICs within the
electronic products, leading to temporary shutdown or permanent damage of the
equipment under test (EUT). Such a system-level ESD stress can induce TLU much
more easily than any other of the TLU-triggering sources described above, because the
ESD tester (ESD gun) can carry a high charged voltage up to =15 kV. Once such a huge
energy stresses the EUT through direct contact or indirect coupling, it can induce a
large noise current to induce TLU in COMS ICs. The physical mechanism of TLU
under a system-level ESD test has not been so clear until recently. Thus, this book
mainly focuses on TLU induced by the system-level ESD stress.

In Chapter 1, an overview of latchup is given at first, including the introduction of
latchup phenomena and characterization. The background of TLU is subsequently
introduced, and the categories of several TLU-triggering modes are also summarized,
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including the power-on transition, transmission line reflections, supply voltage over-
shoots or undershoots, cable discharge events, and system-level ESD stresses. Further-
more, the recently announced standard practice to evaluate the TLU immunity of CMOS
ICs is also introduced. Compared with the conventional latchup standard commonly
adopted in industry, this TLU standard practice has different test setups and latchup
triggering sources. This implies that the physical mechanism of TLU is different from
conventional latchup, and the foundation of the TLU test standard is necessary.

Chapter 2 focuses on clarification of the TLU physical mechanism in CMOS ICs in
the system-level ESD test. An underdamped sinusoidal voltage stimulus is clarified as
the realistic TLU-triggering stimulus in the system-level ESD test. With TLU
characterization by device simulation and experimental verification in the time
domain, the specific “sweep-back” current caused by the minority carriers stored
within the parasitic PNPN structure of CMOS ICs is qualitatively proved to be the
major cause of TLU. A simple 1-D analytical model of such a “sweep-back’ current is
also introduced. This model can qualitatively describe the sweep-back current
dependency on the TLU-triggering stimulus in the system-level ESD test.

Chapter 3 introduces a component-level TLU measurement setup with a bipolar
(underdamped sinusoidal) voltage trigger source. This measurement setup can evalu-
ate the TLU immunity of a single IC by monitoring the voltage/current waveforms
through an oscilloscope. Additionally, by applying the bipolar trigger voltage on the
power pins of a device under test (DUT), it can accurately simulate how a CMOS IC
will be disturbed by the ESD-generated noises in the system-level ESD test. With the
component-level TLU measurement setup, different types of board-level noise filter
networks can be evaluated to find their effectiveness for improving the TLU immunity
of CMOS ICs.

Chapter 4 characterizes the TLU dependencies on the two dominant parameters of
TLU-triggering transient noises, power-pin damping frequency and damping factor. In
real situations, they are strongly dependent on the system shielding, board-level noise
filter, chip-/board-level layout, and so on. Their impacts on the TLU immunity can
be well explained in the time domain by device simulation. Based on the comprehensive
simulation results and experimental verifications, board-level noise filters can be
properly developed to efficiently eliminate the ESD-coupled noises for TLU prevention.

Chapter 5 introduces TLU under the electrical fast transient (EFT) test. The EFT test
is used to demonstrate the immunity of electronic equipment to transient disturbances
such as those originating from switching transients. During the EFT test, the EFT
generator applies a number of fast pulses, coupled into the power supply, control,
signal, and ground ports of electronic equipment. In the same way as the system-level
ESD test, TLU can be easily initiated by a sweep-back current in the EFT test. Different
types of noise filter networks are also investigated to find their effectiveness for
improving the TLU immunity against EFT tests.

Chapter 6 introduces the experimental methodologies to extract area-efficient
compact layout rules for latchup prevention, including layout rules for I/O cells, for
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internal circuits, and for I/O and internal circuits. Through detailed investigations of
latchup immunity dependencies on variations of geometrical layout parameters and
temperatures, compact and safe layout rules can be established for latchup prevention in
a given CMOS process. Such skills are useful for foundries to provide their customers a
safe process design rule without suffering latchup issues, and are also helpful for IC
designers to understand the latchup immunity dependencies on IC layout plans.

Chapter 7 introduces several special layout issues for latchup prevention. Neglecting
these layout issues could draw unanticipated latchup danger, including latchup between
two power domains, between power-pins and grounded N+ /N-wells, and between two
adjacent I/O cells, and so on. The ESD-coupled diodes between separated power lines
can also lead to unexpected latchup. Direct connection between the I/O pads and the
N+ /P+ diffusions in internal circuits could easily initiate latchup in internal circuits.
Additionally, if the power-rail ESD clamp circuit is very close to the I/O pads, an ESD-
clamping NMOS could be unexpectedly turned on during the negative trigger current
test, probably initiating the latchup in the nearby internal circuits. The corresponding
solutions to these unexpected latchup issues are also introduced. By using these, IC
designers could prevent possible design mistakes, eliminate the waste of masks and
wafers, and decrease the time to market for products.

Chapter 8 introduces several TLU issues in power-rail ESD clamp circuits fabri-
cated in both low-voltage (LV) and high-voltage (HV) 40-V COMS processes. In the
LV CMOS process, although the TLU-free ESD-clamp circuit can be easily designed
by placing double guard rings to surround each MOS devices, a specific “TLU-like”
failure would still occur due to the latch-on state of the ESD-clamping NMOS in the
system-level ESD test. In the HV CMOS process, the bottleneck is that the latchup
holding voltage is generally much smaller than the HV nominal operating voltage, thus
inevitably leading to TLU risks in HV power-rail ESD clamp circuits. In addition to the
clarification of TLU-related issues in the power-rail ESD clamp circuits, the investi-
gation and design of TLU-free power-rail ESD clamp circuits are also introduced.
These TLU-free power-rail ESD clamp circuits can guarantee robust ESD immunity
without suffering TLU or any TLU-like danger in both LV and HV CMOS ICs.

Chapter 9 gives a brief summary of TLU. The concepts to extract compact and safe
design rules for latchup or TLU prevention are also summarized. A practical example
of extracting layout rules/guidelines for latchup prevention in a 0.18-pum 1.8 V/3.3V
silicided CMOS process is given in the Appendix. The methodologies to extract all the
latchup design rules/guidelines are in compliance with those presented in Chapter 6,
including latchup layout rules for I/O cells, for internal circuits, and for between I/O
and internal circuits. Latchup layout rules for circuits across two different power
domains are also extracted to avoid the possible latchup danger between two N-wells
powered by two different power supply voltages, as introduced in Chapter 7. Such
skills can be further implemented in any given CMOS process to extract reliable design
rules without suffering latchup danger.
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Introduction

Due to the aggressive scaling of device feature sizes and strict demands of elec-
tromagnetic compatibility (EMC) regulations, transient-induced latchup (TLU) is
increasingly a primary reliability issue in CMOS integrated circuits (IC). In this
chapter, latchup overview is given at first, including the introduction of latchup
phenomena and characterization. The background of TLU is subsequently introduced.
It has been found that several TLU-triggering modes (rather than just one) probably
initiate TLU, and the categories of these TLU-triggering modes are summarized.
Furthermore, the recently announced standard practice to evaluate the TLU immunity
of CMOS ICs will be also introduced.

1.1 Latchup Overview

It has been a long time since latchup was a significant reliability issue in semiconductor
technologies [1-15]. Latchup originates from the parasitic silicon controlled rectifier
(SCR) in CMOS technologies, which is composed of two cross-coupled parasitic
bipolar junction transistors (BJT). For example, the device cross-sectional view of
a basic CMOS logic circuit, an inverter, is shown in Figure 1.1 along with the two
parasitic BJTs which comprise the inherent SCR. These two parasitic BJTs are a
vertical PNP (Qp,,p) and a lateral NPN (Q,,,) BJT. Under normal circuit operating
conditions, this CMOS logic circuit acts as an inverter, and the parasitic SCR has no
adverse effect to circuit function and can be totally ignored. However, if latchup is
initiated by any latchup-triggering events, the parasitic SCR will turn on and dominate
the circuit function. As a result, huge current will flow through the low-impedance
latchup path, leading to the circuit malfunction or even worse chip burn-out danger.

The equivalent circuit of the parasitic SCR is illustrated in Figure 1.2, and its typical
latchup /-V characteristic is shownin Figure 1.3. Vg (I1rig) and Vioig (Inora) are referred
to as the latchup trigger voltage (current) and holding voltage (current), respectively.

Transient-Induced Latchup in CMOS Integrated Circuits Ming-Dou Ker and Sheng-Fu Hsu
© 2009 John Wiley & Sons (Asia) Pte Ltd. ISBN: 978-0-470-82407-8
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Figure 1.1 Device cross-sectional view of an inverter circuit in CMOS technologies. The two parasitic
BJTs are a vertical PNP (Qpy,) and a lateral NPN (Qypn) BIT.

Initially at a small applied voltage (V< Vry,), the SCR is in its high-impedance off
(blocking) state, and the current flowing through from Vpp to the GND is negligible.
Afterwards, if the applied voltage continually increases up to Vv, the reverse-biased
N-well/P-substrate junction can generate a reverse junction breakdown current, which
is the dominant current of /1. Such a junction breakdown current can flow through
the parasitic substrate (well) resistance of Rgyp (Rwen), turning on the Qpp (Qpnp)
because of its forward-biased emitter-base junction. Once the Qppy, (Qpnp) is turned on,
the other Qpnp (Qupn) can be also turned on via the mechanism of the positive
regeneration feedback. This transition region of positive regeneration feedback is
unstable, and represents a negative-resistance region in the latchup /-V characteristic,
as shown in Figure 1.3. If the product of the beta gains of these two BJTs is larger than
one, this positive feedback mechanism can be maintained, leading to a large current
conducting through a low-impedance path from Vpp, (source of PMOS) to GND (source
of NMOS). This phenomenon is the so-called latchup. This low-impedance on state
in the latchup /-V curve is also referred to as the “holding region”, and the minimum
applied voltage (current) required to sustain this low-impedance state is Vio1a (Itold)-
If the resulting latchup current is not limited, CMOS could be burned out due to the
latchup-generated high power. Even if the latchup current is limited such that no
permanent damage occurs in CMOS ICs, the low-impedance path existing between
Vbp and the GND usually causes circuit malfunction.

In CMOS technologies, latchup can occur in any parasitic SCR structures located
in I/O cells or core circuits. The schematics and the layout top views of an inverter, a
2-input NAND gate, and a 2-input NOR gate are shown in Figures 1.4—1.6, respectively.
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Figure 1.4 (a) Schematic, and (b) layout top view of an inverter. When latchup occurs, the latchup path
goes from VDD to GND along the parasitic PNPN SCR structure.

These basic logic gates are always highly integrated in core circuits to save chip size,
and therefore the guard rings are generally unallowable for latchup protection in order
to save more chip layout area. Once there is an abnormal amount of noise injection
current or power lines noise around the chips, latchup could be easily triggered on
in such highly-integrated transistors area, as the latchup paths shown in Figures 1.4b,
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Figure 1.5 (a) Schematic, and (b) layout top view of a 2-input NAND gate. When latchup occurs, the
latchup path goes from VDD to GND along the parasitic PNPN SCR structure.

1.5b, and 1.6b, respectively. Thus, proper layout rules, process techniques, and circuit
design methodologies for latchup protection are necessary to ensure latchup-robust
CMOS ICs.

In addition to the junction breakdown current produced by the power supply over
voltage, any trigger sources that can generate substrate/well current in CMOS ICs
could probably initiate TLU, such as punchthrough and transient overshoot or
undershoot on the I/O pins of CMOS ICs. To achieve a robust immunity of CMOS
ICs against latchup, ensuring that the V4 is greater than the Vpp (normal circuit
operating voltage) is a simple criterion for judgment. If the Vi, 4 is greater than Vpp,
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Figure 1.6 (a) Schematic, and (b) layout top view of a 2-input NOR gate. When latchup occurs, the
latchup path goes from VDD to GND along the parasitic PNPN SCR structure.

the maximum power supply voltage in CMOS chips is still smaller than the voltage
required to sustain latchup. As a result, latchup never occurs and the purpose of
“latchup-free” can be fulfilled, regardless of whatever the latchup-triggering modes.
In contrast, for a Vi, q lower than Vpp, it is still possible for latchup to be maintained
after the latchup-triggering modes are removed. Thus, to raise the Vi q higher than
Vbp whenever possible, some process, layout, or circuit techniques for latchup
prevention are indeed necessary.



Introduction 7

1.2 Background of TLU

TLU means a latchup event initiated by a fast “transient” triggering mode. Once some
transient triggering mode happens to generate large enough substrate or well current
in CMOS ICs, TLU can be triggered on via a positive-feedback mechanism. With the
continual scaling of CMOS technologies [16], the smaller device feature size enables
a larger packing density of transistors in CMOS chips. However, CMOS ICs are more
susceptible to TLU because the spacing from the N+ to P+ junction has been also
continuously decreasing. With the increased focus on powerful functionality and low
cost, state-of-the-art IC design trends or process technologies lead TLU to be a serious
reliability issue, such as mixed signal products, high level integration system-on-chip
(SOC), radio frequency (RF), scaling of trench isolation, usage of low-doped substrate,
and so on. Also, for electronic products/equipments necessarily to meet the strict
demands of EMC regulations, the CMOS ICs located with the equipment under test
(EUT) are found to be very susceptible to TLU under the system-level ESD test. As a
result, the reliability issue of TLU has attracted more attention recently than before
in CMOS technologies [17-25]. Compared with the quasi-static latchup, TLU is much
more complicated for modeling and characterization, and therefore raises the diffi-
culties in developing the corresponding TLU-protection techniques. Furthermore, due
to various TLU-triggering modes and lack of comprehensive measurement techniques,
the formal test standard for TLU has not been established yet, but only “standard
practice” [26] to evaluate the TLU immunity of CMOS ICs. For quasi-static latchup,
however, the formal test standard [27] has been announced and widely used for
evaluations of latchup immunity in the ICs industry. Therefore, in order to develop
a TLU-robust IC or electronic product, it is critical to simultaneously clarify the TLU
physical mechanism and develop an efficient TLU measurement setup.

1.3 Categories of TLU-Triggering Modes

Several different transient triggering modes have been proven to be able to initiate
TLU [3-6, 20, 21]. These transient triggering modes include power-on transition [3, 4],
transmission line reflections [5, 6], supply voltage overshoots [20], cable discharge
event (CDE) [21], and system-level electrostatic discharge (ESD) event [28, 29].
In most of these transient triggering modes, their corresponding measurement setups
have been also developed to evaluate the TLU immunity of CMOS ICs. These TLU-
triggering modes are introduced below.

1.3.1 Power-On Transition [3, 4]

When the power-supply voltage ramps up from OV to its normal circuit operating
voltage during the power-on transition, the displacement current will be formed due
to the rapidly increasing power-supply voltage. The time-dependent power-supply
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voltage during the power-on transition is shown in Figure 1.7. The ramp rate (RA) of the
power-supply voltage during the power-on transition can be expressed as follows:

v
RA =22 (1.1)
T,

where Vpp is the normal circuit operating voltage, and 7} is the rise time of the power-
supply voltage.

Voo (t)
CMOSIC A
o il_
Vop = IV/o
_/_ = = Vob
[T - E Voo E
=| GND 3_]—

ov

>

Time

Figure 1.7 Time-dependent power-supply voltage during the power-on transition.

Once the RA is above some critical value, the TLU will be triggered on by the large
enough displacement current that flows through the well/substrate junction capacitance
(Cwell_sub) of CMOS ICs, as shown in Figure 1.8. By applying different ramp rates of
the power-supply voltage, the threshold ramp rate to initiate the TLU can be evaluated.
The susceptibility of this TLU is strongly dependent on the ramp rate of the power-
supply voltage, because TLU can occur even if the normal circuit operating voltage
is far below the required latchup trigger voltage in the DC latchup /-V characteristic.

1.3.2 Transmission Line Reflections [5, 6]

When the transmission line reflections take place due to impedance mismatch during
signal propagation, transient voltage overshoots or undershoots can occur on the I/O
pins of CMOS ICs, as shown in Figure 1.9. Because the I/O pins are directly connected
to the P+ (N+4) diffused areas in the N-well (P-substrate), such transient voltage
overshoots (undershoots) can make the emitter-base junction of the parasitic PNP
(NPN) BJT momentarily forward-biased. Once the forward-biased emitter-base
junction of one parasitic BJT provides enough diffusion current to turn on the other
parasitic BJT, the positive-feedback regeneration mechanism can induce TLU. The
techniques to simulate transient voltage overshoots and undershoots on the I/O pins of
CMOS ICs are shown in Figure 1.10a and b, respectively. The transient voltage
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Figure 1.8 Displacement current generated by the rapidly increasing power-supply voltage on the
well/substrate junction capacitance (Cweli_sub)-
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Figure 1.9 Transient voltage overshoots or undershoots on the I/O pins of CMOS ICs due to the
transmission line reflections.

overshoots (undershoots) can be simulated by applying a rectangular voltage pulse on
the emitter-base junction of the parasitic PNP (NPN) BJT in CMOS ICs. Thus, the
threshold voltage amplitude and pulse width to initiate TLU can be determined.
In general, when the pulse width decreases, the threshold voltage amplitude
required to induce TLU will increase. However, when the pulse width is large enough,
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Figure 1.10 Techniques to simulate the transient (a) overshoots, and (b) undershoots, on the I/O pins of
CMOS ICs.
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a quasi-static situation could be reached. As a result, the threshold voltage amplitude
required to induce TLU is approximate to the DC bias (~0.7 V) required to turn on the
emitter-base junction of the parasitic BJT in CMOS ICs.

1.3.3 Supply Voltage Overshoots [20]

The transient overshoots on the power-supply voltage can take place due to the noise
coupling under system or environment disturbance, as shown in Figure 1.11. Such
transient overshoots on the power-supply voltage can induce the junction displacement
or breakdown current within the CMOS ICs. If the displacement or breakdown current
is large enough to activate the parasitic PNP or NPN BJT, TLU can be triggered on
and sustained via the regeneration feedback. The measurement techniques to simulate
the transient overshoots on power-supply voltage are shown in Figure 1.12. The power-

CMOs IC

N QOvershoots
T[]

Sua Vpp

sssssssnsnanns  QV

Hﬂﬂﬂﬂﬂ‘ﬂ_l

uuuuuiuuuu

GND

Figure 1.11 Transient overshoots on the power-supply voltage due to the noise coupling under system
or environment disturbance.
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Figure 1.12 The TLU-triggering source used to simulate the supply voltage overshoots: positive-going
rectangular voltage pulse applied on the power pins of CMOS ICs.
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supply voltage overshoots can be simulated by applying a positive-going rectangular
pulse voltage which is superposed on the normal circuit operating voltage (Vpp). Such
a positive-going rectangular pulse voltage superposed on Vpp can simulate rapidly
increasing overshoots on Vpp, leading to the excitation of displacement or a break-
down current. Related experimental results show that the minimum (threshold) voltage
amplitude to initiate TLU decreases with the pulse width, regardless of positive or
negative voltage pulses.

1.3.4 Cable Discharge Event [21]

A large number of charges can accumulate in cables when the unterminated cables
are dragged on the floor (known as triboelectricity). The cable discharge event (CDE)
is the phenomenon in which the accumulated charges in cables are discharged into
another object in close proximity. An example of the CDE event occurring on the
Ethernet interface of computer systems is shown in Figure 1.13. Once the accumulated
static charges in cables are discharged into the I/O pins of CMOS ICs, TLU can be
easily initiated within the CMOS ICs due to the injection of the transient positive or
negative currents.

Cable With Accumulated
Static Charges

CMOS IC
CDE-Induced
Transient = \“\ann—l
Current —| =
Ethernet ey ==y =
Interface =0 =
[ —
— —
- GND |=

Computer

Figure 1.13 Example of the CDE event occurring on the Ethernet interface of computer systems.

CDE-induced TLU is a typical off-chip signal latchup-triggering event; injection of
the CDE-induced current can induce TLU on I/O or the internal circuits of CMOS ICs.
For the general off-chip signal latchup-triggering events, most CMOS IC products use
the EIA/JESD78A latchup test [27] to evaluate the product robustness. Compared with
the other off-chip signal latchup-triggering events, however, CDE-induced latchup
is a more severe latchup condition because the injection of an CDE-induced current
can possess peak current of several amps. Thus, the EIA/JESD78 latchup test standard
is unsuitable for evaluations of the CDE-induced latchup robustness, and so far there
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is no established component-level test standard for CDE-induced latchup. In the state-
of-the-art CMOS technologies where the TLU issues are more severe, design
methodologies to suppress CDE-induced TLU are needed to be developed.

1.3.5 System-Level ESD Event [28, 29]

ESD is a phenomenon due to the electrostatic charges transferring from one object to
another with different electric potentials [30, 31]. Usually, a huge transient current or
electromagnetic interferences (EMI) accompany the ESD phenomenon. In the real
world, electronic products or systems could malfunction or be damaged when
subjected to ESD events. Thus, a system-level ESD event is an important interference
source to evaluate the electromagnetic sustainability (EMS) of electronic products.
Thus, for electronic products to satisfy the electromagnetic compatibility (EMC)
regulations, the system-level ESD test [32] is necessary to evaluate the system-level
ESD robustness of electronic products.

The international standard [32], IEC 61000-4-2, established and issued by the
International Electrotechnical Commission (IEC) specify the test methods and levels
for electrical equipment subjected to system-level ESD events. Two major test modes
are specified in this system-level ESD test — contact discharge and air discharge test
modes. In the contact discharge test mode, the discharge tip of the ESD gun is held in
contact with the EUT, and the discharge is actuated by the discharge switch within the
ESD gun. In the air discharge test mode, in contrast, the discharge tip of the ESD gun
is brought close to the EUT, and the discharge is actuated by a spark to the EUT.
Moreover, either test mode has two applications — direct and indirect applications.
Direct application means the discharge directly applies to the EUT. However, indirect
application means the discharge applies to a coupling plane (horizontal or vertical) in
the vicinity of the EUT, simulating the personnel discharge to objects which are
adjacent to the EUT. An example of the system-level ESD test with a direct contact
discharge test mode on an electronic product is shown in Figure 1.14. Compared with
the component-level ESD tests [33—-35] where the objects under test are ICs, the
system-level ESD test aims to evaluate the robustness of electronic products.
An illustration and the equivalent circuit of the ESD gun used in the system-level
ESD test are shown in Figure 1.15a and b, respectively. The ESD gun has a charging
(energy-storage) capacitor of 150 pF and a discharge resistor of 330 Q2. An illustration
of the discharge tips is also depicted in Figure 1.16. Such a charging capacitor
(discharge resistor) is much larger (smaller) than that in the component-level ESD test.
Figure 1.17 shows, for example, the equivalent circuit for modeling the discharge from
a human body to the “device under test.” The charging capacitor (discharge resistor) is
100 pF (1.5kQ), which is 1.5 x smaller (~5 x larger) than that in system-level ESD
test. The typical waveform of the output current of the ESD gun is shown in Figure 1.18.
The rise time is very small, 0.7 ~ 1 ns, which is smaller than that of 2 ~ 10 ns in the
HBM ESD test. As a result, compared with the ESD current in the component-level
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Figure 1.14 Example of the system-level ESD test with a direct contact discharge test mode on an
electronic product.

ESD test, the ESD current in the system-level ESD test has a much larger peak current
and a shorter rise time, leading to more severe damage for electronic products or their
interior ICs.

The preferential range of the test levels for the system-level ESD test is given in
Table 1.1. The failure criteria of the test results are also shown in Table 1.2. For
consumer electronic products, such as LCD monitors, digital cameras, cell phones, and
so on, are generally demanded to at least pass the test level of level 4 and the failure
criterion of level B. That is, EUT should suffer at least 8 kV (15 kV) for contact (air)
discharges without any malfunctions, or the EUT works abnormally during ESD stress
but it can reset automatically. Due to the tight requirements of standard specifications,
protection design techniques against the system-level ESD always draw much
attention from system or IC designers. However, ESD protection designs for system-
and component-level ESD tests are quite different. It has been proven [36] that a robust
CMOS IC product with high component-level ESD levels could be very susceptible
to the system-level ESD test. Thus, efficient ESD protection methodologies against
system-level ESD events are very significant for electronic products.

During the system-level ESD test, the ESD-generated transient current can induce
TLU in CMOS ICs within the electronic products, leading to temporary shutdown
or permanent damage of the EUT. Thus, a clear understanding of the TLU physical
mechanism is necessary to help systems or IC designers to solve TLU issues under the
system-level ESD test.
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Figure 1.15 (a) An illustration, and (b) the equivalent circuit, of the ESD gun used in the system-level
ESD test. The ESD gun has a charging (energy-storage) capacitor of 150 pF and a discharge resistor
of 330 Q.

Discharge Tip

Earth Connection

(b)



16 Transient-Induced Latchup in CMOS Integrated Circuits

Contact Discharge Head "
. ,:! hw pe== -—

Air Dischar/ge Head

Figure 1.16 An illustration of the discharge tips.

1.4 TLU Standard Practice

Due to the increasing significance of TLU in the ICs industry, the standard practice,
ANSI/ESD SP5.4-2004 [26], to evaluate the robustness of CMOS ICs against TLU has
been recently established by the Electrostatic Discharge Association. The test setup
for TLU is shown in Figure 1.19. The DC voltage power supply is used for powering
the DUT. The pulse generator is used as the transient signal source to generate the
rectangular pulse. Both the DC supply voltage and the transient rectangular pulse are

Discharge
5 MQ Switch 1.5 kQ
AMAN—o07
+
Voltage DEVICE
s UNDER
- ource TEST
.|. 100 pF

Figure 1.17 Equivalent circuit of the human body model (HBM) in the component-level ESD test. The
charging capacitor (discharge resistor) is a smaller (larger) value of 100 pF (1.5 k).
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Figure 1.18 Typical waveform of the output current of an ESD gun.
Table 1.1 Preferential range of test levels specified in the test standard.
Contact discharge Air discharge
Level Test voltage (kV) Level Test voltage (kV)
1 2 1 2
2 4 2 4
3 6 3 8
4 8 4 15
X4 Special X4 Special
4¢«X” is an open level. The level has to be specified in the dedicated equipment
specification. If higher voltages than those shown are specified, special test
equipment may be needed.
Table 1.2 Failure criteria of the test results specified in the test standard.
Criterion Performance Result
Level A EUT is unaffected by ESD stress Pass
Level B EUT works abnormally during ESD stress, but it can reset automatically Pass
Level C EUT works abnormally after ESD stress, but it needs to be reset manually Fail
Level D Hardware failure Fail
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Figure 1.19 Test setup for TLU according to the standard practice, ANSI/ESD SP5.4-2004 [26].

applied directly to the TLU amplifier inputs. The TLU amplifier acts as the main power
supply for the DUT and has the integral adjustable current limit. It can be described as
a signal amplifier with low output impedance, which is capable of superimposing the
DC supply voltage and the rectangular pulse from the pulse generator. The TLU
amplifier will generate a negative-going rectangular voltage pulse with a DC VDD
offset and a negative peak voltage. Such a negative-going rectangular voltage pulse
is applied on the power (VDD) pins of CMOS ICs as a TLU-triggering source, as
shown in Figure 1.20. During the test, the voltage waveform shows that the VDD
voltage initially goes down from its normal operating voltage to the negative peak
voltage, lasting a pulse-width-long time period, and subsequently returns to its initial

Vpp (t)
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Pulse
Voo Width Y
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ov >
Time
A J
Max. Voltage
Undershoot

Figure 1.20 The TLU-triggering source used in standard practice to evaluate the TLU immunity of
CMOS ICs: negative-going rectangular voltage pulse with a DC VDD offset and a negative peak voltage
applied on the power pins of CMOS ICs.
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Figure 1.21 The typical waveforms which indicate if TLU occurs when using the standard practice
TLU test.

voltage level. The typical waveforms to indicate if TLU occurs are shown in
Figure 1.21. After applying the negative-going rectangular voltage pulse on the pin
under test, if the VDD voltage is reduced and the IDD current increases, TLU occurs
and the DUT fails. Otherwise, if both the VDD voltage and IDD current return to their
initial levels, TLU does not occur and the DUT passes. Obviously, such a TLU-
triggering source is used to simulate the transient undershoots on the power pins of
CMOS ICs, which is different from all of the above TLU-triggering modes. Thus, it
implies that TLU would be more susceptible to transient power-pin undershoots.
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2

Physical Mechanism of TLU
under the System-Level ESD Test'

This chapter focuses on the clarification of the TLU physical mechanism in CMOS ICs
in the system-level ESD test. An underdamped sinusoidal voltage stimulus is clarified
as the realistic TLU-triggering stimulus in the system-level ESD test. With TLU
characterization by device simulation and experimental verification in the time
domain, the specific “sweep-back” current caused by the minority carriers stored
within the parasitic PNPN structure of CMOS ICs is qualitatively proved to be the
major cause of TLU. A simple 1-D analytical model of such a “sweep-back” current is
also introduced. This model can qualitatively describe the sweep-back current
dependency on the TLU-triggering stimulus.

2.1 Background

To ensure that electronic products offer a reliable performance in any environment and at
any time, electronic products are always requested to meet the specifications of EMC
regulations. Among the related EMC regulations, the system-level ESD test [1] is an
essential test that is needed to evaluate the reliability of electronic equipment when
subjected to system-level ESD events. However, because of the aggressive scaling of
device feature sizes, as well as the clearance (spacing) between PMOS and NMOS
devices, more and more ICs located within the equipment under test (EUT), unfortu-
nately, are rather susceptible to TLU under a strictly demanded system-level ESD test [1].
Although latchup was once predicted to never have areliability issue again in future nano-
scale CMOS technologies, it has been proven that latchup issues still certainly exist, even
though the power supply voltage is reduced with the scaling rules of CMOS ICs [2, 3].

'© 2005 IEEE. Reprinted, with permission, from Ming-Dou Ker and Sheng-Fu Hsu, Physical mechanism and device
simulation on transient-induced latchup in CMOS ICs under system-level ESD test (sections II-VIII and all figures except
figure 20), in | EEE Transactions on Electron Devices Vol. 52, no. 8, pp. 1821-1831, Aug. 2005. IEEE, Piscataway, NJ.
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Toinvestigate the physical mechanism of TLU in the system-level ESD test, the most
significant part is to clarify the TLU-triggering stimulus at first. To clarify this issue,
unlike all the TLU-triggering stimuli introduced in Chapter 1, an underdamped
sinusoidal voltage stimulus, which can reflect the real situations of CMOS ICs within
the EUT in the system-level ESD test [4-6], is adopted as the TLU-triggering stimulus
for both TLU measurement and device simulation [7, 8]. With the clearly defined TLU-
triggering stimulus, the physical mechanism of TLU in the system-level ESD test can be
well explained in the time domain by device simulation and experimental verifications.

2.2 TLU in the System-Level ESD Test

To evaluate the performance of electrical/electronic equipment when subjected to ESD
events, performing the system-level ESD test for electrical/electronic equipment is
necessary. For example, a “notebook” under the system-level ESD test with a direct
contact-discharge test mode is shown in Figure 2.1. An electrical/electronic product
with CMOS ICs must sustain an ESD level of £8kV (£15kV) under the contact-
discharge (air-discharge) test mode to achieve the immunity requirement of “level 4”
in the system-level ESD test [1]. During such a system-level ESD test, electromagnetic
interference (EMI) coming from the ESD will be coupled into the driver ICs of the
liquid crystal display (LCD) panel. The inset figure in Figure 2.1 depicts the typically
measured ESD-generated voltage waveforms on the power pins of CMOS ICs, which

LCD Panel
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l »~ Hundreds Volts

=
]
=]
=
£

Time (ns)

o sx monr_ w"

Figure 2.1 System-level ESD test on a notebook with the direct contact-discharge mode according to
the IEC 61000-4-2 international standard [1]. The inset figure depicts the typically measured waveforms
of transient noise voltage on the power pins of CMOS ICs, which locate within the EUT, in the system-
level ESD test [4-6]. (Reprinted with permission from IEEE).
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Figure 2.2 Measurement setup of the system-level ESD test with the indirect contact-discharge test
mode [1]. The ESD gun discharging on the horizontal coupling plane (HCP) could cause TLU events on
all the CMOS ICs inside the EUT. (Reprinted with permission from IEEE).

locate within the EUT, in the system-level ESD test [4-6]. This ESD-generated
transient voltage is quite large (with amplitudes of several tens to hundreds volts) and
fast (with period of several tens of nanoseconds), which can randomly exist on the
power, ground, or I/O pins of the driver ICs to cause TLU failures.

To clarify this issue, the system-level ESD test for an indirect contact-discharge
test mode is shown in Figure 2.2 [1]. When the ESD gun discharges to the horizontal
coupling plane (HCP), the EMI coming from the ESD will be coupled into all CMOS
ICs inside the EUT. With ESD voltages of + 1000V, the measured Vpp transient
waveforms on one of the CMOS ICs (CMOS IC#A) inside the EUT are shown in
Figure 2.3. The transient peak voltage on Vpp is as large as +50 V. Clearly, the Vpp
with an initial DC voltage of + 2.5V will become an underdamped sine-wave-like
voltage due to the disturbance of the ESD energy. Once the ESD voltage keeps
increasing, TLU can be initiated and results in malfunction or damage of the CMOS
IC inside the EUT. For example, with an ESD voltage of 4 2000V, the measured
Vbbs Ipp, and Vour transient waveforms on CMOS IC#A are shown in Figure 2.4.
The transient peak voltage on Vpp is greater than 100 V, during such a system-level
ESD test. TLU occurs with instantaneously increasing Ipp, so that Voyt (100 MHz
voltage clock) will fail to function correctly (pulled down to 0 V). Thus, it can be
clarified that the underdamped sinusoidal voltage existing on the power (ground)
lines of the CMOS ICs is the major cause for initiating TLU during the system-level
ESD test.
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Figure 2.3 For an ESD gun with an ESD voltage of + 1000V discharging on the HCP, the measured
Vpp transient waveform on one of the CMOS ICs (CMOS IC#A) inside the EUT. (Reprinted with

permission from IEEE).
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Figure 2.4 For an ESD gun with an ESD voltage of + 2000V discharging on the HCP, the measured
Vbps Ipps and Voyr transient waveforms on CMOS IC#A inside the EUT. TLU occurs during the system-
level ESD test. (Reprinted with permission from IEEE).

2.3 Test Structure

The silicon controlled rectifier (SCR) structure is used as the test structure for TLU
measurements because the occurrence of latchup is due to the inherent SCR of two
cross-coupled bipolar junction tansistors (BJT), parasitic vertical PNPs and lateral



Physical Mechanism of TLU under the System-Level ESD Test 27

NPN BJTs, in bulk CMOS ICs. The device cross-sectional view and layout top view of
the SCR structure are illustrated in Figure 2.5a and b, respectively. Geometrical
parameters such as D, S, and W represent the distances between the well-edge and well
(substrate) contact, anode and cathode, and the adjacent well (substrate) contacts,
respectively. In CMOS ICs, the P anode (source of PMOS) and the N well contact
are connected to Vpp, whereas the N* cathode (source of NMOS) and the P
substrate contact are connected to ground. Once latchup occurs inside the SCR
structure, a huge current will be generated through the mechanism of positive-
feedback regeneration [9, 10]. As a result, a huge current will conduct through the
low-impedance path from Vpp to ground, and further probably burn out the chip due to
excess heat.

______ 1 Well
| -~ W A Contact
| Iy (T °
. . . | D N-Well I
: D : D—s | Anode
5uhstfate§ ; E Well I* [ T |
Contact ! Cathode : Anode 1 Contact ls'_ _____ I
o i o & : Cathode
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T
D Substrate
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(a) (b)

Figure 2.5 (a) Device cross-sectional view, and (b) layout top view, of the SCR structure for TLU
measurements. Geometrical parameters such as D, S, and Wrepresent the distances between the well-edge
and well (substrate) contact, anode and cathode, and the adjacent well (substrate) contacts, respectively.
(Reprinted with permission from IEEE).

Different values of geometrical parameters such as D, S, and Win Figure 2.5a and b
will certainly result in different TLU immunities of the SCR structures due to different
latchup triggering (holding) voltages or currents. However, the TLU physical mecha-
nism should be the same and not related to the variations of geometrical parameters. As
a result, to qualitatively analyze the physical mechanism of TLU through TLU
measurements, a specified SCR structure with layout parameters of D=6.7 um,
S=1.2um, and W=22.5um fabricated in 0.25-um CMOS technology is used for
all TLU measurements in this chapter. Because the parasitic SCR existing in the core
circuitry of CMOS ICs is most sensitive to TLU due to compact integration, the
minimum anode-to-cathode spacing (S = 1.2 um) according to foundries’design rules
is used to consider the worst-case situation (most sensitive to TLU) encountered in the
core circuitry of CMOS ICs.
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To verify the relationship between the TLU measurement and device simulation, the
specified SCR structure with the same geometrical parameters of D =6.7 um and
S=1.2um is used for all TLU device simulations in this chapter by the two-
dimensional device simulation tool (MEDICI), as shown in Figure 2.6. With the
specified two-dimensional SCR structure, the boundary condition can be well defined
to perform the numerical analysis of electrical characteristics such as electric potential,
electric field, carrier concentration, 2-D current flow line, and so on.

Substrate Well
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GND<7 +~O Vpp

g T T
sl P*
&L ]
Uk
g |
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Figure 2.6 The SCR structure used in a two-dimensional device simulation tool (MEDICI). The
specified SCR structure with geometrical parameters of D = 6.7 umand S = 1.2 um s used for all the TLU
device simulations in this chapter. (Reprinted with permission from IEEE).

2.4 Measurement Setup

In the system-level ESD test, this can only judge whether the EUT passes the required
criterion through its abnormal function (for example,the EUT shuts down). Neverthe-
less, it is hard to directly evaluate the TLU immunity of a single IC inside the EUT.
To solve this problem, a component-level TLU measurement setup with the following
two advantages is used. First, it can easily evaluate the TLU immunity of a single IC by
the related measured voltage/current waveforms via an oscilloscope. Second, with the
ability of generating an underdamped sinusoidal voltage, it can accurately simulate
how an IC inside the EUT will be disturbed by the ESD-generated noise in the system-
level ESD test. Figure 2.7 depicts such a component-level TLU measurement setup [11,
12]. The SCR structure shown in Figure 2.5 is used as the device under test (DUT)
where the P anode and the N ™ well contact are connected together to the Vpp, but the
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Figure 2.7 A component-level TLU measurement setup [11, 12]. This can accurately simulate how an
IC inside the EUT will be disturbed by the ESD-generated noise in the system-level ESD test. (Reprinted
with permission from IEEE).

N cathode and the P™ substrate contacts are connected to ground. An electrostatic-
discharge simulator is used as the TLU-triggering source, Vcparges t0 produce an
underdamped sinusoidal voltage stimulus. Through applying a positive (negative)
Vcharges the intended positive-going (negative-going) underdamped sinusoidal voltage
can be generated just as that in the system-level ESD test for an ESD gun with positive
(negative) voltage [4]. For example, witha Vparge 0f + 10V (=2 V), Figure 2.8aand b
show the measured Vpp waveform across the SCR structure. Clearly, the intended
underdamped sinusoidal voltage can be produced to simulate the transient voltage on
the power pins of CMOS ICs in the system-level ESD test, no matter which polarity
(positive or negative) the ESD voltage is. Because a large discharge resistance will
result in a large damping factor of the intended underdamped sinusoidal voltage [11],
there is no discharge resistance (0 €2) between the relay and the Vpp node, as shown in
Figure 2.7. As aresult, the intended underdamped sinusoidal voltage can be produced,
but not the unwanted overdamped voltage waveform due to a large discharge
resistance [11]. In addition, a charged capacitance of 200 pF is used to store charges
offered by the TLU-triggering source, Viharges and then these stored charges are
discharged to the DUT through the relay. Because the charged capacitance will affect
the damping frequency of the underdamped sinusoidal voltage, it should be properly
selected to achieve a reasonable damping frequency as that in the system-level ESD
test. For example, the damping frequency (~10 MHz) observed in Figures 2.8a and b is
slightly smaller than that in the system-level ESD test (~20MHz) [4], therefore
indicating that this measurement setup is reasonable for TLU characterization.
Moreover, a small current-limiting resistance (5 €2) is recommended to protect the
DUT from electrical-over-stress (EOS) damage during a high-current (low-imped-
ance) latchup state.
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Figure 2.8 Measured Vpp waveform for the SCR structure with a Veparge 0f (a) + 10V, and (b) —2'V.
Clearly, the intended positive-going (negative-going) underdamped sinusoidal voltage can be generated
just as that in the system-level ESD test for an ESD gun with a positive (negative) voltage [4]. (Reprinted

with permission from IEEE).

2.5 Device Simulation

A two-dimensional device simulation tool (MEDICI) is used to investigate the
physical mechanism of TLU in the time domain under the system-level ESD test.
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In this two-dimensional device simulation tool, a specific time-dependent voltage
source given by:

VDD(Z) =Vo+Vp exp( - (l - ld)DFaCmr)Sin(ZTCDFreq(l — ld)) (2])

is used to apply an underdamped sinusoidal voltage on Vpp of the already
defined SCR structure in Figure 2.6. With the proper parameters such as the initial
voltage V,, applied voltage amplitude Vp, damping factor Dg,cor, damping freq-
uency Dgyeq, and time delay 74, the intended underdamped sinusoidal voltage can be
constructed. The relations between all these parameters and the underdamped
sinusoidal voltage are shown in Figure 2.9. In this figure, V,, represents the normal
circuit operating voltage of CMOS ICs; the Dg,.o, determines how fast the voltage
amplitude will be attenuated with time, where a voltage with a larger Dg,.or can
decay faster with time; Dg,q is the inverse of voltage duration and Vp is the peak
voltage amplitude for a Dguor=0. For Vp >0 (Vp<0), Vpp is a positive-
going (negative-going) underdamped sinusoidal voltage while 74 is only the time
delay after which the voltage begins to go up or go down from V=V, and is not
correlated with the TLU characterizations. In the following TLU simulation with a
positive or negative Vcparge, the same parameters such as Vo =2.5V, Dgycior =
2x10"s7", Dgreq =20MHz, and 74 =50ns are used in both positive and negative
Vcharges Whereas the only difference is Vp= +14.6'V for a positive Viparge, but
—14.6 V for a negative Viparee- In addition, the specified SCR structure with
geometrical parameters of D =6.7 um and S=1.2 um is used for all TLU device
simulations in this chapter.
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Figure 2.9 In device simulation, the underdamped sinusoidal voltage dependency on its constituting
parameters: initial voltage V,, applied voltage amplitude Vp, damping factor Dg,cior, damping frequency
Dereq, and time delay 74.
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2.5.1 Latchup DC I-V Characteristics

The simulated latchup DC I-V characteristic of the specified SCR structure is shown in
Figure 2.10. Once latchup occurs in the SCR structure, a low-impedance path will exist
from Vpp to ground, resulting in a huge current conducting through this low-
impedance path. The inset figure in Figure 2.10 shows that the DC latchup triggering
voltage (current), Vg (Iyig), is about 15.5 V (0.24 mA), while the DC latchup holding
voltage (current), Viyoig (IHo1a), 18 about 1.25 V (0.5 mA). Clearly, under a latchup state,
when the power supply voltage, Vpp, keeps at its normal circuit operating voltage
(+2.5V), the total power supply current, Ipp, flowing into both the anode and well
contactis about 150 mA. This will offer vital evidence to verify whether TLU certainly
occurs in the time domain through device simulation.

200
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Figure 2.10 Simulated latchup DC -V characteristic for the SCR structure. Under a latchup state, the
fact that Ipp is about 150 mA when Vpp retains its normal operating voltage (4 2.5 V) will offer vital
evidence to prove whether TLU certainly occurs in the time domain through device simulation. (Reprinted
with permission from IEEE).

2.5.2 Negative Vcparge

With a negative Viparge, the simulated Vpp and Ipp transient responses on the SCR
structure are shown in Figure 2.11. This can be divided into several parts for detailed
discussions in the time domain. First, during the period of Ons <#<50ns, the
SCR operates in the blocking condition and Vpp is fixed at its normal operating
voltage, + 2.5 V. Within this duration, the N-well/P-substrate junction is at a normal
reverse-biased state, and Ipp only comes from the negligible leakage current in the
reverse junction. Second, during the period of 50ns <7 <62.5ns, Vpp begins to
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Figure 2.11 Simulated Vppp and Ipp transient responses for TLU with a negative Vcpgrge. During the
period of 62.5ns <t <87.5ns, the “sweep-back™ current, Igp, will be produced to initiate TLU (Ipp
significantly increases) when Vpp increase from its negative peak voltage to the normal operating voltage
of +2.5V. (Reprinted with permission from IEEE).

decrease rapidly from + 2.5 Vat # =50 ns, and will eventually reach the negative peak
voltage, —Vpeax (—8V), at 1 =62.5ns. Within this duration, the N-well/P-substrate
junction gradually becomes slightly reverse biased when Vpp decreases from +2.5V
to 0V, and even becomes forward biased when Vpp drops below OV. Thus, at
t =62.5ns, the largest forward-biased N-well/P-substrate junction can generate the
forward peak current, —I,c.x (~20 mA). Third, during the period of 62.5ns <7 <75 ns,
when Vpp increases from — V,cq to its normal operating voltage, + 2.5V, the N-well/
P-substrate junction will rapidly change from the forward-biased state to its original
reverse-biased state. Meanwhile, inside the N-well (P-substrate) region, a large
number of stored minority holes (electrons) offered by the forward peak current at
t=62.5ns, will be instantaneously “swept-back” to the P-substrate (N-well) region
where they originally come from. Thus, such a “sweep-back” current, I5,, will produce
a localized voltage drop while flowing through the parasitic P-substrate or N-well
resistance. Once this localized voltage drop approaches some critical value, the
emitter-base junction of either a vertical PNP or lateral NPN BJT in the SCR structure
will be forward biased to further trigger on latchup. This can be further illustrated by
the simulated transient responses of both anode and well contact currents, as shown in
Figure 2.12. This clearly proves where these stored minority carriers, Qgiored, COMe
from and when they will be “swept-back” to cause TLU. For example, the gradually
enhanced forward-biased N-well/P-substrate junction will lead to gradually increasing
well contact current during the period of 50ns <7 < 62.5ns. Meanwhile, the anode
current is the negligible junction-leakage current due to an almost zero bias across
the P -anode/N-well junction. Afterwards, during the period of 62.5ns<?<75ns,
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Figure 2.12 Simulated transient responses of both anode current and well contact current for
TLU with a negative Vcparge. During the period of 62.5ns <7 <87.5ns, latchup will be triggered on
by Isp,. Meanwhile, a huge anode current will conduct through the PNPN latchup path of the SCR
structure. (Reprinted with permission from IEEE).

the forward well contact current will gradually decrease when Vpp increases from
—Vpeak to + 2.5V, indicating that the stored minority electrons (holes) are swept-back
to the N-well (P-substrate) region where they originally come from. As a result, once
the Vpp returns to, and even above, +2.5V (75ns<t < 87.5ns), latchup will be
triggered on and a huge anode current will conduct through the PNPN latchup path of
the SCR structure. Meanwhile, the well contact current, however, is much smaller than
the anode current because the well contact current is only the small base current of the
parasitic vertical PNP BJT in the SCR structure.

Inreal CMOS ICs, when a low-impedance latchup state appears, Vpp may be pulled
down to about the DC latchup holding voltage. This phenomenon is caused by two
reasons. One is the finite current-supply ability of the system power supply, and the
other is the inevitable parasitic series resistance existing between the Vpp node and
the system power supply. In device simulation, however, when TLU occurs during the
period of 75 ns < < 100 ns shown in Figures 2.11 and 2.12, Vpp was not immediately
pulled down to the DC latchup holding voltage. Instead, Vpp keeps at the given
underdamped sinusoidal voltage. This fact results from the native limitation of the
device simulation tool for transient analysis in the time domain. However, TLU is sure
to occur because a huge Ipp (150 mA, refer to Figures 2.11 and 2.12) can be found
when Vpp finally returns to its normal operating voltage, + 2.5 V. More importantly, it
is consistent with the simulated latchup DC [-V characteristics that Ipp is 150 mA
when Vpp keeps at its normal operating voltage, + 2.5V, under a latchup state in
Figure 2.10.
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To further judge whether TLU indeed occurs, Figure 2.13 shows the corresponding
simulated two-dimensional current flow lines with respect to various transient timing
points with a negative Viparge. Clearly, a large forward well (substrate) contact current
appears when the N-well/P-substrate junction is forward-biased (timing points A, B,
and F). Once the N-well/P-substrate junction quickly changes from the forward-biased
state to its original reverse-biased state, TLU will be triggered due to a large enough /gy,
(timing points C-E, G, and H).
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Figure 2.13 Simulated 2-D current flow lines with respect to various transient timing points for TLU
with a negative Vparge. A forward well (substrate) contact current appears when the N-well/P-substrate
junction is forward-biased (timing points A, B, and F), and TLU will be triggered on due to a large enough
Isp, (timing points C-E, G, and H). (Reprinted with permission from IEEE).

2.5.3 Positive Veparge

With a positive Vcharge, Figure 2.14 shows the simulated Vpp and Ipp transient
responses on the SCR structure. During the period of 50ns < ¢ < 62.5 ns, unlike the
Vbop waveform with a negative Vcparee shown in Figure 2.11 where Vpp begins
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decreasing rapidly at t=50ns, Vpp starts to increase at t=50ns and eventually
reaches a positive peak voltage at t=62.5ns. Within this duration, the N-well/P-
substrate junction is always reverse biased, and thus only a transient displacement
current caused by the N-well/P-substrate junction can be found within the SCR. Such a
displacement current will not cause TLU unless the frequency (amplitude) of the Vpp
is large enough to induce a large enough displacement current [13, 14]. Afterwards,
Vbp decreases from its positive peak voltage, at t=62.5ns, to its negative peak
voltage, at # = 87.5 ns. Within this duration, the N-well/P-substrate junction gradually
changes from the reverse-biased state to the forward-biased state, while more and more
minority electrons (holes) are injected into the P-substrate (N-well) region. Once these
Ostoreq are subsequently (87.5 ns < ¢ < 100 ns) swept back to the N-well (P-substrate)
regions where they originally come from, TLU will be triggered on. As a result, Ipp
will considerably increase during the period of 100 ns < < 112.5 ns. Obviously, TLU
is sure to occur because the huge Ipp (150 mA, refer to Figures 2.10 and 2.14) can be
found when Vpp eventually returns to its normal operating voltage of +2.5V.
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Figure 2.14 Simulated Vpp and Ipp transient responses for TLU with a positive Viparge- During the
period of 50 ns < ¢ <75ns, TLU will not be triggered on by the N-well/P-substrate junction displacement
current. Afterwards, during the period of 87.5ns <7 <112.5ns, I, will be produced to initiate TLU
(Ipp significantly increases) when Vpp increase from its negative peak voltage to the normal operating
voltage, + 2.5 V. (Reprinted with permission from IEEE).

Figure 2.15 shows the simulated two-dimensional current flow lines with respect to
various transient timing points with a positive Vcharge. The N-well/P-substrate junction
displacement current will not cause TLU (timing points A and B). However, a large
forward well (substrate) contact current will appear when the N-well/P-substrate
junction is forward-biased (timing points C and D), and then TLU will certainly be
triggered on if g, is large enough (timing points E-H).
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Figure 2.15 Simulated 2-D current flow lines with respect to various transient timing points for TLU
with a positive Vcharge- The N-well/P-substrate junction displacement current will not cause TLU (timing
points A and B) until a large enough Iy, is produced (timing points E-H). (Reprinted with permission from
IEEE).

2.5.4 A More Realistic Case

In real situations under the system-level ESD test, the oscillatory resonance voltage
can randomly occur at both the Vpp and GND nodes [4-6], but not only at the Vpp
node. With consideration of such a realistic situation, Figure 2.16 shows the simulated
Vbp, GND, and Ipp transient responses on the SCR structure. Obviously, once the Vpp-
to-GND voltage is negative enough (87.5ns < ¢ < 100ns) to produce a large enough
I, within the N-well/P-substrate junction, TLU can be easily triggered on afterwards
when the Vpp-to-GND voltage returns to a positive voltage (100ns <t < 112.5ns).
Because the power and ground lines are widely distributed over the whole circuitry in a
chip, such oscillatory resonance voltage can appear on some core circuitry. This fact
implies that TLU can occur within the core circuitry, but not only in I/O circuitry. Thus,
unlike the quasi-static latchup issue [15] which primarily concerns latchup immunity
on I/O circuitry, latchup prevention skills such as layout optimization with additional
guard rings [16], other specific advanced process technologies, or even latchup self-
stop circuits [17] may be necessary for the core circuitry to prevent TLU in CMOS ICs.
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Figure 2.16 Simulated Vpp, GND, and Ipp, transient responses for TLU under a more realistic situation.
Vbp and GND can be disturbed simultaneously by EMI in a system-level ESD test [4-6]. Once the Vpp-to-
GND voltage is negative enough (87.5 ns < 7 < 100 ns) to produce a large enough /sy, afterwards TLU could
be easily triggered on when the Vpp-to-GND voltage returns to a positive voltage (100ns < 7 <112.5ns).
(Reprinted with permission from IEEE).

2.6 TLU Measurement

The component-level TLU measurement setup shown in Figure 2.7 is used to perform
the TLU test. With both a positive and negative Vcparge, the measured Vpp (Ipp)
transient response will be recorded through the voltage (current) probe to display on
the oscilloscope. This will clearly indicate whether TLU occurs (Ipp significantly
increases) when the absolute value of positive or negative Vcparee gradually increases
from O V during the TLU test. More importantly, this will provide useful information
for the comparison between the TLU measurement and the device simulation. In
addition, the specified SCR structure with layout parameters of D =6.7 um, S=1.2
um, and W=22.5 um fabricated in 0.25-um CMOS technology is used for all the
TLU measurements in this chapter.

2.6.1 Latchup DC I-V Characteristics

The measured latchup DC /-V characteristic for the fabricated SCR structure is shown
in Figure 2.17. The inset figure in this figure indicates the DC latchup trigger voltage
(current), Vryig (I1vig), is about 19.5V (2mA), while the DC latchup holding voltage
(holding current), Vyola (Igoia), 1s about 1V (9.5 mA). Through comparing these
measured DC latchup parameters with the simulated ones in Figure 2.10, there is no
large difference between the measured and the simulated DC latchup parameters.
Thus, this non-calibrated device simulation tool is capable of performing reasonable
qualitative analysis for TLU.
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Figure 2.17 Measured latchup DC /-V characteristic for an SCR structure. (Reprinted with permission
from IEEE).

2.6.2 Negative Vcparge

With a negative Vcparge Of —5 'V, the measured Vpp and Ipp transient waveforms on the
SCR structure are shown in Figure 2.18. Obviously, the forward Ipp current appears
due to the forward-biased N-well/P-substrate junction when Vpp initially decreases
below 0 V. Afterwards, Ipp will greatly increase while Vpp, returns to above 0V, and
therefore TLU does occur. As a result, both the Vpp and Ipp waveforms are slightly
oscillatory under a low-impedance (high-current) latchup state. Finally, Vpp will
eventually be pulled down to about the DC latchup holding voltage (~1 V) with a huge
Ipp (~80mA) after this transition.

Through comparisons between the experimental and the device simulation results in
Figures 2.11 and 2.18, the experimental results are consistent with the device
simulation results in the time domain. For example, TLU will be triggered due to
a large enough I, while Vpp increases from — Vpegy to its normal operating voltage of
4+ 2.5 V. This can once again verify that the large number of the total stored minority
carriers contributing to Qgereq can trigger on TLU while they are quickly swept back to
the regions where they originally come from.

2.6.3 Positive Vparge

With a positive Vieparge Of + 20V, the measured Vpp and Ipp transient waveforms on
the SCR structure are shown in Figure 2.19. Vpp begins to increase rapidly from the
normal operating voltage (+ 2.5 V) to a positive peak voltage of + 17 V. Meanwhile,
the N-well/P-substrate junction is reversed biased, and thus only the transient
displacement current caused by the N-well/P-substrate junction can be found within
the SCR. Such a junction displacement current is too small to initiate TLU because Ipp
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Figure 2.18 Measured Vpp and Ipp transient waveforms from the TLU test with a negative Viparge Of
—5 V. This is consistent with the device simulation results in Figure 2.11 that TLU will be triggered on
(Ipp significantly increases) when Vpp increase from its negative peak voltage to the normal operating
voltage, + 2.5 V. (Reprinted with permission from IEEE).
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Figure 2.19 Measured Vpp and Ipp transient waveforms from the TLU test with a positive Vparge Of
+ 20 V. This is consistent with the device simulation results in Figure 2.14 that TLU will not be initially
(Vpbp > 0V) triggered on by the N-well/P-substrate junction displacement current until a large enough I,
is produced when Vpp increases from its negative peak voltage to the normal operating voltage, +2.5 V.
(Reprinted with permission from IEEE).
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doesn’t significantly increase when Vpp increases from the normal operating voltage
(+ 2.5 V) to the positive peak voltage of + 17 V. Afterwards, once a large enough I, is
produced when Vpp increases from its negative peak voltage back to the normal
operating voltage (+2.5V), TLU will be initiated with the large increase in Ipp.
Moreover, both Vpp and Ipp waveforms are slightly oscillatory under a low-imped-
ance (high-current) latchup state. Finally, Vpp will eventually be pulled down to about
the DC latchup holding voltage (~1 V) with a huge Ipp (~80 mA) after this transition.

The physical mechanism of TLU in the system-level ESD test can be well proved
once again by comparing the experimental results with the device simulation. As
shown in Figures 2.14 and 2.19, a large enough Ig;, caused by the instantaneously
forward-biased N-well/P-substrate junction can trigger on the TLU more easily than
the reverse junction displacement current does.

2.7 Discussion

It has been clarified that the sweep-back current, Is,, caused by the minority
carriers stored within the parasitic PNPN structure of CMOS ICs is the major cause
of TLU in the system-level ESD test. Based on a simple 1-D analytical model of
Isy [7, 8], the dominant parameter to initiate TLU can be identified. In addition, the
minimum magnitude of the applied voltage to initiate TLU under different damping
frequencies can be determined by the device simulations. By combining these 2-D
device simulation results and the 1-D model of /g, the minimum /g, or the minimum
number of the total stored minority carriers contributing to Qgyreq to initiate TLU
can be also estimated. To further provide the evidence that g, is the major cause of
TLU, the transient responses on the minority carriers stored within SCR can be
calculated.

2.7.1 Dominant Parameter to Induce TLU

As shown in the inset figure of Figure 2.20, with the assumption that the N-well/P-
substrate junction is treated as an ideal 1-D diode with a step junction profile, a simple
1-D analytical model of the averaged I, (=lave) [7, 8] can be expressed as follows:

— QStored (22)

where ¢4 (¢g) is the initial (final) timing point of a specific duration when gy, exists, as
shown in Figure 2.20. Qgoreq represents the total charge of the stored minority carriers
(holes) causing Ig;, (15 <t < tp) inside the N-well region, which is given by:

2 X, —X
n; s qV(ta) qv(tg)
Ostored = CINI LP<1 —¢ Lp ) <e kT — e AT ) (23)
D
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Figure 2.20 Total stored minority carriers, Qsored, causing Iy, (#a < ¢ < tg) inside the N-well region.
The inset figure is an ideal 1-D diode used for deriving the 1-D analytical model of the averaged Is;,
(=lave) [7, 8]. (Reprinted with permission from IEEE).

From Equations (2.2) and (2.3), Iy, can be further simplified as follows:

I _ QStored o QStorcd
Ave — -
g — I (I/Dpreq)/4
2 X ;- X
n; _ Xy~ qvitp) Virg)
= 4DFrequLP <1 —e I ) <elkTA — eqk—TB) (2.4)
Np
! ! (1B)
= Z Dryeq eWAFTM('.' el — eZTl/aq = 00 o O)
where:
nl.z _Xn/*Xn
Z:4q—Lp<1—e Iy ) (2.5)
Np

is a constant and independent on the damping frequency (Dgyq), applied voltage
amplitude (Vp), and damping factor (Dg,cor). By substituting 74 = 74 + (1/Dgreq)/4 into
Eqaution (2.1), V(t4) can be expressed as follows:

V(ta) = Vo= Veexp(— (ta — ta)DFactor)SIN(2Dreq (A — ta))

DFactor> (26)
4D Freq

= Viu+ Vpexp <—
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From Equations (2.4) and (2.6), it can be obviously identified that Dg;.q is dominant on
Ipve (that is, dominant to induce TLU), because there is not only a proportional
exponential relationship between Dg.q and V(7o) in Equation (2.6), but also a
multiplication factor “Dgeq” on Iy in Equation (2.4).

2.7.2 Transient Responses on the Minority Carriers
Stored within the SCR

To further provide the evidence that Ig, is the major cause of TLU, the transient
responses on the minority carriers stored within the SCR, Qgoreq(?), can be estimated
from Equation (2.3) by using ¢ to substitute for 5. For the underdamped sinusoidal
voltage with the same parameters (Dgaciors Dreq» and Vp of 2 X 10"s™!, 20 MHz,
—14.6 'V, respectively) as those in the case with the negative Viparge Of Figures 2.11
and 2.12, the calculated transient responses of QOg;oreq (hole) in the N-well region are
shown in Figure 2.21. Compared with the simulated TLU transient responses in
Figures 2.11 and 2.12, the minority carriers (holes) stored in the N-well region
significantly increase with a forward well contact current (50ns < ¢ < 62.5ns) when
Vpp decreases from 2.5V to —V,cu. Afterwards, QOsioreqa decreases because these
minority holes are swept back to their original P-substrate region (62.5 ns < ¢ <75 ns).
As a result, TLU will be triggered on by these swept-back Qsoreq, and so the anode
current will significantly increase (75ns <7 <87.5ns). From Figures 2.11, 2.12,
and 2.21, the swept-back current Ig, can be confirmed as the major cause of TLU
during the system-level ESD stress.

2.0x10™

«L—62.5ns
& D=6.7um
1 Bxta™® i‘ «—87.5ns $=1.2um
2K g
D, =2x10's"
1.0x10™ Dy 20Nz
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2
stred (C;'pm )
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Figure 2.21 Calculated transient responses of Qgoreq (hole) in the N-well region. The underdamped
sinusoidal voltage has the same parameters as those used in the negative Vparge case of Figures 2.11
and 2.12 (Drycion Drreqs and Vp of 2 x 107s™', 20MHz, and —14.6V, respectively). (Reprinted with
permission from IEEE).
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2.8 Conclusion

The underdamped sinusoidal voltage stimulus has been clarified as the realistic TLU-
triggering stimulus in the system-level ESD test. With the aid of device simulation, the
specific “sweep-back” current caused by the minority carriers stored within the
parasitic PNPN structure of CMOS ICs has been qualitatively proved to be the major
cause of TLU. The behavior of the sweep-back current can be derived by a simple 1-D
analytical model, which can qualitatively describe the sweep-back current dependency
on the TLU-triggering stimulus. Through comparisons between device simulations
and experimental measurements, the TLU reliability issue may still exist in a qualified
CMOS IC product through a quasi-static latchup test. Thus, an efficient TLU
measurement setup is needed to evaluate the TLU reliability of CMOS IC products.
Because a TLU reliability issue potentially exists within the whole circuitry of CMOS
ICs, latchup prevention skills such as layout optimization, specific advanced process
technologies, or circuit techniques may be necessary to improve TLU immunity for
core circuitry. Through both an understanding of the physical mechanism and the
proposed simulation/verification methodology on TLU, the safe design/layout rules or
circuit techniques in CMOS ICs can be developed against TLU events.
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3

Component-Level Measurement
for TLU under System-Level
ESD Considerations'

3.1 Background

During the system-level ESD test, the high-energy ESD-induced noises often cause
TLU on CMOS ICs inside the electrical/electronic products, leading to shutdown or
malfunction of the equipment under test (EUT). However, during the realistic system-
level ESD test, it could be rather complicated or difficult to directly evaluate the
TLU immunity of a “single” CMOS IC inside the EUT. To solve such a problem, a
component-level TLU measurement setup with a bipolar trigger waveform [1-3] is
utilized and introduced in this chapter. This measurement setup has the advantage of
easily evaluating the TLU immunity of a single IC by monitoring the voltage/current
waveforms through an oscilloscope. More importantly, with the ability of generating a
bipolar trigger voltage, it can accurately simulate how a CMOS IC will be disturbed by
the ESD-generated noises under the system-level ESD test.

Current-blocking diode and current-limiting resistance, which are generally sug-
gested to be used in a TLU measurement setup with a bipolar trigger, are investigated
for their impact on both the bipolar trigger waveforms and TLU immunity of the device
under test (DUT). With the experimental results and verifications of device simulation,
the TLU measurement setup without a current-blocking diode but with a small current-
limiting resistance is suggested, which can accurately evaluate the TLU immunity of
CMOS ICs with neither overestimation nor electrical-over-stress (EOS) damage to a

'©2006 IEEE. 3.1-3.7 reprinted, with permission, from Ming-Dou Ker and Sheng-Fu Hsu, Component-level
measurement for transient-induced latchup in CMOS ICs under system-level ESD considerations (sections II-VII,
figures 5-19, and Table 1), in IEEE Transactions on Device and Materials Reliability, Vol. 6, no. 3, pp. 461-472,
Sep. 2006. IEEE, Piscataway, NJ.
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DUT during the TLU test. With the suggested TLU measurement setup, different types
of board-level noise filter networks are evaluated to find their effectiveness for
improving the TLU immunity of CMOS ICs.

3.2 Component-Level TLU Measurement Setup

The SCR structure is used as the test structure for TLU measurements because the
occurrence of latchup results from the parasitic SCR in CMOS ICs. The device cross-
sectional view and layout top view of the SCR structure are illustrated in Figure 2.5a and
b, respectively. The geometrical parameters such as D, S, and W represent the distances
between the well-edge and well (substrate) contact, anode and cathode, and the adjacent
contacts, respectively. In order to consider the layout dependences, the SCR structures
with two sets of layout parameters (D = 16.6 um, S = 1.2 um, and W = 22.5 pum, as well
as, D=16.6 um, S =20 um, and W=22.5 um) are used in this chapter. All the SCR
structures have been fabricated in a 0.25-ium salicided CMOS technology.

Several component-level measurement setups to evaluate TLU immunity of CMOS
ICs have been developed [1-5]. In order to accurately simulate the ESD-induced
noises on the power lines of CMOS ICs in the system-level ESD test, a component-
level TLU measurement setup with a bipolar trigger voltage [1-3] is utilized in this
chapter. The typical TLU measurement setup with a bipolar trigger is illustrated
in Figure 3.1. The charging voltage, Viharee, has two different polarities: positive
(Vcharge > 0) and negative (Vparge <0). The positive (negative) Vioparee €an generate
the positive-going (negative-going) bipolar trigger noises on the power pins of the
DUT. A capacitor with a capacitance of 200 pF used in the machine model (MM) [6]
ESD test is employed as the charging capacitor. The SCR device shown in Figure 2.5
is used as the DUT where the P™ anode (N cathode) and the N+ well (P" substrate)
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Current-Limiting Current-Blocking

Resistance Diode
v

Relay VDD
—= E— Current
Prob
Iul!:harga lDDl() 4 S
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j— Power CH-2 CH-1
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| |

=

Figure3.1 Component-level TLU measurement setup with a bipolar trigger [1-3]. This can accurately
simulate how a CMOS IC will be disturbed by the ESD-generated noises in the system-level ESD test.
(Reprinted with permission from IEEE).
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contacts are connected together to Vpp (ground). Ipp is the total current flowing into
the P™ anode and the N well contact of the SCR. The Ipp current magnitude and
waveform are measured by a separated current probe. The current-blocking diode,
which is used to prevent the capacitor-discharged current from flowing into the power
supply, is used to avoid the possible over-estimation for the TLU immunity of the
DUT [1, 2]. The current-limiting resistance is used to avoid the EOS damage to the
DUT under a high-current latchup state [3].

For a TLU measurement setup with a current-limiting resistance of 5 but
without the current-blocking diode, the measured Vpp and Ipp transient responses
with a Vepgrge Of =3V, —6V, and + 13 V are shown in Figure 3.2a—c, respectively.
The DUT under an initial Vpp bias of 2.5V is the SCR with specified layout
parameters of D=16.6um, S=1.2um, and W=22.5 um. With a smaller Vcparee
of =3V, Vpp acts as the intended bipolar trigger just similar to that measured in
Figure 2.3 in the system-level ESD test. Meanwhile, TLU doesn’t occur due to a
rather small Viparee (only —3V), because Ipp doesn’t increase after applying
the bipolar trigger voltage on Vpp. However, with a larger negative (positive)
Veharge 0f =6 V (413 V), TLU can be initiated, as shown in Figure 3.2b and c. Thus,
Ipp significantly increases up to 120mA, and Vpp is pulled down to the latchup
holding voltage of 1.6 V. By using this TLU measurement setup with a bipolar
trigger voltage, the measured Vpp and Ipp waveforms in Figure 3.2 can simulate the
ESD-disturbed Vpp and Ipp waveforms in Figures 2.3 (no TLU) and 2.4 (TLU
occurs) in the system-level ESD test.

3.3 Influence of the Current-Blocking Diode and Current-Limiting
Resistance on the Bipolar Trigger Waveforms

Although a TLU measurement setup with a bipolar trigger can accurately simulate the
practical system-level ESD event, both bipolar trigger waveforms and TLU immunity
of CMOS ICs are strongly dependent on the current-blocking diode and current-
limiting resistance. To clarify this issue, TLU measurement setups combining two
kinds of current-blocking diodes, a fast recovery diode (PR1507) and a general
purpose diode (1N4007), with various current-limiting resistances (0, 5, 10, 20, and
30 Q) are investigated to find their impacts on both the bipolar trigger waveforms and
TLU immunity of the DUT. Both the PR1507 and 1N4007 diodes have a very high
reverse breakdown voltage of 1000 V. Thus, for a Vcparee <1000V, the PR1507 or
1N4007 diodes can certainly prevent the discharge current from flowing into the power
supply without junction breakdown.

The SCR structure in Figure 2.5 drawn with layout parameters of D =16.6 um,
S=1.2um, and W=22.5 um is used to investigate the influences of current-blocking
diode and current-limiting resistance on the bipolar trigger waveform. Furthermore,
the charging voltage source (Vicharge) 18 set as small as + 8 V for a positive Vparge and
—3 Vforanegative Vcparge to prevent the occurrence of TLU, and so the bipolar trigger
waveform on Vpp can be clearly observed.
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Figure 3.2 For a TLU measurement setup with a current-limiting resistance of 5 Q but without the
current-blocking diode, the measured Vpp and Ipp transient responses with Vparge of () =3V, (b) =6V,
and (c) + 13 V. (Reprinted with permission from IEEE).
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3.3.1 Positive Vparge

With a positive Vparge Of + 8 V, when there is neither a current-blocking diode nor a
current-limiting resistance in the TLU measurement setup, the measured Vpp and
Ipp transient waveforms are shown in Figure 3.3a. The Vpp waveform reveals the
intended positive-going bipolar trigger with a damping frequency of ~10 MHz.
Afterwards, when a current-limiting resistance of 20Q is added to the TLU
measurement setup but still without the current-blocking diode, the damping factor
of the Vpp waveform obviously increases, as shown in Figure 3.3b. In Figure 3.3a,
the initial positive peak voltage of Vpp takes about 2.5 us to be fully attenuated, but
only 0.8 us in Figure 3.3b. Furthermore, if a current-blocking diode (PR1507) is
added to the measurement setup but without the current-limiting resistance, the Vpp
waveform no longer reveals an underdamped bipolar waveform, but an overdamped
unipolar waveform instead, as shown in Figure 3.3c. When the initially stored
positive charges in the charging capacitor (200 pF) are discharged through the relay
into the DUT and power supply, these positive charges are blocked by the current-
blocking diode from flowing into the power supply, and so the current-blocking diode
acts as a large equivalent resistance (open circuit) to these positive charges. As shown
in Figure 3.3b, a current-limiting resistance of 20 €2 increases the damping factor of
the Vpp waveform, and so the equivalent large resistance of the current-blocking
diode tremendously increases the damping factor to result in the overdamped
unipolar Vpp waveform in Figure 3.3c.

3.3.2 Negative VCharge

With a negative Viparee Of —3V, the measured Vpp, transient waveforms are simi-
lar to the positive Viparee case. For example, the measured Vpp waveform is a
negative-going bipolar trigger when there is neither a current-blocking diode nor
a current-limiting resistance in the measurement setup, as shown in Figure 3.4a.
Additionally, the damping factor of this measured Vpp waveform will increase if an
additional current-limiting resistance of 20 €2 is added to the measurement setup,
as shown in Figure 3.4b. However, unlike the positive Vcparge case in Figure 3.3¢
where the Vpp waveform is an overdamped unipolar waveform, the Vpp waveform
in Figure 3.4c is an underdamped bipolar waveform if there is a current-blocking
diode (PR1507) but without the current-limiting resistance. When the initially
stored negative charges in the charging capacitor (200 pF) are discharged into the
power supply, the current-blocking diode is seen as a forward-biased diode by these
negative charges, and so the current-blocking diode acts as a small equivalent
resistance (short circuit) to these negative charges. Thus, similar to the current-
limiting resistance of 202 in Figure 3.4b, the small equivalent resistance of the
current-blocking diode also leads to a larger damping factor of the Vpp waveform
in Figure 3.4c.
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Figure 3.4 Measured Vpp and Ipp transient waveforms with a negative Vieparge of —3 V. (a) Neither a
current-blocking diode nor a current-limiting resistance, (b) a current-limiting resistance of 20 but
without a current-blocking diode, and (c) a current-blocking diode (PR1507) but without a current-
limiting resistance, are used in the TLU measurement setup. (Reprinted with permission from IEEE).
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3.4 Influence of the Current-Blocking Diode and Current-Limiting
Resistance on the TLU Level

The TLU level is defined as the minimum Vp,ree Which can trigger on TLU. Thus, a
higher TLU level is desired for the DUT, because it means that the DUT is less sensitive
to TLU. Furthermore, layout dependences on TLU level are also investigated by using
two SCR structures with the same D (16.6 um) and W (22.5 um) but different S values
of 1.2 um and 20 um in a 0.25-um salicided CMOS process.

3.4.1 Latchup DC I-V Characteristics

The experimentally measured latchup DC [-V characteristics of two SCR structures
with the same D (16.6 um) and W (22.5 um) but different S values of 1.2 um and 20 um
are shown in Figure 3.5. These latchup DC /-V curves are measured by the continuous-
type curve tracer. The SCR structure with S = 1.2 um (S =20 um) has a trigger voltage
(Vrig) and a trigger current (Iyg) of 19.5V (21V) and 2 mA (4 mA), respectively.
Once latchup occurs, a low-impedance path will exist between Vpp and ground to
conduct a huge current.
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Figure 3.5 Measured latchup DC /-V characteristics of two SCR structures with the same D (16.6 um)
and W (22.5 um) but different S values of 1.2 and 20 um. (Reprinted with permission from IEEE).

For the same SCR, the latchup holding voltage should be the same for both quasi-static
latchup and TLU, because the holding voltage only depends on the DUT layout styles
and the process parameters. However, the pull-down Vpp (~1.6 V) of the measured TLU
voltage waveforms in Figure 3.2b and c is somewhat higher than the holding voltage
(~1V) in the measured latchup DC I-V curves in Figure 3.5. For the measured TLU
voltage waveforms, the pull-down Vpp is equal to the Vpower-supply-(AVResistor
AVpioge)- Here, Vpower-supply 18 the applied DC voltage of the power supply, and AVgcgigior
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(AVpiode) 1s the voltage drop across the 5 € current-limiting resistance (current-blocking
diode). This pull-down Vpp must be higher than the holding voltage of the DUT to sustain
the latchup state. For the measured latchup DC /-V curves, however, there is neither an
additional current-limiting resistance nor a current-blocking diode, and the latchup
holding voltage is the minimum voltage that the DUT can pull down in the latchup state.
Thus, the pull-down Vpp (~1.6 V) of the measured TLU voltage waveforms is slightly
higher than the holding voltage (~1 V) in the measured latchup DC I-V curves.

3.4.2 Positive TLU Level

For the SCR structure with layout parameters of D=16.6um, S=1.2um, and
W=22.5um, the relations between the positive TLU level and current-limiting
resistances under different current-blocking diodes are shown in Figure 3.6a. For a
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Figure 3.6 Relations between the positive TLU level and current-limiting resistances under different

current-blocking diodes. The SCR structure has the layout parameters of (a) D =16.6 um, S = 1.2 um, and
W=22.5um, and (b) D =16.6 um, S =20 um, and W =22.5 um. (Reprinted with permission from IEEE).
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measurement setup without a current-blocking diode, the TLU level is overall
smaller than that equipped with a current-blocking diode, no matter whether with
a general purpose (1N4007) or a fast recovery (PR1507) diode. For a measurement
setup with a current-blocking diode, the TLU-triggering voltage is the unipolar
trigger shown in Figure 3.3c. Such a unipolar trigger can generate Ip, (the displace-
ment current, as defined in Chapter 2) to initiate TLU while Vpp rapidly increases
from + 2.5V to its positive peak voltage (that is, a large dVpp/dt). However, for a
measurement setup without a current-blocking diode, the TLU-triggering voltage is
the bipolar trigger shown in Figure 3.3a. Such a bipolar trigger can generate /gy
instead of Ip, to initiate TLU while Vpp switches from the forward-biased state
(Vpp <0) to the normal reversed-biased blocking state (Vpp > 0). Because Ig;, can
initiate TLU more easily than I [3, 7], the measurement setup without a current-
blocking diode (induced Ig;,) can evaluate a much lower TLU level than that
equipped with a current-blocking diode (induced Ipy).

The influences of current-limiting resistance on the positive TLU level are also
shown in Figure 3.6a. For the measurement setup without a current-blocking diode, the
TLU level linearly increases with the current-limiting resistance, because a larger
current-limiting resistance can cause a larger damping factor of bipolar voltage on
Vbp, as shown in Figure 3.3b. A larger damping factor will lead to a smaller /g, due to a
smaller voltage magnitude of —Vp..x [7]. Therefore, although current-limiting resis-
tance can avoid EOS damage to DUT, it overestimates the TLU level under a bipolar
trigger voltage. However, for a measurement setup equipped with a current-blocking
diode, the TLU level is almost independent of the current-limiting resistance, because
the current-limiting resistance does not obviously affect the I, (that is, dVpp/d? in
Figure 3.3c). The equivalent large resistance of the current-blocking diode in series
with a small current-limiting resistance (<30 €2) makes the effect of current-limiting
resistance negligible.

In Figure 3.6a, the TLU levels are different from the latchup trigger voltage
(+19.5V) of the quasi-static latchup measurements shown in Figure 3.5. For the
quasi-static latchup measurements, the main latchup-triggering current is the reverse
junction breakdown current [8]. For the TLU measurements, if the unipolar trigger is
the TLU-triggering voltage, it can generate the additional Ips (due to large dVpp/dt
values) to initiate TLU in addition to the junction breakdown current. Thus, if there is a
current-blocking diode (inducing a unipolar trigger) but without the current-limiting
resistance in the TLU measurement setup, the TLU level (~ 4 16 V) is slightly lower
than the latchup trigger voltage (4 19.5 V) of the quasi-static latchup measurements.
However, if the bipolar trigger voltage is the TLU-triggering voltage, the major TLU-
triggering current is Ig, (due to Vpp switching from a negative voltage level to a
positive voltage level), but not Ip,. It has been clarified that the bipolar trigger can
initiate TLU more easily than the unipolar trigger [3, 7]. Thus, there will be a much
lower TLU level (~+ 12 V) if there is neither a current-blocking diode (induced
bipolar trigger) nor a current-limiting resistance in the TLU measurement setup.
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For the SCR structure with layout parameters of D=16.6 um, §=20um, and
W=22.5um, the relations between the positive TLU level and current-limiting
resistances under different current-blocking diodes are shown in Figure 3.6b. For a
measurement setup equipped with a current-blocking diode, the TLU level greatly
increases to exceed + 100 V when the current-limiting resistance is larger than 20 .
In fact, TLU does not occur in these cases due to one of the following two reasons. First,
a larger current-limiting resistance leads to an Ipp lower than the latchup holding
current. Second, a larger voltage drop across a larger current-limiting resistance makes
Vbp lower than the latchup holding voltage. No matter which one happens, TLU does
not occur. For example, with a positive Vparge 0f + 35V, the measured Vpp and Ipp
transient waveforms in a measurement setup with a current-blocking diode (PR1507)
and a current-limiting resistance of 20 € are shown in Figure 3.7. TLU initially occurs
but finally fails to be maintained, because Vpp is pulled down to about 1V, which is
lower than its latchup holding voltage (~1.5V). Thus, an additional voltage drop
across the current-blocking diode or a larger current-limiting resistance can prohibit
the occurrence of TLU when the SCR has a larger latchup holding voltage or current
(D=16.6 um, S =20 um, and W=22.5 um).
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Figure 3.7 Measured Vpp and Ipp transient waveforms with a positive Venarge 0f +35 V. A current-
blocking diode (PR1507) and a current-limiting resistance of 20 Q are used in the TLU measurement
setup. (Reprinted with permission from IEEE).

3.4.3 Negative TLU Level

For an SCR structure with layout parameters of D=16.6 um, W=22.5um, and
S=1.2 um (20 pm), the relations between the negative TLU level and current-limiting
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resistances under different current-blocking diodes are shown in Figure 3.8a and b.
Compared with the positive TLU level tests in Figure 3.6a and b, the magnitudes of the
negative TLU level are overall lower than those of the positive TLU level. For example,
the magnitudes of the negative TLU level are all lower than 6 Vin Figure 3.8a, but those
of the positive TLU level are all higher than 10 V in Figure 3.6a. Compared with the
negative-going (Vharge <0) bipolar trigger, the positive-going (Vcparge > 0) bipolar
trigger needs to take an additional half duration for decaying before Vpp reaches
—Vpeak- Thus, under the same voltage magnitude of both positive and negative Vinarges
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Figure3.8 Relations between the negative TLU level and current-limiting resistances when using different
current-blocking diodes. The SCR structure has the layout parameters of (a) D= 16.6 um, S = 1.2 um, and
W=22.5um, and (b) D = 16.6 um, S = 20 pum, and W= 22.5 um. (Reprinted with permission from IEEE).
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anegative Vcparge Can provide a larger voltage magnitude of —Vpe, (that is, larger Igp)
than the positive Vicparge [7]. As aresult, SCR structures are more sensitive to TLU with
a negative Viparee, leading to a very low negative TLU level in comparison with the
positive TLU level.

3.5 Verifications of Device Simulation

A two-dimensional device simulation tool (MEDICI) is used to verify the dependences
of both the current-blocking diode and current-limiting resistance on the TLU level of
the SCR structure. A specified SCR structure with the same geometrical parameters
(D=16.6um and S =1.2 um) in the silicon is used for all TLU device simulations,
as shown in Figure 3.9. With this device simulation, the 2-D boundary conditions of
this specified SCR can be well defined to analyze TLU electrical characteristics such as
transient /-V characteristics, 2-D current flow lines, electric field, carrier concentra-
tion, and so on.
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GND T
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2w
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5 0.0 5{0 15.0 1;.0 ZJ.G 2520 3ﬂ20 3;.0
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Figure 3.9 The SCR structure used in a two-dimensional device simulation tool (MEDICI). This
specified SCR structure has the same geometrical parameters (D= 16.6um and S=1.2um) of SCR
silicon test chips. (Reprinted with permission from IEEE).

3.5.1 Dependences of the Current-Blocking Diode on TLU Level

From the measured TLU level dependences in Figures 3.6 and 3.8, a TLU measure-
ment setup equipped with the current-blocking diode (positive-going unipolar trigger)
will lead to a higher TLU level (over estimation) of the DUT than without the current-
blocking diode (bipolar trigger). To demonstrate this phenomenon by device simula-
tion, the simulated Vpp and Ipp transient responses under a unipolar trigger and bipolar
trigger are shown in Figures 3.10 and 3.11, respectively. The related parameters of the
unipolar trigger (bipolar trigger) such as rise time and falling rate (damping frequency
and damping factor) are extracted from the corresponding measured waveforms in
Figure 3.3c and a.

With the unipolar trigger in Figure 3.10, TLU will not be initiated due to insufficient
Ips, because the increasing rate (= (4 Vpeac—2.5 V)/rise time) of Vpp isn’t large
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Figure 3.10 Simulated Vpp and Ipp transient responses for TLU with a unipolar trigger. This can
simulate the Vpp voltage disturbance in Figure 3.3c for a TLU measurement setup equipped with the
current-blocking diode. TLU cannot be initiated even though Vp.,y is as high as + 20 V. (Reprinted with
permission from IEEE).
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Figure 3.11 Simulated Vpp and Ipp transient responses for TLU with a bipolar trigger. This can
simulate the Vpp voltage disturbance in Figure 3.3a for a TLU measurement setup without the current-
blocking diode. TLU can be initiated even though Vpe,y is as low as + 13 V. (Reprinted with permission
from IEEE).

enough, even though the + Vp.y is as high as + 20 V. Thus, Ipp only comes from the
small I, or leakage current whose positive peak current (Ipe,i) is only 0.18 mA/pum, and
then Ipp decreases to 0 A when Vpp finally returns to its normal operating voltage
(+ 2.5 V). The simulated 2-D current flow line after applying the unipolar trigger voltage
on Vpp (at 18 ms) is also shown in the inset figure of Figure 3.10. Clearly, TLU doesn’t
occur because no current flow lines conduct through the low-impedance latchup path.
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Under the bipolar trigger in Figure 3.11, TLU can be initiated (Ipp significantly
increases) by a large enough I, while Vpp returns from — Vpe, (—5 V) to the normal
operating voltage of + 2.5V, even though its + Vp is only + 13V, which is much
smaller than 4 20V in Figure 3.10 (unipolar trigger). Thus, Ipp will be kept at a high
current latchup state (150 mA/um) after Vpp finally returns to its normal operating
voltage (4 2.5 V). The simulated 2-D current flow line after applying the bipolar
trigger voltage on Vpp (at 1200 ns) is also shown in the inset figure of Figure 3.11.
Clearly, TLU occurs because all current flow lines conduct through the low-impedance
latchup path. The simulation results in Figure 3.11 are consistent with the measured
TLU waveforms in Figure 3.2c that Ipp simultaneously increases with Vpp while Vpp
increases from —Vpey to +2.5V (induced Isp), but not initially from +2.5V to
~+ Vpeak (induced Ipg). Thus, Igy, is the major TLU-triggering current rather than Ipg.

TLU can be also initiated by a unipolar trigger with a large enough Ip,. For the
unipolar trigger with a higher + Vpe, of + 25V, the simulated Vpp and Ipp transient
responses for TLU are shown in Figure 3.12. Due to a larger increasing rate of Vpp,
TLU can be initiated by a large enough Ips while Vpp rapidly increases from the
normal operating voltage (4 2.5 V) to + Vpeax (+25 V). Thus, Ipp will be kept at a
high current latchup state (150 mA/um) after Vpp finally returns to its normal
operating voltage.
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Figure 3.12 Simulated Vpp and Ipp transient responses for TLU with a unipolar trigger. Vpp has a Vpeax
of + 25V, which is larger than + 20V in Figure 3.10, and so the increasing rate (= (4 Vpeu—2.5 V)/rise
time) of Vpp is large enough to produce a large I, to initiate TLU. (Reprinted with permission from IEEE).

The comprehensive simulation results in Figures 3.10-3.12 are all consistent with
the experimental results to point out that TLU measurement setup equipped with the
current-blocking diode will lead to a higher TLU level (over estimation) of the DUT
than that without the current-blocking diode.
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3.5.2 Dependences of Current-Limiting Resistance on TLU Level

From the measured TLU level dependences shown in Figures 3.6 and 3.8, the
TLU level of a CMOS IC (SCR) increases with current-limiting resistance. To
demonstrate this phenomenon by device simulation, two different bipolar triggers
are used. As shown in Figures 3.11 and 3.13, these two different bipolar triggers have
the same damping frequency of ~10 MHz but different damping factors. Compared to
Figure 3.11, the bipolar trigger with a larger damping factor in Figure 3.13 is used to
simulate the TLU measurement setup equipped with a current-limiting resistance,
because the measured Vpp waveforms in Figure 3.3a and b show that the current-
limiting resistance will lead to a larger damping factor. Clearly, because the magnitude
of the —Vpe i decreases from 5V (Figure 3.11) to 2.5V (Figure 3.13) due to a larger
damping factor, I, isn’t large enough to initiate TLU while Vpp returns from — Vpe, to
its normal operating voltage. Thus, Ipp doesn’t significantly increase (Ipe,x 1S only
75 WA/um) with Vpp, and then Ipp decreases to 0 A when Vpp finally returns to its
normal operating voltage. Thus, the simulation results in Figures 3.11 and 3.13 are all
consistent with the experimental results to verify that the TLU level is increased by the
current-limiting resistance, as shown in Figures 3.6 and 3.8.
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Figure 3.13 Simulated Vpp and Ipp transient responses for TLU with a bipolar trigger. Compared to
Figure 3.11, this can simulate the bipolar trigger with a larger damping factor in Figure 3.3b for a TLU
measurement setup equipped with a current-limiting resistance. TLU cannot be initiated due to an
insufficient Is,. (Reprinted with permission from IEEE).

3.6 Suggested Component-Level TLU Measurement Setup

From the comprehensive measured and simulated TLU level dependency on current-
limiting resistance and current-blocking diode in the component-level TLU measure-
ment setup, the TLU measurement setup without a current-blocking diode but with a
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small current-limiting resistance (5€2) is suggested. This suggested measurement
setup not only can accurately evaluate the TLU immunity of CMOS ICs without over-
estimation, but also can avoid the EOS damage to the DUT during the TLU test.

The current-blocking diode should be eliminated from the TLU measurement setup
to accurately evaluate the TLU immunity of CMOS ICs without over-estimation. The
bipolar transient noises on the power pins of the DUT are indeed representative of
the practical system-level ESD events, as shown in Figures 2.3 and 2.4. However,
because the current-blocking diode inherently alters the power supply network im-
pedance, the use of a current-blocking diode certainly prohibits such a bipolar trigger
voltage on the power pins of the DUT. Instead, an unipolar overdamped trigger voltage
will be formed if the diode was added to the TLU measurement setup. Thus, to
accurately simulate the practical system-level ESD event, the current-blocking diode
should be eliminated from the TLU measurement setup. Additionally, unipolar and
bipolar transient Vpp noises can generate two different TLU-triggering currents — I
for a unipolar trigger, and Is;, for a bipolar trigger. It has been clarified that the bipolar
trigger (Isp,) can initiate TLU more easily than the unipolar trigger (Ipg). Thus, to
accurately represent the actual TLU immunity of the DUT in the system-level
ESD test, the component-level TLU test should be performed without the current-
blocking diode.

Similar to the current-blocking diode, current-limiting resistance is also unsuitable
for being equipped in the component-level TLU measurement setup. Although using a
current-limiting resistance will not lead to a unipolar trigger, it certainly attenuates the
voltage magnitude of the bipolar trigger (that is, larger damping factor), as shown in
Figures 3.3b and 3.4b. A larger damping factor will lead to a smaller TLU-triggering
current (Is,) due to the smaller voltage magnitude of the —Vpe, [7]. Thus, the TLU
level of the DUT will increase with the current-limiting resistance, leading to an over-
estimation of the TLU immunity. Even worse, a too large current-limiting resistance
(>20€Q) has been proved to lead TLU not occurring in the SCR structure with a higher
holding voltage (1.5 V), that is, an SCR with a larger S of 20 um shown in Figures 3.6b
and 3.8b. As aresult, to accurately represent the actual TLU immunity of the DUT in
the system-level ESD test, a small current-limiting resistance (5 €2) is suggested to be
used. This small current-limiting resistance has the advantage of not leading to a
serious over-estimation of the TLU level, as shown in Figures 3.6 and 3.8. In addition,
it can prevent the DUT from EOS damage during the high-current latchup state.

3.7 TLU Verification on Real Circuits

A 100 MHz ring oscillator consisting of a 101-stage inverter chain and a 7-stage taper
buffer, fabricated in a 0.25-um CMOS technology, is used as a real circuit for TLU
verification. The schematic diagram and layout top view of the ring oscillator are
shown in Figure 3.14a and b, respectively. The geometrical parameters such as X, Y,
and Z represent the distances between the well-edge and well (substrate) contact,
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Figure 3.14 (a) Schematic diagram, and (b) layout top view, of the ring oscillator. The geometrical
parameters such as X, Y, and Z represent the distances between the well-edge and well (substrate) contact,
source (drain) regions of the PMOS and NMOS, and the adjacent well (substrate) contacts, respectively.
(Reprinted with permission from IEEE).

source (drain) regions of the PMOS and NMOS, and the adjacent well (substrate)
contacts, respectively. The ring oscillator is treated as the DUT, where the N well
contact and the P source of the PMOS are connected together to Vpp;, whereas the
P substrate contact and the N source of the NMOS are connected to ground. To
evaluate the TLU level of the inverter chain but not the taper buffer, the power line of
the taper buffer (Vpp,) is separated from the power line of the inverter chain (Vpp;).
Once TLU is triggered on by a positive or negative Vparee Within the ring oscillator,
a rapidly increasing current will conduct through a low-impedance path between
Vbp1 and ground to probably burn out the chip. To verify the TLU issue on the ring
oscillator, a TLU measurement setup equipped with a current-limiting resistance of
5 Q but without the current-blocking diode is used. For the ring oscillator with layout
parameters of X =16.6 um, ¥Y=1.2 um, and Z=22.5 um, the measured Vppi, Ippi,
and Vour transient responses for TLU with a Vicpgrge 0f +7 Vand —5 V are shown in
Figure 3.15a and b, respectively. In both cases, TLU is triggered on due to a large
enough I, while Vpp; increases from its negative peak voltage to the normal operating
voltage (+ 2.5 V). Meanwhile, a rapidly increasing Ipp; accompanies the pull-down
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Figure3.15 Measured Vpp,, Ippi, and Vour transient waveforms of the ring oscillator with a Vicpargee 0F
(a) +7V, and (b) —5 V. A current-limiting resistance of 5 Q but without a current-blocking diode is used
in the TLU measurement setup. (Reprinted with permission from IEEE).

Vbp1 due to the low-impedance path between Vpp; and ground. Thus, the ring oscillator
fails to function correctly, causing the output voltage of the ring oscillator, Viiyg, to be
pulled down to ground. Thus, Vour is kept at + 2.5V after the 7-stage taper buffer.

Four measurement setups with two different types of current-blocking diodes
(PR1507 and 1N4007) and current-limiting resistances (5 and 20€2) are used to
verify whether the suggested measurement setup has the lowest TLU level (without
over-estimation). Moreover, ring oscillators with two sets of layout parameters
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(X=16.6um, Y=1.2um, and Z=22.5 um, as well as, X =16.6 um, ¥ =10 um, and
Z=0.3um) are also used to investigate the layout dependences on the TLU level.
Table 3.1 lists the TLU levels of the ring oscillators with two sets of layout parameters
under four different TLU measurement setups.

Table3.1 TLU levels of the ring oscillators with two sets of layout parameters under four different TLU
measurement setups. (Reprinted with permission from IEEE).

Measurement setup Type A Type B Type C Type D
(suggested)

Current-Blocking Diode None PR1507 None 1N4007

Current-Limiting Resistance 5Q 5Q 20Q 20Q

X=16.6

v Zu*;m Positive TLU Level +7V +15V +10V +15V

Z—225um Negative TLU Level -5V -9V -7V —10V

X =16.6 um -,

Y =10um Positive TLU Level +26V TLU Does Not Oceur

Z=0.3um Negative TLU Level —11V

For the ring oscillator with layout parameters of X=16.6 um, ¥Y=1.2 um, and
Z=22.5um, both positive and negative TLU levels measured by the suggested TLU
measurement setup (Type A) are lower than those measured by the other three
measurement setups (types B, C, and D) where a current-blocking diode or a large
current-limiting resistance of 20 Q2 is used. For the ring oscillator with layout para-
meters of X =16.6 um, Y =10 um, and Z= 0.3 um, TLU occurs only for the suggested
measurement setup (type A). In types B, C, and D measurement setups, the additional
voltage drop across the current-blocking diode or large current-limiting resistance leads
the Vpp (Ipp) to be lower than the holding voltage (holding current) of the parasitic SCR
in the ring oscillator. Thus, it has been proved once again that the suggested measure-
ment setup (no current-blocking diode but a small current-limiting resistance) can
efficiently evaluate the TLU level of CMOS ICs without over-estimation.

3.8 Evaluation on Board-Level Noise Filters to Suppress TLU?

To improve the TLU immunity of CMOS ICs, an intuitional solution is to utilize
the board-level noise filters, because the board-level noise filter networks between
the noise sources and CMOS ICs can decouple, bypass, or absorb noise voltage
(energy) [9, 10] which may initiate TLU.

2© 2006 IEEE. 3.8 reprinted, with permission, from Ming-Dou Ker and Sheng-Fu Hsu, Evaluation on board-level noise
filter networks to suppress transient-induced latchup in CMOS ICs under system-level ESD test (sections II-V and
figures 6, 7, 9-13, 15, and 18), in IEEE Transactions on Electromagnetic Compatibility, Vol. 48, no. 1, pp. 161-171,
Feb. 2006. IEEE, Piscataway, NJ.
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To clarify such a TLU issue in the system-level ESD test, with an ESD voltage of
—3000 V discharging on the horizontal coupling plane (HCP), the measured Vpp and
Ipp transient waveforms on CMOS IC#1 are shown in Figure 3.16. With a large
transient peak voltage of 60V, TLU is triggered on with a large transient current of
Ipp. Thus, Ipp is kept at a high current of 80 mA, and Vpp is pulled down to the latchup
holding voltage of 1.8V, after the ESD-induced disturbance on Vpp. If an additional
decoupling capacitance of 0.1 UF is added between Vpp and Vg (ground) of such a
TLU-sensitive CMOS IC#1, the measured Vpp and Ipp transient waveforms with the
same (—3000V) ESD voltage discharging on the HCP are shown in Figure 3.17.
Compared with the measured waveforms in Figure 3.16 where there is no decoupling
capacitance for suppressing ESD-induced noise, the transient peak voltage (damping
factor) of the bipolar trigger waveform is greatly reduced (increased) in Figure 3.17. As
a result, TLU does not occur, and Ipp doesn’t increase after the ESD-induced
disturbance on Vpp. Thus, the occurrence of TLU strongly depends on the board-
level noise filters, and they should be further investigated to find their improvements on
the TLU immunity of CMOS ICs.
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Figure 3.16 Measured Vpp and Ipp transient waveforms on CMOS IC#1 with an ESD voltage of
—3000 V discharging on the HCP. With a large transient peak voltage of £60 V, TLU is triggered on (Ipp is
kept at a high current of 80 mA) after the ESD-induced disturbance on Vpp. (Reprinted with permission
from IEEE).

The suggested component-level TLU measurement setup can used to evaluate the
effectiveness of board-level noise filter networks to improve the TLU immunity of
CMOS ICs in the system-level ESD test, as shown in Figure 3.18. The noise filter
network located between the TLU-triggering source and the DUT is used to decouple,
bypass, or absorb noise voltage (energy) produced by the TLU-triggering source. The
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Figure 3.17 With the decoupling capacitance of 0.1 uF between Vpp and Vgg of the CMOS IC#1, the
measured Vpp and Ipp transient waveforms with the same (—3000 V) ESD voltage discharging on the
HCP. Compared with the measured waveforms in Figure 3.16, TLU does not occur, because the ESD-
induced disturbance on Vpp is greatly reduced. (Reprinted with permission from IEEE).
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Figure 3.18 Using the suggested component-level TLU measurement setup to evaluate the effective-
ness of board-level noise filters to improve the TLU immunity of CMOS ICs in the system-level ESD test.
The DUT is the ring oscillator with X=16.6um, Y=1.2um, and Z=10.5 um. (Reprinted with
permission from IEEE).

DUT is the ring oscillator fabricated in a 0.25-um CMOS process, as shown in
Figure 3.14. To consider the worst case of evaluating the TLU level, it has a minimum
allowable anode-to-cathode spacing (Y) of 1.2 um, and a large X (Z) of 16.6 um
(10.5 um), and so it is very sensitive to latchup. Three common noise-decoupling
components are evaluated to find their improvements on TLU immunity, including the
decoupling capacitor, ferrite bead, and transient voltage suppressor (TVS).
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3.8.1 TLU Transient Waveforms of the Ring Oscillator

Figure 3.19a and b show the measured Vpp1, Ippi, and Voyr transient responses for the
ring oscillator without and with the board-level noise filter network, respectively. For
the ring oscillator without the board-level noise filter network, TLU can be triggered on
even if the Viparge 18 as low as —5'V, as shown in Figure 3.19a. Once TLU is initiated,
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Figure 3.19 Measured Vpp1, Ippi, and Voyr transient responses for the ring oscillator (a) without, and
(b) with, the board-level noise filter network. With the help of a decoupling capacitance of 0.1 uF, TLU
doesn’t occur even though the Viparge is as high as —30 V. (Reprinted with permission from IEEE).
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Ipp; will significantly increase (0.14 A) with the pull-down Vpp, (1.2 V) due to a low-
impedance latching path between Vpp, and ground. Thus, the ring oscillator fails to
function correctly, causing the output voltage of the ring oscillator, Vging, to be pulled
down to ground. So, Voyr is kept at 4 2.5V after the 7-stage taper buffer.

For the ring oscillator with the board-level noise filter network (capacitor filter with
a decoupling capacitance of 0.1 uF), TLU doesn’t occur even though the Vipyrge 18 as
high as —30V, as shown in Figure 3.19b. Clearly, with the aid of the decoupling
capacitor to decouple TLU-triggering noises on Vpp1, the ring oscillator still maintains
its normal function (Voyt with al00 MHz voltage clock) after the TLU-triggering
disturbance on Vpp. Thus, the measurement setup can be used to evaluate the effec-
tiveness of different types of board-level noise filter networks to improve the TLU
immunity of CMOS ICs in the system-level ESD test.

3.8.2 TLU Level of the Ring Oscillator with Noise Filters

Three common noise-decoupling components, i.e. decoupling capacitor, ferrite bead,
and TVS, are depicted in Figure 3.20a—c, respectively. Figures 3.21 and 3.22 show their
improvements on both the positive and negative TLU levels of the ring oscillator.
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Figure3.20 Three types of noise filters investigated for their improvements on the TLU level of the ring
oscillator: (a) capacitor filter, (b) ferrite bead, and (c) TVS. (Reprinted with permission from IEEE).

The ceramic disc capacitor with advantages such as a high rated working voltage
(1kV), good thermal stability, and low loss over a wide range of frequencies is
employed as the decoupling capacitor in the noise filter of Figure 3.20a. Decoupling
capacitances widely ranging from 100pF to 0.1 uF are used to investigate their
improvements on the TLU level. With the aid of the capacitor filter to reduce the
noise voltage on Vpp, the positive TLU level can be significantly enhanced from + 8 V
(without a decoupling capacitor) to + 70 V (with a decoupling capacitance of 0.1 uF),
as shown in Figure 3.21. Similarly, the negative TLU level can be also greatly enhanced
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Figure 3.22 Relations among the TLU level of the ring oscillator, minimum impedance of the ferrite
bead at 25 MHz, and the breakdown voltage of the TVS under two types of noise filters: ferrite bead and
TVS.

from —5 V (without a decoupling capacitor) to —60 V (with a decoupling capacitance
of 0.1 uF). Thus, by choosing a decoupling capacitor with the proper capacitance
value, a simple first-order decoupling capacitor placed between Vpp and Vg (ground)
of CMOS ICs can be used to appropriately improve the TLU immunity of the DUT in
the system-level ESD test, no matter whatever the positive or the negative TLU level.

The ferrite bead commonly used for absorbing radiofrequency (RF) energy is shown
in Figure 3.20b. Here, a resistor-type ferrite bead (part number: RH 3.5 x 9 x 0.8 with
aminimum impedance of 80 Q (120 ) at 25 MHz (100 MHz)) is employed. Due to the
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lesser energy-absorbing ability of the ferrite bead at a frequency lower than
10 MHz [10], the TLU level will not be efficiently improved by the ferrite bead
alone (the magnitudes of both positive and negative TLU levels are all lower than
25 V), even though the minimum impedance of the ferrite bead at 25 MHz is as high
as 80 Q.

The TVS, which is commonly used to bypass/decouple the high-frequency transient
noises, is also considered for its enhancement on the TLU immunity of the ring
oscillator. The bidirectional-type TVS (part number: P6KE series) with three dif-
ferent breakdown voltages, Vgg, (£6.8, 16, and 427 V) are employed. As shown in
Figure 3.22, the TVS with breakdown voltages of +16 Vor +27 V fail to efficiently
improve the TLU level (the magnitudes of both positive and negative TLU levels are all
lower than 12 V), because TLU occurs prior to the breakdown of such a high-Vgg TVS.
That s, the intrinsic TLU level of the ring oscillator (positive and negative TLU level of
+ 8 and —5 V) is smaller than the Vg of such a high-Vggr TVS (16 and 27 V). Only
the TVS with a Vg lower than (or at least comparable to) the intrinsic TLU level of the
DUT can effectively enhance the TLU level. For example, the positive (negative) TLU
level can be enhanced up to +30V (—33 V) for a low-Vgg (£6.8 V) TVS. Thus, to
optimize the efficiency of the TVS for TLU prevention, it should be clarified in advance
for the correlations between the Vg of the TVS and the intrinsic TLU level of the DUT.

From Figures 3.21 and 3.22, it can be found that the TVS doesn’t improve the TLU
level as greatly as the decoupling capacitor. For example, the positive (negative) TLU
level can be greatly enhanced up to 70 V (—60 V) for a decoupling capacitor with a
capacitance of 0.1 uF, but only up to 30 V (=33 V) fora TVS with alow Vgg of 6.8 V.
Thus, the decoupling capacitor is better than the TVS in acting as a noise-bypassing
component. To further improve the TLU immunity, higher-order noise filters have
proved to be good solutions, such as LC (second-order) or 7r-section (third-order)
filters [9—12]. They have the advantage of avoiding an excessively or unreasonably
large decoupling capacitance in a simple first-order capacitor filter. Therefore, the
decoupling capacitance can be optimized according to the intended TLU level, as well
as the category of the board-level noise filter.

3.9 Conclusion

An efficient component-level TLU measurement setup with a bipolar trigger is in-
troduced. With a bipolar trigger voltage source, this measurement setup can accurately
simulate how a CMOS IC will be disturbed by the ESD-generated noises in the system-
level ESD test. Thus, it can be used to evaluate the TLU immunity of CMOS ICs for
system-level ESD considerations. Through investigating the influences of both the
current-blocking diode and the current-limiting resistance on the TLU-triggering
voltage waveform and TLU level, it has been demonstrated that a TLU measurement
setup equipped with either a current-blocking diode or a current-limiting resistance
will over-estimate the TLU level of CMOS ICs. However, a small current-limiting
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resistance has no significant impact on the TLU level, and therefore the TLU mea-
surement setup without a current-blocking diode but with a small current-limiting
resistance (5 Q) is suggested. This suggested TLU measurement setup has the advan-
tages of accurately evaluating the TLU immunity of CMOS ICs without over-
estimation, as well as avoiding the EOS damage to the DUT during the TLU test.
Such a TLU measurement setup can be widely utilized to evaluate the TLU immunity
of CMOS ICs in practical field applications. Also, different types of board-level noise
filter networks can be evaluated to find their effectiveness for improving the TLU
immunity.
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4

TLU Dependency on Power-Pin
Damping Frequency and Damplng
Factor in CMOS Integrated Circuits'

The sweep-back current, I, [ 1, 2], has been proven to be the major cause of TLU in the
system-level ESD test. Three dominant parameters to determine /sy, are Dgreq, Dractors
and + Vpeax (—Vpeaw)- Thus, it’s important to investigate the TLU dependency on
Dereq> Dractor and + Vpeax (—Vpear). In real situations, these three parameters depend
on the charged voltage of the ESD gun, the adopted TLU test mode, and the board-level
noise-decoupling filters, and so on. Furthermore, the board-level transient voltage
coupled into chips also strongly depends on the parasitic capacitance, inductance,
and resistance of metal traces in board-/chip-level layout. Thus, the occurrence of TLU
strongly depends on these three parameters. It is straightforward that a larger voltage
amplitude of + Vpeax (—Vpear) (that is, larger transient noises) can initiate TLU more
easily. However, it is not so clear how Dgyeq and Dgyor affect the TLU immunity of the
CMOS ICs in the system-level ESD test. In this chapter, the TLU dependency on both
Drreq and Dg,c0r can be well explained in the time domain by device simulation. Based
on the comprehensive simulation results, board-level noise filters can be properly
developed to efficiently eliminate the ESD-coupled noises for TLU prevention.

Nomenclature
DEyreq Damping frequency of bipolar trigger voltage on the power pins of CMOS
ICs.

'© 2007 IEEE. 4.1—4.3 and part of 4.4 reprinted, with permission, from Sheng-Fu Hsu and Ming-Dou Ker, Transient-
induced latchup dependence on power-pin damping frequency and damping factor in CMOS integrated circuits
(abstract-section IV and figures 2, 3, 7-11, and 14-16), in IEEE Transactions on Electron Devices, Vol. 54, no. 8,
pp. 2002-2010, Aug. 2007. IEEE, Piscataway, NJ.
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Drgactor Damping factor of bipolar trigger voltage on the power pins of CMOS ICs.

4 Vpeak Transient positive peak voltage of bipolar trigger voltage on the power
pins of CMOS ICs.

~+ Ipeak Transient positive peak current of bipolar trigger voltage on the power
pins of CMOS ICs.

—Vpeak Transient negative peak voltage of bipolar trigger voltage on the power
pins of CMOS ICs.

—Ipeax Transient negative peak current of bipolar trigger voltage on the power
pins of CMOS ICs.

Iy Sweep-back current caused by the bipolar trigger voltage on the power
pins of CMOS ICs.

D Distance between well-edge and well (substrate) contact in the PNPN
latchup path.

S Distance between anode and cathode in the PNPN latchup path.

w Distance between the two adjacent well (substrate) contacts in the PNPN
latchup path.

Vop(?) Time-dependent voltage function used in device simulation to simulate
the bipolar trigger voltage on the power pins of CMOS ICs.

VDD(Z) =Vo+Vp-: exp (— (t - td)DFaCtor) . Sil’l(27TDFreq(I — ld)) (41)

where Vj is the initial voltage, #4 is the time delay, and Vp is the applied voltage
amplitude.

Ips Transient displacement current of P/N junction.

Vb Magnitude of minimum positive Vp to initiate TLU.

Vp_ Magnitude of minimum negative Vp to initiate TLU.

tp Time period needed for Vpp increasing from — Vpey to the normal circuit

operating voltage.

Degreqminy  Minimum Dgq to initiate TLU.

DEreq(maxy Maximum Dgyq to initiate TLU.

Veharge Applied voltage on charged capacitor (200 pF) in the component-level
TLU measurement setup.

fsr Self-resonant frequency.

4.1 Examples of Different Dg,cq and Dg,cor in the System-Level ESD Test

The measurement setup of the system-level ESD test with an indirect contact-
discharge test mode [3] is shown in Figure 2.2. Without board-level noise filters to
help suppress ESD-induced transient noises, the measured Vpp, transient waveform on
one (CMOS IC#1) of the CMOS ICs inside the EUT with an ESD voltage of + 1000V
discharging on the HCP is shown in Figure 4.1. During the system-level ESD test,
Dereqs Dracior and + Vpeak (—Vpear) depend on many factors. Specifically, the board-
level noise-decoupling filter is a dominant factor to determine these parameters.
To clarify this issue, a decoupling capacitance of 1nF is added between Vpp
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Figure 4.1 With an ESD voltage of + 1000V discharging on the HCP, the measured Vpp transient
waveform on one (CMOS IC#1) of the CMOS ICs inside the EUT. The Vpp waveform is a bipolar voltage
due to the disturbance of high ESD-coupled energy. (Reprinted with permission from IEEE).

and Vgg (ground) of the CMOS IC#1. With an ESD voltage of + 1000V discharging
on the HCP, the measured Vpp transient waveform is shown in Figure 4.2. Compared
with the original Vpp transient waveform in Figure 4.1, Dgreq, Dractor and + Vpeax
(—Vpear) are all different in Figure 4.2. Furthermore, with a resistor-type ferrite bead
(minimum impedance of 80 Q at 25 MHz) in series with the Vpp pin of the CMOS
IC#1, the measured Vpp transient waveform with an ESD voltage of + 1000V
dicharging on the HCP is shown in Figure 4.3. Clearly, Dg,c 1S larger than that
of the original Vpp waveform in Figure 4.1, because the ferrite bead can absorb RF
energy while the ESD-induced transient current flows through it. Without any board-
level noise-decoupling filter on CMOS IC#1, the measured Vpp transient waveform
with a higher ESD voltage of + 2000 V discharging on the HCP is shown in Figure 4.4.
The + Vpeax of +30V doubles that (+ 15 V) in Figure 4.1 (ESD discharging voltage
of +1000V), and so the Vpp peak voltage is proportional to the ESD discharging
voltage. As a result, Dgreq, Dracior @0d + Vpear (—Vpear) could be different in each
case, thus strongly dominating the occurrence of TLU in the system-level ESD test.

To clarify this issue, with an ESD voltage of + 3000 V discharging on the HCP, the
measured Vpp and Ipp transient waveforms on CMOS IC#1 are shown in Figure 4.5.
With a large transient peak voltage of +50 V, TLU is triggered on with instantaneously
increasing Ipp. After the ESD-induced disturbance on Vpp, Ipp is kept at a high current
of 80mA, while Vpp is pulled down to the latchup holding voltage of 1.8 V. If an
additional decoupling capacitance of 0.1 uF is added between Vpp and Vsg (ground)
of this TLU-sensitive CMOS IC#1, the measured Vpp and Ipp transient waveforms
with an ESD voltage of + 3000V discharging on the HCP are shown in Figure 4.6.
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Figure 4.2 With an additional decoupling capacitance of 1 nF between Vpp and Vgg (ground) of the
CMOS IC#1, the measured Vpp, transient waveform with an ESD voltage of + 1000 V discharging on the
HCP. Compared with the original Vpp transient waveform in Figure 4.1, Dgyeq, Dractor, and + Vpeai are all

different.
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Figure 4.3 With aresistor-type ferrite bead (minimum impedance of 80 €2 at 25 MHz) in series with the
Vbp pin of the CMOS IC#1, the measured Vpp transient waveform with an ESD voltage of + 1000V
discharging on the HCP. The D, is larger than that of the original Vpp waveform in Figure 4.1.
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Figure4.4 Withoutany board-level noise-decoupling filter on CMOS IC#1, the measured Vpp transient
waveform with a higher ESD voltage of 42000V discharging on the HCP. The + Vpg, of +30V
doubles that (+ 15 V) in Figure 4.1 with a smaller ESD voltage of + 1000 V.
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Figure 4.5 Measured Vpp and Ipp transient waveforms on CMOS IC#1 with an ESD voltage of
+ 3000V discharging on the HCP. With a large transient peak voltage of 50V, TLU is triggered on
(Ipp is kept at a high current of 80 mA) after the ESD-induced disturbance on Vpp. (Reprinted with

permission from IEEE).
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Figure 4.6 With the decoupling capacitance of 0.1 UF between Vpp and Vg of the CMOS IC#1, the
measured Vpp and Ipp transient waveforms with an ESD voltage of + 3000V discharging on the HCP.
TLU does not occur due to different Dgreg, Dpacior» a0d + Vpeak (—Vpear). (Reprinted with permission
from IEEE).

Compared with the Vpp waveforms in Figure 4.5 where no decoupling capacitance is
used for suppressing the ESD-induced noise, Dgreq, Dractor» @0d + Vpeak (— Vpear) are
all different in Figure 4.6. As a result, TLU does not occur, and Ipp doesn’t increase
after the ESD-induced disturbance on Vpp. Thus, the occurrence of TLU strongly
depends on Degreq, Dractor, a0d + Vpeak (— Vpear) Of the bipolar trigger waveforms on the
power pins of CMOS ICs. The board-level noise filters dominate these parameters,
which have strong impacts on TLU immunity.

4.2 TLU Dependency on Dgyq and Dy;cior

A two-dimensional device simulation tool (MEDICI) is used to characterize the TLU
dependency on both Dgeq and Dg,cior- The SCR structure with the specified layout
parameters of D =6.7 um and S = 1.2 um is used for all the TLU device simulations
in this chapter, as shown in Figure 2.5.

4.2.1 Relations between Dggeror and Minimum Positive (Negative) Vp to
Initiate TLU

With a fixed Dg.q of 8 MHz, the relations between Dgyeor and Vp . (Vp_) are shown in
Figure 4.7a. Vp . (Vp_)is defined as the magnitude of minimum positive (negative) Vp
to initiate TLU. The latter cannot be initiated if the magnitude of the applied positive
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Figure 4.7 Relations between (a) Dg,cior and Vp . (Vp_), and (b) Dgreq and Vp (Vp_). Vp (Vp_)is
defined as the magnitude of minimum positive (negative) Vp to initiate TLU. (Reprinted with permission
from IEEE).

(negative) Vp is smaller than Vp_ (Vp_), because a too small Vp cannot provide a
large enough — Vpe i (that is, large enough Ig,) to initiate TLU. In addition, because
the Dg,cor determines how fast the bipolar trigger voltage will be attenuated in the
time domain, so the magnitude of —Vp, strongly depends on Dg, - For example,
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a larger Dg,.or causes larger voltage attenuation within the first cycle of the bipolar
trigger waveform (that is, smaller —Vpey or Isp,). Thus, the relations between Dg,cor
and Vp (Vp_) are very important for TLU characterization.

For a Dgyeior < 10%*s™1, both Vp . and Vp_ are independent of the Dy, and equal to
6 V. From Equation (4.1), for the given Dg,eq of 8 MHz, such a small Dgycor Will not
result in an obvious voltage attenuation within the first cycle of the bipolar trigger
waveform (that is, — Vpe,x isn’t obviously attenuated). Thus, for such a small Dg,yqor,
if a known minimum — Vpe,y to initiate TLU is fixed, both Vp, and Vp_ are the same
and independent of the Dgycior-

For a Dg,cor > 10*s™!, both Vp . and Vp_ increase with the Dg,cor A larger Dgacior
will result in a larger voltage attenuation (that is, smaller —Vp,,y) within the first cycle
of the bipolar trigger waveform, and so a larger Vp . (Vp_) is necessary for a larger
Dgacror to provide a known fixed —Vpe, (that is, fixed Ig,) which can initiate TLU.
Compared with the negative-going (Vp<0) bipolar voltage, the positive-going
(Vp > 0) bipolar voltage needs to take an additional half duration for decaying before
reaching —Vpeax. As a result, a Vp larger than Vp_ is necessary to compensate
this additional voltage attenuation within the half duration.

4.2.2 Relations between Dgyeq and Minimum Positive (Negative) Vp to
Initiate TLU

With a fixed Dgyeior Of 1.5 X 10%s71, the relations between Dgreq and Vp . (Vp_)
are shown in Figure 4.7b. Dgy is inversely proportional to the duration of the bipolar
trigger waveform. Thus, Dy,.q determines how fast the bipolar trigger waveform will
be attenuated within its first duration (cycle). For example, for a fixed Vp and Dgyeior, @
higher Dg;q (shorter duration) means that the bipolar trigger voltage takes less time for
decaying before reaching — Vpe,y (that is, larger —Vpeai). Thus, —Vpea (Isp) strongly
depends on Dgyq, and the relations between Dgq and Vp . (Vp_) are significant for
TLU characterization.

For 0.8 MHz < Dgyeq < 100 MHz, Vp , is larger than Vp_ because the positive-going
bipolar voltage must take an additional half duration for decaying before reaching
— Vpeak- Thus, if the minimum — Vp,, to initiate TLU is fixed, a Vp ;. larger than Vp_ is
needed to compensate the additional voltage attenuation within the half duration.

For a Dgrq<0.8 MHz, however, Vp_ is smaller than Vp_. For the Vp_ case,
Figure 4.8 shows the simulated Vpp and Ipp transient responses for a bipolar trigger
with Dgacior, Dpreqs @and Vp of 1.5 X 10°s~', 0.1 MHz, and —200V, respectively.
Clearly, the given Dr,eor of 1.5 x 10°s™ " is too large for such a low-frequency bipolar
trigger to perform a negative-going bipolar voltage, but a negative-going unipolar
overdamped voltage instead. TLU doesn’t occur because fp is too long (~3 Us) to
generate sufficient /gy, [1, 2], even though the magnitude of — Vpe,y is as high as 28 V.
For the Vp . case, Figure 4.9 shows the simulated Vpp and Ipp transient responses
for a bipolar trigger with the same parameters as those in Figure 4.8 but with a Vp of
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Figure 4.8 Simulated Vpp and Ipp transient responses for a bipolar trigger voltage with Dgaciors Dreqs
and Vp of 1.5 x 10%°s™', 0.1 MHz, and —200 'V, respectively. TLU doesn’t occur because fp is too long
(~3 us) to generate sufficient Is,. (Reprinted with permission from IEEE).

+ 150 V. Similarly, a positive-going unipolar overdamped voltage is formed due to the
given large Dg,.o- However, TLU could be initiated by the I while Vpp initially
increases from the normal operating voltage (4+2.5V) to + Vpe,, even though the
magnitudes of both Vpand + Vpea (150 Vand 25 V) are smaller than those (200 V and
28 V) in Figure 4.8. Two different TLU-triggering currents have been mentioned:
Ips [4] and Isy, [1, 2]. I results from a rapid increase of Vpp with time (for example,
power-on transition or Vpp overshooting), and it’s proportional to the junction
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Figure 4.9 Simulated Vpp and Ipp transient responses for a bipolar trigger voltage with the same para-
meters as those in Figure 4.8 but with a Vp of 4- 150 V. TLU can be triggered on by Ips while Vpp, initially
increases from the normal operating voltage (+ 2.5 V) to + Vpea. (Reprinted with permission from IEEE).
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Figure 4.10 Simulated Vpp and Ipp transient responses for a bipolar trigger voltage with Dgacior, DEreqs
and Vp of 1.5 x 10%s™!, 2 GHz, and —60V, respectively. Ipp cannot follow the Vpp variation in time
for such a high Dg,.q (>1 GHz) bipolar trigger, because the + Ipc, doesn’t simultaneously appear with
the + Vpeai but at the end of the first duration (~50.5 ns). (Reprinted with permission from IEEE).

capacitance. Igp, results from Vpp switching from a negative voltage level to a positive
voltage level (for example, bipolar transient noises on Vpp), and it correlates closely
with Dgyeq, Dracior» and —Vpeai. It has been clarified that I, can initiate TLU more
easily than Ipg [5]. From the simulation results in Figures 4.8 and 4.9, however, Ip
(Figure 4.9) can initiate TLU more easily than I, (Figure 4.8) due to a very low Dgreq.
A t00 low Dgyeq Will significantly reduce /g, because of a too long a 7p (for example,
3 us in Figure 4.8).

For a Dgeq > 1000 MHz, both Vp_, and Vp_ significantly increase, as shown in
Figure 4.7(b). Figure 4.10 shows the simulated Vpp and Ipp transient responses for a
bipolar trigger with Dgycion Drreqs and Vp of 1.5 x 10°s™!, 2 GHz, and —60V,
respectively. Clearly, the + Ip., doesn’t simultaneously appear with the + Vp., but
at the end of the first duration (~50.5 ns), because I'pp cannot follow the Vpp variation in
time for such a high-Dg.q (> 1GHz) bipolar trigger. Thus, the + Ipea 0f 0.3A is smaller
than that (0.75 A) under the low-Dgq (20 MHz) case in Figure 2.14, even though the
4 Vpeak of + 60V is much larger than that (4 7.5 V) in Figure 2.14. This means that a
larger Vp or Vp_ is necessary for such a high-Dg..q (>1GHz) bipolar trigger to
provide a fixed s, which can initiate TLU. If D, further increases to above 3GHz,
TLU doesn’t occur (both Vp . and Vp_ larger than 1000 V), because the duration of the
bipolar trigger isn’t long enough to sustain a positive-feedback latchup event [6].

4.2.3 Relations between Dgqesor and Minimum (Maximum) Dy, to Initiate TLU

With a fixed Vp of both + 15 Vand —15'V, the relations between Dryeior a0d Dreq(min)
(DEreq(max)) are shown in Figure 4.11a and b. Dgreq(min) (DFreqmax)) 18 defined as the
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Figure 4.11 Relations between (a) Dgacior and Dgreg(miny> and (b) Dgacior a0d Dreqmax)- DEreq(min)
(DFreq(max)) 18 defined as the minimum (maximum) Degreq to initiate TLU under a fixed Vp of + 15Vor
—15V. (Reprinted with permission from IEEE).

minimum (maximum) Dgyq to initiate TLU under a fixed Vp of +15Vor —15V. A
bipolar trigger with Dgyeq < Dpreqmin) (DFreq > DFreqmax)) cannot trigger TLU due to
insufficient Igy,. For Dy lower than Dgeqminy, there is a too serious voltage
attenuation on — Vpey (Or a too long tp) to produce sufficient Ig;, for initiating TLU.
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For Dgyeq higher than Dgeqmax)» Ipp cannot follow the Vpp variation in time to
generate enough Ig;, for initiating TLU.

For a Dpaeror <2 % 103s7' (1 x10%s7Y), Dereq(miny (Dreqmax)) 18 independent to
Dgacior and equal to 500 kHz (1.45GHz). For such a small Dg,, there is only little
voltage attenuation within the first cycle of the bipolar trigger (that is, almost no
voltage attenuation on —Vpe,). Thus, if a known minimum — Vpey to initiate TLU
under a low- or high-Dg,q situation is fixed, both Vp_ and Vp_ are the same and
independent of the Dg,¢(or-

For a Dpaeior > 2 % 10°s71 (1 x 10° s 1), however, Dereq(min) (DEreq(max)) Increases
with the Dgacior- A larger D, Will result in a larger voltage attenuation (that is, a
smaller —Vp,) within the first cycle of the bipolar trigger. Thus, to provide a known
fixed — Vpey to initiate TLU, a higher Dgyeq(miny OF Dfreqmax) (that is, shorter duration)
is necessary for a larger Dp, .o bipolar trigger to compensate a larger voltage
attenuation. In addition, there are higher Dgeq(min) and Dgreqmax) Values under a Vp
of +15V. Compared with the negative-going bipolar trigger (Vp of —15V), the
positive-going bipolar trigger (Vp of 4 15V) has a smaller —Vpe, (smaller Igp)
because it must take an additional half duration for decaying before reaching — Vpey.
Thus, a higher Drreq(min) OF DEreq(max) 18 necessary for a positive-going bipolar voltage
to initiate TLU.

From the above comprehensive simulation results, a bipolar trigger with a Dgyeq
of several tens of megahertz can initiate TLU most easily due to the smallest Vp
(Vp—) under 10 MHz < Dg;q<100 MHz, as shown in Figure 4.7b. Otherwise,
TLU is less sensitive to a bipolar trigger with an excessively large Dgacior
(Figure 4.7a), an excessively high Dg,.q (Figure 4.7b), or an excessively low Dgeq
(Figure 4.7b).

4.3 Experimental Verification on TLU

The component-level TLU measurement setup shown in Figure 2.7 is used
for TLU measurements. As shown by the measurement results in Chapter 3, this
proposed TLU measurement setup has a small current-limiting resistance (5 £2) but no
current-blocking diode between the Vpp node and the power supply. The device cross-
sectional view and layout top view of the SCR test structure are illustrated in
Figure 2.5a and b, respectively. The measured Vpp and Ipp transient responses with
a Viharge Of +10Vand + 14V are shown in Figure 4.12a and b, respectively. With a
smaller Vharge Of + 10V, Vpp is the intended bipolar trigger just similar to that in
the system-level ESD test. In addition, TLU doesn’t occur because Ipp doesn’t increase
after applying the bipolar trigger on Vpp, as shown in Figure 4.12a. TLU still doesn’t
occur until the Vicpgrge increases up to + 14 V. Once TLU is initiated, I'np significantly
increases up to 120 mA, and Vpp is pulled down to the latchup holding voltage of 1.5V,
as shown in Figure 4.12b. The measured waveforms in Figure 4.12 can simulate
the occurrence of TLU (the voltage disturbance on Vpp) in Figure 4.5 (Figure 4.1) in
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Figure 4.12 Measured Vpp and Ipp transient responses of the SCR with a Vparge Of (2) + 10V, and
(b) + 14 V. (Reprinted with permission from IEEE).

the system-level ESD test. Thus, this measurement setup can be used to evaluate the
TLU dependency on Dg,cior and Dpgq in the system-level ESD test.

The TLU levels of the fabricated SCR test devices with various geometrical
parameters are shown in Figure 4.13. The TLU level is defined as the minimum
positive (negative) Viparge Which can initiate TLU. The magnitudes of the negative
TLU level (<9 V) of all the SCR structures are smaller than those of the positive TLU
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Figure 4.13 Measured TLU level of the SCR structures with (a) various D and W values but a fixed S
value of 1.2 um, and (b) various S and W values but a fixed D value of 16.6 um. The SCR structures are
rather susceptible to TLU for all different geometrical parameters (the magnitudes of both positive and
negative TLU levels are all smaller than 18 V) unless the SCR is latchup-free. (Reprinted with permission
from IEEE).
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level (>13V), unless the SCR is initially latchup-free (that is, latchup holding
voltage > +2.5V). With the measured bipolar trigger waveform in Figure 4.12a,
it can be extracted from Equation (4.1) that Dg,q is about 8 MHz (duration is about
125 ns), and Dgyeo; is about 1.5 x 10°s™!. From the simulation results in Figure 4.7a
andb, Vp_ is smaller than Vp . for abipolar trigger with a Dgeq 0f 8 MHz and Dg;cor Of
1.5x10%s7 1, Thus, the experimental verifications in Figure 4.13 are consistent with
the device simulation results in Figure 4.7.

The simulated TLU characteristics in Figures 4.7 and 4.11 are explained with
the assumption that the minimum —Vp, to initiate TLU is fixed for the same
SCR structure. To experimentally verify this, a discharge resistor with resistance of
1.5kQ is placed between the relay and the Vpp node in the TLU measurement setup.
Thus, another bipolar trigger with a higher Dg,.q and a larger D, can be generated.
Figure 4.14a shows the measured Vpp and Ipp transient responses with a Viopgrge Of
+ 120 V. Compared with the measured Vpp waveform in Figure 4.12a, a higher D
of 12.5M Hz (larger Dgycqor Of 1.5 X 107 s71) can be extracted from Equation (4.1).
In addition, TLU doesn’t occur due to a larger Dg,cor, €ven though the Vpyroe s as high
as + 120 V. If the Vparge further increases, TLU still doesn’t occur until the Vicparge
increases up to + 200 V. Figure 4.14b shows the measured Vpp and Ipp transient
responses With a Vparge Of +200 V. In Figures 4.12b and 4.14b, the minimum — Vpeax
to initiate TLU is fixed (—2.5 V) for the same SCR structure (D =6.7 um, S=1.2 um,
and W=22.5 um), even though there are different Dg,cq and Dg,(or parameters. Based
on this result, the simulated TLU characteristics in this chapter are indeed explained
well with a reasonable assumption.

The simulated TLU characteristics in Figure 4.7a that Vp | increases with Dgaciors
can be also experimentally verified by Figures 4.12b and 4.14b. For the bipolar trigger
with a larger D, in Figure 4.14b, in order to compensate larger voltage attenuation
within the first cycle, a larger Vparee (+200V) is necessary to produce the same
minimum — Vpea (—2.5V) to initiate TLU. As a result, the positive TLU level of
4200V in Figure 4.14b is much larger than that of + 14 V in Figure 4.12b, which is
consistent with the simulation result in Figure 4.7a.

4.4 Suggested Guidelines for TLU Prevention®

To prevent the occurrence of TLU in CMOS ICs in the system-level ESD test, the most
intuitional solution is to eliminate the ESD-coupled noises on the power lines of
CMOS ICs. Usually, board-level noise filter is a common and efficient solution to
decouple or bypass ESD-induced noises. Based on the comprehensive simulation
results in this chapter, board-level noise filters can be properly developed to efficiently
eliminate the ESD-coupled noises for TLU prevention.

2©2006 IEEE. Part of 4.4 reprinted, with permission, from Ming-Dou Ker and Sheng-Fu Hsu, Evaluation on board-
level noise filter networks to suppress transient-induced latchup in CMOS ICs under system-level ESD test, in [EEE
Transactions on Electromagnetic Compatibility, Vol. 48, no. 1, pp. 161-171, Feb. 2006. IEEE, Piscataway, NJ.
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Figure 4.14 With a discharge resistor with a resistance of 1.5 kQ between the relay and the Vpp node
in the TLU measurement setup (Figure 2.7), the measured Vpp and Ipp transient responses with Venarge
of (a) + 120V, and (b) + 200 V. In Figures 4.12b and 4.14b, the minimum — Vp,,y to initiate TLU is fixed
(—2.5V) for the same SCR structure (D=6.7um, S=1.2um, and W=22.5um). (Reprinted with
permission from IEEE).

Figure 4.7a shows that increasing the Dg,.o; can enhance the TLU immunity of
CMOS ICs. To achieve a larger Dg,qor, @ board-level noise filter with a higher insertion
loss is necessary. Without any board-level noise filter (with a decoupling capacitance
of 0.1 uF between Vpp and the ground lines) on the SCR, the measured Vpp and Ipp
transient responses with a Veparge 0f =7V (—15V) are shown in Figure 4.15a and b.
Without any board-level noise filter, TLU occurs even if the Vioparge is as small as —7 V.
With a decoupling capacitance, TLU doesn’t occur due to a larger Dy, €ven though
the Viparge 18 a@s high as —15 V. However, an actual decoupling capacitor remains
capacitive only up to its self-resonant frequency (fsg) [7]. Above fsgr, the impedance of
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Figure 4.15 Measured Vpp and Ipp transient responses. (a) Without any board-level noise filters and
a Vharge 0f —7 V. (b) With an additional decoupling capacitance of 0.1 uF between Vpp and Vg (ground)

of the SCR, and a Vpgree of —15V.

(Reprinted with permission from IEEE).

the decoupling capacitance will increase with frequency (that is, inductive impedance
characteristic). Thus, continually increasing the decoupling capacitance cannot
efficiently enhance the TLU level of CMOS ICs, because fsr is inversely proportional
to the decoupling capacitance [7]. From Figure 4.7b, CMOS ICs are most sensitive to
TLU over the frequency range of 10 MHz< Dgeq<100MHz. Thus, a trade-off
between a high insertion loss and a self-resonant frequency > 100 MHz is necessary
to achieve the optimal decoupling capacitance for TLU prevention. For example,
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Figure 4.16 Relations between the decoupling capacitance and the TLU level of the SCR.

the relations between the decoupling capacitance and the TLU level of the SCR are
shown in Figure 4.16 [8]. When the decoupling capacitance increases from 100 pF
(fsg of ~150MHz) to 4.7nF (fsg of ~32MHz), the TLU level will significantly
increase with decoupling capacitance (insertion loss dominant). However, if the
decoupling capacitance further increases from 4.7 nF (fsg of ~32MHz) to 0.1 uF
(fsr of ~5MHz), the TLU level doesn’t increase as significantly as that equipped
with a decoupling capacitance <4.7nF (fsg dominant). A too large decoupling
capacitance cannot efficiently eliminate the TLU-sensitive harmonics (10 MHz <
Drreq < 100 MHz) due to a very low fsg. Although the largest decoupling capacitance
(0.1 uF) provides the highest TLU level (4-200V, —160 V), the optimal decoupling
capacitance to enhance the TLU level is a smaller value of ~4.7 nF. Thus, instead of
continuously increasing the decoupling capacitance of the first-order capacitor filter,
it’s suggested to use higher-order noise filters (for example, a third-order m-section
filter [8]) based on the optimal decoupling capacitance (~4.7 nF) to further enhance
the TLU level (> +200V).

4.5 Conclusion

To clarify the correlations between TLU and the bipolar trigger noises, two dominant
parameters of the bipolar trigger — Drreq and Dg;cior — have been characterized to find
their impacts on TLU. With the simulated TLU dependency on Dgeq and Dg,cior, the
bipolar trigger waveform with a D of several tens of megahertz can initiate TLU
most easily. However, TLU is less sensitive to bipolar trigger waveforms with an
excessively large Drycior, an excessively high Dgyeq, or an excessively 1ow Dgreq.
The simulated TLU characteristics are useful for optimizing a bipolar trigger to
evaluate the TLU immunity of CMOS ICs without over-estimation. Furthermore,
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the board-/chip-level noise filters can be properly designed to efficiently eliminate the
ESD-coupled noises for TLU prevention.
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TLU in CMOS ICs 1n the Electrical
Fast Transient Test

In the same way as the system-level ESD test, the electrical fast transient (EFT) test
is also an important test standard to ensure that electrical products meet EMC
regulations. TLU, however, is found to be easily initiated in CMOS ICs in the EFT
test [1], even though the DUT has already passed component-level ESD specifications
such as the human-body-model (HBM) of +2 kV, machine-model (MM) of £200V,
and charged-device-model (CDM) of -1 kV. This chapter focuses on TLU in the EFT
test, including the introduction of the EFT test standard, the physical mechanism of
TLU in the EFT test, and the effectiveness of the board-level noise filter for TLU
prevention in the EFT tests.

5.1 Electrical Fast Transient Test

The IEC 61000-4-4 standard [2] defines immunity requirements and test methods for
electronic equipment against repetitive fast transients. The repetitive EFT test is a test
with bursts consisting of a number of fast pulses, coupled into the power supply,
control, signal, and ground ports of electronic equipment. The characteristics of EFT
tests are a high amplitude, short rise time, high repetition rate, and low energy of
the transients. The EFT test is intended to demonstrate the immunity of electronic
equipment to transient disturbances such as those originating from switching
transients (interruption of inductive loads, relay contact bounce, etc.).

According to the IEC 61000-4-4 standard, the simplified circuit diagram of the EFT
generator is shownin Figure 5.1. In particular, only the impedance matching resistor R,,,
(50 €2) and the dc blocking capacitor C; (10 nF) are fixed. The charging capacitor C..is
used to store the charging energy and R,.is the charging resistor. The resistor Ryis used to
shape the pulse duration. The effective output impedance of the EFT generator is 50 €2.

Transient-Induced Latchup in CMOS Integrated Circuits Ming-Dou Ker and Sheng-Fu Hsu
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Figure 5.1 Simplified circuit diagram of an EFT generator [2].

The IEC 61000-4-4 standard defines the test voltage waveforms of these fast
transients with repetition frequencies of 5kHz and 100 kHz. A 5k Hz repetition rate
is used in the traditional EFT test although 100 kHz is closer to reality. For an EFT
pulse with a repetition frequency of 5 kHz, there are 75 pulses in each burst and the
burst duration time is 15 ms. For an EFT pulse with a repetition frequency of 100 kHz,
there are 75 pulses in each burst and the burst duration time is 0.75 ms. For both
repetition rates, the burst repeats every 300 ms.

For EFT pulses with a repetition frequency of 5kHz, the measured —200 V and
4200 V voltage waveforms on the 50 € load are shown in Figure 5.2a and b. Due to
the impedance matching, the measured pulse peak is half of the input EFT pulse
voltage. As shown in Figure 5.2a and b, the measured output pulse peaks on the 50 Q2
load are —100 Vand +100 YV, respectively. For an EFT repetition frequency of 5 kHz,
the time interval between each pulse is 0.2 ms. Under the EFT tests, the application
time should not be less than 1 min and both polarities have to be tested. The minimum
start values of the pulse peak are 200V from the EFT tester. With a 50 Q2 load,
the voltage waveforms of a single pulse with an EFT voltage of —200 Vand + 200V
are shown in Figure 5.3a and b, respectively. In Figure 5.3a and b, the waveform of a
single pulse has a rise time of about 5 ns and the pulse duration (time interval at half of
the peak EFT voltage) of 50 ns.

The EFT test levels for the power supply ports and for I/O, data, and control ports of
the equipment are listed in Table 5.1. The voltage peak for testing I/O, data, and the
control ports is half of the voltage peak for testing the power supply ports.
The repetition rate is determined by specific products or product types. Level “X”
is an open level which can be defined by the user. Level “X” is specified in the dedicated
equipment specification. The output EFT voltage peak values are listed in Table 5.2.
With an output load of 1000 €2, the measured output voltage peak is equal to the
open-circuit voltage peak multiplied by times 1000/1050 (the ratio of the 1000 € test
load to the total circuit impedance of 1000 € plus 50 €2). With an output load of 50 €2,
the measured output voltage is half of the value with an open-circuit load due to
impedance matching.
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Figure 5.2 Measured voltage waveforms under a 50 Q2 load in EFT tests with a repetition rate of 5 kHz
and an EFT voltage of (a) —200V and (b) + 200 V.

Because of the high-amplitude and fast-rise-time EFT pulses, TLU could be easily
initiated in CMOS ICs. Emission microscope (EMMI) photographs of EFT-induced
TLU in 0.5-um CMOS ICs (VDD =5 V) are shown in Figure 5.4. The photographs
show the hot spot induced by a large leakage current is located between the PMOS and
NMOS across the N-well/P-substrate boundary. This clearly indicates the occurrence
of EFT-induced TLU, and the resulting latchup current flows through the parasitic SCR
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Figure 5.3 Measured voltage waveforms of a single pulse under a 50 Q2 load in EFT tests with an EFT
voltage of (a) —200 V and (b) 4200 V.

path from the P+ source tied to VDD in the PMOS, to the N+ source tied to the GND
in the NMOS.

5.2 Test Structure

The SCR structure is used as the test structure for TLU measurements in EFT tests
because the occurrence of latchup results from the inherent SCR in CMOS ICs. The
device cross-sectional view and layout top view of the SCR structure are illustrated in
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Table 5.1 EFT test levels.

Level On power and PE (protective earth) ports On I/O (input/output) signal, data and
control ports

Voltage peak (kV)  Repetition rate (kHz)  Voltage peak (kV)  Repetition rate (kHz)

1 0.5 5 or 100 0.25 5 or 100
2 1 5 or 100 0.5 5 or 100
3 2 5 or 100 1 5 or 100
4 4 5 or 100 2 5 or 100
X Special Special Special Special

Table 5.2 Output voltage peak (Vp) values and repetition rates.

Set voltage (kV) Vp (open circuit) (kV) Vp (1000Q) (kV) Vp (50Q) (kV) Repetition rate (kHz)

0.25 0.25 0.24 0.125 5 or 100
0.5 0.5 0.48 0.25 5 or 100
1 1 0.95 0.5 5 or 100
2 2 1.9 1 5 or 100
4 4 3.8 2 5 or 100

Figure 5.5a and b, respectively. The anode of the SCR is connected to the N+ and P+
diffusions in the N-well, whereas the cathode of the SCR is connected to the N+ and
P+ diffusions in the P-well. The geometrical parameters such as Sa, Sc, and Sac
represent the distances between the P+ diffusions in the N-well, the P+ and N+
diffusions in the P-well, and the P+ diffusion in the N-well and the N+ diffusion in
the P-well, respectively. The SCR structure with Sy =29.12 um, Sc = 14.25 um, and
Sac=4um in a 0.18-um 3.3V CMOS process is used for the TLU measurements.
Once latchup occurs through the SCR structure, a huge current will be generated by the
mechanism of positive-feedback regeneration. As a result, a huge current will conduct
through the low-impedance path from Vpp to ground, and further probably burn out the
chip due to excess heat.

The equivalent circuit schematic of the SCR structure is shown in Figure 5.6a. The
SCR structure consists of a lateral NPN BJT (Onpn) and a vertical PNP BJT (Qpnp) to
form a 2-terminal/4-layer PNPN (P-+ /N-well/P-well/N+ ) structure. The switching
voltage of the SCR device is dominated by the avalanche breakdown voltage of the
N-well/P-well junction, which could be as high as ~19 Vin a 0.18-pum CMOS process.
When the positive voltage applied to the anode of the SCR is greater than the
breakdown voltage of the N-well/P-well junction with its cathode relatively grounded,
the hole and electron currents will be generated through the avalanche breakdown
mechanism. The hole current will flow through the P-well to the grounded P+
diffusion, whereas the electron current will flow through the N-well to N+ diffusion
connected to the anode of SCR. As long as the voltage drop across the P-well resistor
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Figure 5.4 Emission microscope (EMMI) photographs of EFT-induced TLU in 0.5-um CMOS ICs
(VDD =5 V). (a) Hot spot (magnification, 100x), and (b) the corresponding zoom-in picture (magnifi-
cation, 200x).
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Figure 5.5 (a) Device cross-sectional view, and (b) layout top view, of the SCR test structure for TLU
measurements.

(Rpwen) (N-well resistor (Rnwerr)) 18 greater than the cut-in voltage of the PN junction,
the Onpn (Opnp) transistor will be turned on to inject the electron (hole) current to
further bias the Qpnp (Onpn) transistor, which initiates the SCR latching action.
Finally, the SCR will be fully triggered into its latching state with the positive-feedback
regenerative mechanism.

The DC I-V characteristic of the SCR test structure is shown in Figure 5.6b. Once the
SCRis triggered on, the required holding current to keep turning on the NPN and PNP
transistors can be generated through the positive-feedback latchup mechanism without
involving the avalanche breakdown again. Therefore, the SCR has a lower holding
voltage (Vhoa) Of typically ~1.5V in this 0.18-pum CMOS process. If a negative
voltage is applied to the anode terminal of the SCR, the parasitic diode (N-well/P-well
junction) inherent in the SCR structure will be forward-biased to clamp the negative
voltage at the cut-in voltage of the diode.
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Figure 5.6 (a) Equivalent circuit schematic of an SCR device. (b) I-V characteristics of this SCR device
under positive and negative biases.

5.3 Experimental Measurements

The TLU measurement setup in EFT tests is illustrated in Figure 5.7. The EFT
generator can generate positive and negative transient EFT pulses on the power pins of
the DUT. The SCR device shown in Figure 5.5a and b is used as the DUT where the
anode (cathode) of the SCR is connected to Vpp (ground). Ipp is the total current
flowing into the anode of the SCR and can be monitored by a separated current probe.
The current-limiting resistor (5 €2) is used to protect the DUT from electrical-over-
stress (EOS) damage during a high-current (low-impedance) latchup state. With both
positive and negative EFT voltages, the measured Vpp (Ipp) transient response is
recorded through the voltage (current) probe on the oscilloscope. This clearly indicates
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Figure 5.7 Measurement setup for TLU in EFT tests [3].

whether TLU occurs (Ipp significantly increases) during the TLU tests with applying
EFT pulses.

5.3.1 Negative EFT Voltage

With a negative EFT voltage of —200 V, the measured Vpp and Ipp transient responses
on the SCR structure are shown in Figure 5.8a. Before the EFT test (Vpp =3.3 V), the
SCR operates in the off-state and Vpp is kept at the normal operating voltage of 3.3 V.
Within this duration, the N-well/P-well junction is in a normal reverse-biased state, and
Ipp only comes from the negligible leakage current in the reverse-biased junction.
When the EFT pulse is applied with a negative EFT voltage, Vpp begins to decrease
rapidly from + 3.3 V and will eventually reach the negative peak voltage. Within this
duration, the N-well/P-well junction becomes forward-biased when Vpp drops below
0 V. Thus, the forward-biased N-well/P-well junction can generate the forward current.
When Vpp afterwards increases from the negative peak voltage back to its normal
operating voltage of 3.3V, the N-well/P-well junction will rapidly change from the
forward-biased state to the reverse-biased state. Meanwhile, inside the N-well (P-well)
region, a large number of stored minority holes (electrons) offered by the forward peak
current will be instantaneously “swept-back” to the P-well (N-well) region where they
originally come from. Therefore, such a “sweep-back” current, I, will produce a
localized voltage drop and flow through the parasitic P-well or N-well resistance. Once
this localized voltage drop approaches the cut-in voltage of the PN junction, the
emitter-base junction of either the vertical PNP or the lateral NPN BJT in the SCR
structure will be forward biased to further trigger on latchup. Thus, Ipp will greatly
increase while Vpp returns to above 0V, which indicates the occurrence of latchup.
After EFT tests, Vpp will eventually be pulled down to the latchup holding voltage
(+ 1.5V), as shown in Figure 5.8a. Finally, the Vpp (Ipp) waveform is locked at a low
voltage (high current) latchup state after this transition induced by the EFT pulse.
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Figure 5.8 Measured Vpp and Ipp transient waveforms on the SCR test structure in EFT tests with EFT
voltages of (a) —200V and (b) +200V.

5.3.2 Positive EFT Voltage

With a positive EFT voltage of 4 200V, the measured Vpp and Ipp transient responses
on the SCR structure are shown in Figure 5.8b. Unlike the Vpp waveform with a
negative EFT voltage shown in Figure 5.8a, where Vpp begins decreasing rapidly, Vpp
starts to increase and reaches a positive peak voltage. Within this duration, the N-well/
P-well junction is always reverse biased within the SCR. Afterwards, Vpp decreases
from the positive peak voltage to the negative peak voltage. Within this duration,
the N-well/P-well junction gradually changes from the reverse-biased state to the
forward-biased state, while more minority electrons (holes) are injected into the P-well
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Figure 5.9 The total stored minority carriers, Qsored, causing Isy (14 < t < tg) inside the N-well region,
where Qs;oreq indicates the total charges due to the stored minority carriers in the ”shadowed area”. The
inset figure is an ideal 1-D diode used for deriving the 1-D analytical model of the averaged I, (=/ave) [8]-

(N-well) region. When Vpp, returns from the negative peak voltage to the positive
voltage, these minority electrons (holes) are subsequently swept back to the N-well
(P-well) regions where they originally come from and finally TL.U is triggered on. As a
result, Ipp will considerably increase when Vpp returns from the negative peak voltage
to the positive voltage. After the EFT test, TLU occurs because a huge Ipp of ~160 mA
can be found and Vpp eventually pulls down to its latchup holding voltage of + 1.5V,
as shown in Figure 5.8b.

5.3.3 Physical Mechanism of TLU in the EFT Test

In the EFT test with a negative voltage pulse, it has been proved that the swept-back
current, /gy, caused by the minority carriers stored within the parasitic PNPN structure
of CMOS ICs is the major cause of the TLU. For simplicity, two reasonable
assumptions are made. First, the N-well/P-well junction is treated as an ideal 1-D
diode with a step junction profile, as shown in the inset figure in Figure 5.9. Second, the
storage time of minority carriers is assumed to be negligible because /pp can rapidly
follow the polarity variation of Vpp. Therefore, from these assumptions, the charge due
to the stored minority holes (Qgreq) inside the N-well region can be expressed as
follows:

X,

OStored = j (Pa(x, D)y, — Palx, 1)y Jdx, (5.1)

Xn
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where Py(x, ?) is the hole concentration in the N-well region and 7, (#g) is the initial
(final) timing point of a specific duration when Igy, exists. Qg;oreq represents the charge
due to the total stored minority carriers (holes) causing Ig;, (4 <t < tg) inside the
N-well region. Compared with the quasi-static latchup test [4], the specific duration
(ta <t <tp) in the EFT test is much shorter than that in the quasi-static latchup test
because the EFT pulse duration is only several tens of nanoseconds [2]. The rise time
(fall) time for the quasi-static latchup test is much longer (~s) than that for the EFT
test. Thus, once these Qsoreq carriers (holes) are swept back to the regions where they
come from, the averaged Ig;, can be expressed as follows:

Lye = - (5-2)

In both the TLU and quasi-static latchup conditions, if the initial (t=1¢,) and the
final (# = tg) voltages during 5 < ¢ < tg are equal (that is, with the same amount of
Ostored), the averaged I, in the TLU case will be about 10° ~ 10° times larger than that
in the quasi-static latchup case. The averaged gy, is rather small and hard to trigger on
latchup in the quasi-static latchup test. Therefore, the averaged Iy, is large enough to
easily trigger on latchup in the SCR structure under the EFT test.

5.4 Evaluation on Board-Level Noise Filters to Suppress
TLU in the EFT Test

Ithas been verified that CMOS ICs could be susceptible to TLU in the EFT test, because
TLU canbe easily initiated in the SCR test structure, even though the EFT pulse is as low
as 200 V. Due to such weak immunity against TLU in EFT tests, different types
of noise filter networks are investigated to find their effectiveness for improving the
TLU immunity against EFT tests, including: (1) capacitor filters, (2) LC-like filters,
(3) m-section filters, (4) ferrite bead, (5) transient voltage suppressors (TVS), and
(6) hybrid type filters based on the combinations with TVSs and ferrite beads.

The modified TLU measurement setup in EFT tests with a noise filter network is
illustrated in Figure 5.10. Noise filter networks between the EFT generator and the
DUT are used to decouple, bypass, or absorb electrical transient voltage (energy)
produced by the EFT generator. The DUT is the SCR structure shown in Figure 5.5a
and b. The anodes of the SCR are connected together to Vpp, whereas the cathodes of
the SCR are connected together to ground. Ipp is the total current flowing into the
anode of the SCR.

5.4.1 Capacitor Filter, LC-Like Filter, and m-Section Filter

Three types of noise filter networks: capacitor filter, LC-like filter, and w-section filter
are depicted in Figure 5.11a—c, respectively. Figure 5.12 shows their improvements on
both the positive and negative TLU levels of the SCR structure.
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Figure 5.10 Measurement setup for TLU combined with a noise filter network in EFT tests.

The ceramic disc capacitor with advantages such as a high rated working voltage
(1kV), good thermal stability, and low loss over a wide range of frequencies is
employed as the decoupling capacitor in the noise filter of Figure 5.11a. Decoupling
capacitances ranging from 1 nFto 0.1 uF are used to investigate their improvements on
the TLU level of the SCR structure. With the aid of the capacitor filter to reduce the
electrical transient voltage on Vpp, the positive TLU level can be significantly
enhanced from + 200V (without a decoupling capacitor) to over + 1000V (with
a decoupling capacitance of 0.1 uF), as shown in Figure 5.12. Similarly, the negative
TLU level can be also greatly enhanced from —200 V (without a decoupling capacitor)
to —800 V (with a decoupling capacitance of 0.1 uF). Thus, by choosing a decoupling
capacitor with the proper capacitance value, a simple first-order decoupling capacitor
placed between Vpp and Vgg (ground) of CMOS ICs can be used to appropriately
improve the TLU immunity of the DUT in the EFT tests.

The ferrite bead, which is commonly used for absorbing RF energy, substitutes for
an inductor as a second-order LC-like filter component, as shown in Figure 5.11b.
A resistor-type ferrite bead (part number: RH 3.5 x 9 x 0.8 with a minimum imped-
ance of 80 Q (120 Q) at 25 MHz (100 MHz)) is employed. Due to a higher insertion
loss (second-order filter), such an LC-like filter has more TLU level enhancements
than the capacitor filter (first-order filter) in Figure 5.11a. For example, the negative
TLU level can also be greatly enhanced from —200 V (without a decoupling capacitor)
toover —1000 V (with a decoupling capacitance of 0.1 uF). Thus, the LC-like filter can
be used to achieve a higher negative TLU level.

A third-order m-section filter is used to further enhance the TLU level of the SCR, as
shown in Figure 5.11c. This m-section filter consists of a ferrite bead (the same one in
Figure 5.11b) and two decoupling capacitors with equal decoupling capacitance. The
m-section filter has the highest insertion loss among the noise filter networks in
Figure 5.11a—c, and gives the greatest improvement in the TLU level of the SCR. For
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types of noise filter networks: capacitor filter, LC-like filter, and m-section filter.

example, the positive TLU level can be significantly enhanced to over + 1000 V (with
a decoupling capacitance of 47 nF), as shown in Figure 5.12. Similarly, the negative
TLU level can also be significantly enhanced to over —1000 V (with a decoupling
capacitance of 47 nF). From the comprehensive measured results in Figure 5.12, the
decoupling capacitance can be optimized according to the desired TLU level and the
type of board-level noise filter chosen.

5.4.2 Ferrite Bead, TVS, and Hybrid Type Filters

Four other types of noise filter networks, ferrite bead, TVS, hybrid type I, and hybrid
type II are depicted in Figure 5.13a—d, respectively. Figure 5.14 shows their improve-
ments on both the positive and negative TLU levels of the SCR test structure.

The ferrite bead can absorb RF energy while the noise-induced transient current
flows through it. The resistor-type ferrite beads with three different minimum
impedances at 25 MHz are employed in this work: 35 Q, 50 €2, and 80 Q2. However,
a noise filter network with only a ferrite bead does not have an improvement on the
TLU level due to a lesser energy-absorbing ability at frequencies lower than 10 MHz.
As shown in Figure 5.14, the TLU level of the SCR structure will not be efficiently
improved (the magnitudes of both positive and negative TLU levels are all equal
to 200 V), even though the minimum impedance of the ferrite bead at 25 MHz is as
high as 80 Q.

A TVS, which is commonly used to bypass/decouple high-frequency transient
noises, is also considered for its improvement on the TLU immunity of the SCR. The
bidirectional-type TVS components (part number: P6KE series) with three different
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Figure 5.13 Four types of noise filter networks investigated for their improvement on the TLU level of
the SCR. (a) Ferrite bead, (b) TVS, (c) hybrid type I, and (d) hybrid type II.

breakdown voltages, Vg, (£13V, £82V, and £200 V) are employed. As shown in
Figure 5.14, the TVS components with a breakdown voltage of £82 Vand +200 V fail
to efficiently improve the TLU level of the SCR (the magnitudes of both positive and
negative TLU levels are all equal to 200V), because TLU occurs prior to the
breakdown of the high-Vgr TVS. Only the TVS with a low Vggr can effectively
enhance the TLU level. For example, the positive TLU level can be enhanced to
4520V for a TVS with a breakdown voltage of +13 V. Thus, to optimize the
efficiency of the TVS for TLU prevention, the correlations between Vg of the TVS
and the intrinsic TLU level of the DUT should be clarified in advance.

Hybrid type filters consisting of both a ferrite bead (minimum impedance of 80 € at
25MHz) and a TVS (with different Vgg) are also evaluated for their improvements on
the TLU level of the SCR, as shown in Figure 5.13c and d. Hybrid types I and II are the
counterparts of the LC-like and m-section filters where the TVS substitutes for
the decoupling capacitor as a low-pass component. Because such higher-order hybrid
type filters provide higher insertion loss, they enhance the TLU level of the SCR more
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significantly than the ferrite bead or TVS alone, as shown in Figure 5.14. For example,
hybrid type I with a low-Vgg (£13 V) TVS can enhance the positive TLU level up to
4550 V. For hybrid type II with a low-Vgg (£13 V) TVS, the positive (negative) TLU
level can be enhanced to over + 1000V (—780V).

5.4.3 Discussion

Through investigating different types of noise filter networks to find their improve-
ments on TLU levels in Figures 5.12 and 5.14, it is found that the TVS (hybrid type II)
does not improve the negative TLU level as greatly as the first-order capacitor filter
(LC-like filter) does. For example, the negative TLU level can be significantly
enhanced to over —1000 V when using an LC-like filter with a decoupling capacitance
of 0.1 uF, while the TLU level is —780 V when using the hybrid type II filter with a
low Vg (£13 V) TVS. To further improve the TLU immunity of electronic products,
chip-level solutions should be adopted to meet the applications with high EFT
specification and reduce the cost of electronic products. For example, an on-chip
power-rail ESD clamp circuit between the Vpp and Vgg power lines can provide a
low impedance path to efficiently discharge the ESD current during ESD stress
conditions [5]. For CMOS ICs in EFT tests, it may be a solution to apply an on-chip
power-rail ESD clamp circuit to suppress electrical transients and avoid unexpected
current into the internal circuits. In the on-chip circuit design techniques, some circuits
have been also proposed to avoid latchup or to detect electrical fast transients under
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ESD stress conditions [6, 7]. The chip-level solutions have the advantages of single
chip integration in nanoscale CMOS technology and substantially reduce the total cost
of microelectronic products. Therefore, the chip-level solutions to meet high EFT
specification for microelectronic products are highly requested in the IC industry.

5.5 Conclusion

The positive and negative EFT voltage pulses have been identified as the realistic
TLU-triggering source in EFT tests. From experimental measurements, the specific
“swept-back” current caused by the minority carriers stored within the parasitic PNPN
structure of CMOS ICs has been proven to be the cause of TLU. Thus, TLU reliability
issue may still exist in qualified CMOS IC products through the quasi-static latchup
test. With an understanding of the physical mechanism and experimental verification
of TLU, circuit design and layout techniques in CMOS ICs can be developed against
TLU events in EFT tests.

By choosing proper components in each noise filter network, the TLU immunity of
CMOS ICs in EFT tests can be greatly improved. From the experimental results, the
decoupling capacitor is better than the TVS as a noise-bypassing component in noise
filter networks. The optimal design for enhancement of TLU immunity can be
achieved through a clear characterization of TLU prevention from different kinds of
board-level noise filters. In addition, chip-level solutions should be further developed
to meet high EFT immunity requirements for microelectronic products.
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6

Methodology on Extracting
Compact Layout Rules for
Latchup Prevention’

To efficiently avoid the latchup issue in CMOS ICs, proper layout guidelines for
latchup prevention are necessary for circuit design considerations. This chapter
introduces experimental methodologies to extract area-efficient compact layout rules
for latchup prevention, including layout rules for I/O cells, for internal circuits, and for
between I/0 and internal circuits. Through detailed investigations of latchup immunity
dependencies on variations of geometrical layout parameters and temperatures,
compact and safe layout rules can be established for latchup prevention in a given
CMOS process.

6.1 Introduction

In CMOS ICs, the latchup PNPN path exists from the source (P+ diffusion connected
to the Vpp) of a PMOS, through the N-well and P-substrate/P-well, to the source (N+
diffusion connected to the Vsg) of an NMOS. Many parasitic PNPN paths inevitably
exist in CMOS ICs, because CMOS ICs have many PMOS devices connected to the
Vop and NMOS devices connected to the Vss. If one of such parasitic PNPN paths
between the Vpp and Vg is firing, latchup can occur to burn out CMOS ICs [1-5].
Because of the parasitic latchup PNPN paths existing in both the I/O cells and internal
circuits of a CMOS IC, latchup can occur at I/O cells or at internal circuits. Several
advanced CMOS processes have been proposed to improve the latchup immunity,
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such as the epitaxial wafer [6], retrograde well [7], trench isolation [8], and silicon
on insulator (SOI) devices [9]. However, with considerations of the unavoidable
additional fabrication cost of these process solutions, latchup prevention in most
commercial IC products is mainly achieved by adding the guard rings in the I/O cells
and placing the substrate/well pickups as many as possible in the internal circuits.
Thus, to certainly avoid the latchup failure in a given CMOS process, layout design
guidelines must be specified for the I/O cells, for internal circuits, and for between the
I/O cells and internal circuits.

Nowadays, due to the necessary integration of more complex functions and more
circuit blocks into a single chip, a high-integration CMOS IC often has a pin count up to
several hundreds. Especially, in communication ICs or chip set ICs, more I/O pins are
designed to satisfy the desired system connections for function applications. In such
high-pin-count CMOS ICs, the whole chip size is often dominated by the pad-limited
effect but no longer the core-limited effect [10]. Therefore, the pad pitch of I/O cells is
critically limited to reduce the total chip size of a high-pin-count CMOS IC. To further
reduce the pad pitch for high-pin-count CMOS ICs, the staggered bond pad has been
widely used in CMOS ICs to reduce the whole chip size [10]. With the staggered bond
pad design, the layout pitch for a corresponding 1/O cell has been scaled down to only
~50 um. With such a narrow layout pitch, the cell height of an 1/O cell (including
output buffer circuits and ESD protection circuits) and the widths of the latchup guard
rings become much wider. The much longer cell height of the I/O cells causes a
significant increase on the whole chip size. Therefore, compact and safe layout rules
for latchup prevention are specifically demanded in high-pin-count CMOS ICs.

6.2 Latchup Test

The detailed test procedures and specifications to verify the latchup immunity in
CMOS ICs have been clearly specified in the EIA/JEDEC Standard No. 78 A [11]. The
latchup testing classifications, as well as two different latchup test modes — trigger
current and over-voltage tests, are briefly introduced in the following sections.

6.2.1 Latchup Testing Classification

The latchup testing classification is defined with respect to different test temperatures.
Latchup testing classification is defined as below:

Class I — Latchup testing is performed at room temperature.
Class II — Latchup testing is performed at the maximum ambient rated temperature.

The elevated temperature will reduce the latchup hardness of the device under test
(DUT), and the class II testing is recommended by the EIA/JEDEC standard for
devices that are required to operate at an elevated temperature.
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6.2.2 Trigger Current Test

The trigger current test should be performed on each input, output, and I/O pins as
indicated below:

1. Biasthe DUTas indicated in Figure 6.1 (Figure 6.2) for a positive (negative) trigger
current test. All untested input and I/O pins should be tied to the maximum logic-
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Figure 6.1 Equivalent circuit for the latchup test — positive trigger current test.
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Figure 6.2 Equivalent circuit for the latchup test — negative trigger current test.
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high level as specified in the device specification. Output pins should be open-
circuit except when latchup tested. When the DUT stabilizes at the test temperature,
the normal Iy, pp1y (Inom, Where this represents the Ig,pp1y at the IC normal operating

condition) for each V,p1y pin is measured.

. Apply the positive (or negative) current pulse to the pin under test. The waveforms

of the positive (negative) trigger currents are defined in Table 6.1 and Figure 6.3
(Figure 6.4).

Table 6.1 Timing specifications for the trigger current test and V1, Over-voltage test.

Symbol Time interval Parameter Limit
Minimum Maximum
t; — Trigger rise time Sus Sms
t — Trigger fall time Sus Sms
Twidth T3 — T4 Trigger duration (width) 2 X t; ls
TOS — Trigger over-shoot 5% of pulse
voltage
Teool T4 — T17 Cool down time > = Twidmn
Tait T4 — T5 Waiting time before measuring Igppiy 3ms 5s
3. Afterthe trigger source has been removed, return the pin under test to the state it was

in before the application of the trigger pulse, and measure the Ig,pp1y for each Vi
pin. If any Zpp1y is greater than or equal to the failure criteria specified as 1.4 X I,,om,
or I,om + 10 mA, latchup has occurred and power must be removed from the DUT.
If latchup has occurred, stop the test.

If latchup has not occurred, after the necessary cool-down time (see Table 6.1),
repeat steps 2 and 3 for all pins to be tested.

. Repeat steps 1 through 4, except in step 1 that all untested input and I/O pins should

be tied to a minimum logic-low level as specified in the device specification.

For CMOS ICs to meet the requirements of the JEDEC latchup specification, the

DUT should not be triggered into latchup by a trigger current of +100 mA.

The device cross-sectional view of CMOS ICs under a latchup trigger current test

is illustrated in Figure 6.5. The positive/negative trigger current applied on the pad is
conducted into the drain regions of the output devices. When the positive (negative)
current is applied into the I/O pin, the P+ drain/N-well (N+ drain/P-substrate)

junction in the output PMOS (NMOS) is forward biased to form the trigger current

injecting into the substrate. This substrate current, indicated by the gray dashed line

in
is

Figure 6.5, can initiate latchup in the I/O cell or in the internal circuits. If the DUT
fired into latchup by applying the trigger current on the I/O pin, the current

flowing from the Vpp power supply will obviously increase. Such a significant
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Figure 6.3 Test waveform for the positive trigger current.

increase on the Vpp current can be detected by a latchup tester to judge the

occurrence of latchup.

6.2.3 Vuppry Over-Voltage Test

The Vgppiy Over-voltage test should be performed on each Vi,p1y pin as indicated

below:

1. Bias the DUT as indicated in Figure 6.6. All untested input and I/O pins should be
tied to the maximum logic-high level as specified in the device specification.
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Figure 6.4 Test waveform for the negative trigger current.

Output pins should be open-circuit. When the DUT stabilizes at the test
temperature, measure the normal operating current Igpp1y (Inom) for each Vo
pin at this time.

Apply the voltage trigger pulse to the V1 pin under test. The waveform of the
voltage trigger pulse is defined in Figure 6.7 and Table 6.1.

After the trigger source has been removed, return the Vg1, pin under test to the
state it was in before the application of the trigger pulse and measure the Ig,pp1y for
each Vgyppiy pin. If any Ig,p1y is greater than or equal to the failure criteria specified
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Figure 6.6 Equivalent circuit for the latchup test — V.1, Over-voltage test.

as 1.4x1,om or I,om 4+ 10 mA, latchup has occurred and power must be removed
from the DUT. If latchup has occurred, stop the test.

4. If latchup has not occurred, after the necessary cool-down time (see Table 6.1),
repeat steps 2 and 3 for all Vgypp1y pins to be tested.

5. Repeat steps 1 through 4, except in step 1 that all untested input and I/O pins should
be tied to a minimum logic-low level as specified in the device specification.

For CMOS ICs to meet the requirements of the JEDEC latchup specification, the
DUT should not be triggered into latchup by a trigger voltage level of 1.5 x Vpp on the
Vbp pins.
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Figure 6.7 Test waveform for the Vipp1y Over-voltage.

CMOS ICs could be very sensitive to latchup under the over-voltage transition on
the Vpp pin (Vguppiy pin) [12, 13]. The device cross-sectional view of CMOS ICs in the
latchup Vipp1y Over-voltage test is illustrated in Figure 6.8, where the trigger voltage
is applied on the Vpp pin (Vguppiy pin) of the DUT. The power-transition trigger
voltage often generates the displacement current or junction breakdown current into
the N-well or P-substrate to fire latchup paths in the I/O cells or the internal circuits
of the CMOS ICs. If the DUT s fired into latchup by the trigger voltage on the Vpp pin,
the current flowing into the Vpp pin has an obvious increase. Such an obvious increase
on the Vpp current can be detected by the latchup tester to judge the occurrence of

latchup.
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Figure 6.8 Device cross-sectional view of CMOS ICs under the latchup V,p, over-voltage test.
(Reprinted with permission from IEEE).

6.3 Extraction of Layout Rules for I/O Cells
6.3.1 Latchup in I/O Cells

Because of the direct connection with the bond pads in CMOS ICs, the I/O cells can
be easily initiated to a latchup state by the external overshooting or undershooting
voltage/current glitches. In general, the layout design rules for latchup prevention
often mainly focus on the I/O cells. A typical layout example of an inverter output
buffer in an I/O cell is shown in Figure 6.9. To certainly prevent the occurrence of
latchup in the I/O cells, guard rings are always used to surround both the PMOS and
NMOS. In addition, the NMOS must be separated by a proper anode-to-cathode
spacing away from the PMOS. As a result, several layout guidelines need to be
identified, such as the guard ring designs (double guard rings, single guard ring, or
no guard ring), the minimum guard ring width, the maximum distance between the
first and second guard rings, and the minimum anode-to-cathode spacing. These
design guidelines, without doubt, are also always specified in the foundry’s
design rules.

The device cross-sectional view and layout top view of the I/O cell are shown in
Figures 6.10a and b, respectively. The latchup path is also indicated. Both the NMOS
and PMOS in the I/O cell are surrounded by double guard rings to efficiently avoid
latchup in the I/O cells. For NMOS devices, the first guard ring (also called the base
guard ring) is the P+ diffusion region that surrounds the source of the NMOS (N+
diffusion connected to the Vgg), and the second guard ring (also called the collector
guard ring) is the N+ diffusion that often surrounds the first guard ring. For an NMOS,
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Figure 6.9 Layoutexample of an inverter output buffer in the I/O cell. (Reprinted with permission from
IEEE).

the first P4 guard ring is biased at the Vsg and the second N+ guard ring is biased at
the Vpp to prevent latchup. To improve guard ring efficiency, the N-well region is often
added under the second N+ guard ring of the NMOS. The N-well has a deeper
junction depth (~2 pm) than that (~0.2 wm) of an N+ diffusion, and so the N+ guard
ring efficiency can be enhanced. For PMOS devices, the first guard ring is the N+
diffusion located in the N-well region, surrounding the source of the PMOS (P+
diffusion connected to the Vpp). The second guard ring is the P+ diffusion located in
the P-substrate region, surrounding the first guard ring. For a PMOS, the first N+
guard ring is biased at the Vpp and the second P+ guard ring is biased at the Vgg to
prevent latchup.

With double guard rings surrounding the NMOS and PMOS in the I/O cell layout, the
current gain of the parasitic BJTs in I/O cells can be greatly reduced. Thus, the latchup
robustness of an I/O cell can be significantly improved, leading to an obvious increase of
the latchup holding voltage of the parasitic PNPN in an I/O cell. If the latchup holding
voltage can be increased up to greater than the normal Vpp operating voltage level of the
CMOS IC, the parasitic PNPN path in the I/O cell can be free to latchup. Thus, it is
critical to specify the layout guidelines of the guard rings in the I/O cell for latchup
prevention, such as the guard ring designs (double guard rings, single guard ring, or no
guard ring), the minimum width of the first and second guard rings to surround the
NMOS or PMOS, and the maximum distance between the first and second guard rings.

In addition to the guard ring, one critical layout parameter to dominate the latchup
immunity of the I/O cell is the “anode-to-cathode spacing” between the sources of the
PMOS and NMOS, as shown in Figures 6.9 and 6.10. Enlarging the anode-to-cathode
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Figure 6.10 (a) Device cross-sectional view, and (b) layout top view, of the I/O cell. The latchup path, as
well as the double guard rings to prevent latchup are also indicated. (6.10(a) reprinted with permission
from IEEE).

spacing reduces the current gain of the parasitic BITs, improving the latchup immunity
inI/O cells. However, a very large anode-to-cathode spacing also leads to the burden of
increasing layout area. Thus, it is necessary to specify a minimum anode-to-cathode
spacing to save the layout area of the I/O cell for high-pin-count CMOS ICs, but still
able to maintain good latchup immunity in CMOS ICs.
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6.3.2 Design of Test Structure for I/0O Cells

To extract the layout rules for latchup prevention in I/O cells, the I/O cells with
different geometrical parameters are used as the test structures. A layout example of
the 1/O cell is shown in Figure 6.9. The PMOS and NMOS devices in I/O cells are
drawn in the multiple-finger style with a fixed finger length, and the total channel
widths are the same for both the NMOS and PMOS. To simplify the measurements of
latchup DC I-V characteristics and the JEDEC latchup test, the gate of the PMOS is
connected to Vpp and the gate of the NMOS is connected to Vgg, turning off both the
PMOS and NMOS.

To verify the efficiency of different guard ring designs for latchup prevention, the
layouts of I/O cells can be prepared with double guard rings, a single guard ring, or no
guard ring, as shown in Figure 6.11a—c, respectively. Using a guard ring can greatly
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Figure 6.11 The I/O cell layouts with (a) double guard rings, (b) a single guard ring, and (c) no guard
ring, to verify the efficiency of different guard ring designs. (Reprinted with permission from IEEE).
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enhance the latchup robustness of the I/O cells, but also inevitably result in additional
layout areas, that is, production cost, especially for high-pin-count CMOS ICs. Thus, it
is critical to determine whether the guard rings are necessary for I/O cells to be latchup-
free (holding voltage higher than the Vpp normal operating voltage of the I/O cells).
Instead of using double guard rings, if simply the single guard ring, or even no guard
ring, is enough to help the I/O cells be latchup-free, the layout areas of the I/O cells can
be greatly reduced for cost-down purposes.

Anode-to-cathode spacing and guard ring width are also two dominant factors to
affect the latchup robustness and the layout areas of the I/O cells, and therefore the test
structures with different anode-to-cathode spacings and guard ring widths also need to
be carefully considered for their influences on latchup immunity. For a given anode-to-
cathode spacing, it is noteworthy that the guard rings located between the PMOS and
NMOS should be drawn as compact as possible to achieve the best latchup robustness.
Asaresult, through the optimizations between the anode-to-cathode spacing and guard
ring width, compact and safe design rules in I/O cells for latchup prevention can be
accurately extracted.

6.3.3 Latchup Immunity Dependency of I/O Cells

The latchup robusness dependency of I/O cells on two dominant factors, i.e. anode-to-
cathode spacing and the guard ring designs (double guard rings, single guard ring, or no
guard ring), are presented in this section. With the help of the related measured results,
safe and compact layout rules can be determined for latchup prevention in the I/O cells.
The impacts of some other layout parameters on latchup immunity of the I/O cells,
such as the guard ring width and the distance between the first and second guard rings,
are referred to in detail in Appendix A. Additionally, the degradations of the latchup
robustness due to the high test temperature are also considered for different anode-to-
cathode spacings and the guard ring designs, and so it is helpful to determine the proper
layout rules under their corresponding demanded operating temperatures in a given
CMOS process.

To evaluate the latchup robustness of the DUT, it is important to characterize the
latchup holding voltage from the latchup DC /-V characteristics of the DUT. If the
holding voltage of I/O cells is greater than Vpp, the I/O cell is latchup-free. As a result,
latchup never occurs under the JEDEC latchup test, regardless of the trigger current
test or the over-voltage test. Choosing any specified layout rule as a suggested rule
needs to make sure that the holding voltage is higher than the Vpp normal operating
voltage (that is, latchup-free) under this specified layout rule.

The latchup DC I-V characteristics can be measured by the continuous-type curve
tracer (e.g. Tek370A). Both the NMOS and PMOS in the I/O cell are in their turn-off
states by connecting the gate of the PMOS to Vpp, while connecting the gate of the
NMOS to Vss. The finger width and total channel width have fixed values of 50 and
500 um, respectively, for both the NMOS and PMOS. Each latchup guard ring
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(including base or collector guard rings) has a diffusion width of 3 um. Moreover, a
ThermoChuck system with a temperature range up to 200°C and a temperature
accuracy of +0.5°C, is used to investigate latchup behavior under different test
temperatures. All the latchup test structures are fabricated in a 0.5-um silicided bulk
CMOS process.

The typical latchup DC I-V characteristics of 1/O cells with different guard ring
designs, anode-to-cathode spacings, and test temperatures are shown in Figure 6.12.
Figure 6.12a shows the latchup /-V characteristics of an I/O cell with double
guard rings and an anode-to-cathode spacing of 22 um at a temperature of 75 °C.
Figure 6.12b shows the latchup /-V characteristics of an I/O cell with a single guard
ring and an anode-to-cathode spacing of 15um at a temperature of 100°C.
Figure 6.12c shows the latchup /-V characteristics of an I/O cell without a guard
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Figure 6.12 Measured latchup DC -V characteristics of I/O cells with (a) double guard rings at a
temperature of 75°C, (b) a single guard ring at a temperature of 100°C, and (c) no guard ring at a
temperature of 25 °C. (Reprinted with permission from IEEE).
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ring and with an anode-to-cathode spacing of 20 um at a temperature of 25 °C. The
latchup holding voltage can be extracted from the latchup /-V curves to evaluate the
latchup immunity. The holding voltage is defined as the minimum voltage in the I-V
curve of the latchup holding region [14]. As shown in Figure 6.12, the holding voltages
are 7, 5.5, and 2.5V, in Figure 6.12a—c, respectively. Thus, only the specified layout
parameters in Figure 6.12a and b can make sure that the I/O cells are latchup-free,
because their holding voltages of 7 or 5.5 V are higher than the Vpp normal operating
voltage of 5 V. Such holding-voltage-based criteria can be used to determine the safe
and compact latchup-preventing layout rules in I/O cells, such as the minimum anode-
to-cathode spacing, the minimum guard ring width, and the maximum distance
between the first and second guard rings, and the required guard ring designs (double
guard rings, single guard ring, or no guard ring).

The relations between the holding voltage and the anode-to-cathode spacing in
different guard ring designs are shown in Figure 6.13. The test temperature is 25 °C.
Obviously, the holding voltage increases with the anode-to-cathode spacing.
Because of the much higher holding voltages, the 1/O cells with double guard
rings or a single guard ring can perform much better in latchup immunity than that
without the guard ring, even if there is a much longer anode-to-cathode spacing for
an I/O cell without the guard ring. For example, the holding voltage of an I/O cell
without the guard ring is only a small value of 3.6 V, even though the anode-to-
cathode spacing is as large as 40 um. However, the I/O cell with a single guard ring
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Figure 6.13 Relations between the holding voltage and the anode-to-cathode spacing with different
guard ring designs. (Reprinted with permission from IEEE).
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can achieve a very high holding voltage of 5.5V (latchup-free), even if there is a
much smaller anode-to-cathode spacing of 15 um. From Figure 6.13, single guard
rings are necessarily suggested (double guard rings could be optional) in layout
design guidelines for latchup prevention, because the I/O cells can be latchup-free
even though the anode-to-cathode spacing is as small as 15 wm. Otherwise, at least a
large anode-to-cathode spacing of 60 pm is necessary for the I/0 cells without guard
rings to be latchup-free.

The degradations of latchup robustness due to a high test temperature are also
considered for different guard ring designs, as shown in Figure 6.14. The holding
voltage decreases with the temperature, whether we are considering I/O cells with
double guard rings, a single guard ring, or no guard ring. Thus, the suggested layout
rules must be tighter for high-temperature applications. For example, Figure 6.14
shows that the I/O cell with a single guard ring can be latchup-free (holding voltage of
5.5 V) under an anode-to-cathode spacing of 15 pum at room temperature, but it may
suffer the latchup reliability issue at a high temperature of 100°C because of its
declined holding voltage (4.5V). Thus, enlarging the anode-to-cathode spacing or
using double guard rings is necessary to further improve the latchup immunity. For
example, with double guard rings and an anode-to-cathode spacing of 25 um, the I/O
cell still performs very good latchup robustness at a high temperature of 125°C
because of its high holding voltages of 6.5V (latchup-free).

9
0.5-pm non-silicided bulk CMOS process
8l
- —— —_——
7 R
————

el L
[
2. °
=5 ]
o
> o
£4r 7
e} -
Bof e,

5 “D" : the spacing from anode to cathode

—&8— No I/O Ring with “D"=40pm
1L | ~©  Single VO Ring with “D”=15pm
—w— Double I/O Ring with “D"=25pm
0

20 40 60 80 100 120
Temperature (°C)
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From Figures 6.13 and 6.14, the suggested layout rules for latchup prevention should
include a single guard ring in the I/O cells. Compared with the I/O cells without a guard
ring, although the I/O cells with a single guard ring need the additional layout area of
the guard ring, it can significantly reduce the anode-to-cathode spacing. More
importantly, it can perform much better in latchup robustness under a much smaller
anode-to-cathode spacing, that is, a much smaller total chip layout area, no matter
whether at room temperature or an elevated temperature.

6.4 Extraction of Layout Rules for Internal Circuits
6.4.1 Latchup in Internal Circuits

As I/O cells, the internal circuits could be also very sensitive to latchup. Compared
with I/O cells, the internal circuits do not directly suffer, but only a portion of, the noise
current injection into the bond pads. However, due to the lack of protection of the guard
rings as well as the demand for high integration of circuitry, the internal circuits are
often driven to be very susceptible to latchup. To efficiently suppress the latchup-
susceptibility of the internal circuits, several layout guidelines need to be identified,
such as the maximum distance from substrate/well pickup to the well edge (or the
maximum distance from any point inside the source/drain region to the nearest well or
substrate pickup), and the maximum distance between two adjacent substrate/well
pickups.

Latchup can be easily initiated though any parasitic PNPN path in internal circuits.
For example, a typical layout example of an inverter circuit is shown in Figure 6.15,
where the latchup path goes through from the source (P 4 diffusion) of the PMOS to
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Figure 6.15 Layout example of an inverter circuit. (Reprinted with permission from IEEE).
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the source (N+ diffusion) of the NMOS, as indicated by an arrow. The N-well pickups
are formed by the N+ diffusions drawn in the N-well and directly connected to Vpp.
The P-substrate pickups are formed by the P+ diffusions drawn in the P-substrate and
directly connected to Vss. Such an inverter circuit is the basic logic component in
CMOS ICs. Once latchup is triggered on by a large enough substrate or well current, a
positive feedback mechanism will lead to a large current conducting through this low-
impedance PNPN path from Vpp (source of the PMOS) to Vg (source of the NMOS).
As a result, CMOS ICs will malfunction or even be burned out due to the latchup-
generated high power.

N-well (P-substrate) pickups are often placed under the Vpp (Vsg) power rail of a
core cell to save the layout area. However, if such well/substrate pickups under the
power rail are located too far away from the well edge, the parasitic well (substrate)
resistance of the parasitic vertical PNP (lateral NPN) BJTs will greatly increase,
leading the parasitic SCR to be much more susceptible to latchup. Thus, it s critical to
specify the maximum distance from the substrate/well pickup to the well edge (or the
maximum distance from any point inside the source/drain region to the nearest well or
substrate pickup).

In addition to the distance from the substrate/well pickup to the well edge, the
distance between two adjacent well (substrate) pickups can also dominate the parasitic
well (substrate) resistance of the parasitic vertical PNP (lateral NPN) BJTs, and of
course, the latchup robustness of the internal circuits. The distance between two
adjacent well (substrate) pickups represents the pickup density. More well (substrate)
pickups, that is, a higher pickup density, can more efficiently shunt the well current
(substrate current), thus further reducing the parasitic well (substrate) resistance of the
parasitic SCR to improve the latchup immunity of the internal circuits. As a result, the
maximum distance between two adjacent well (substrate) pickups should be specified
in internal circuits for latchup prevention. Under this specified rule, the well/substrate
pickups should be placed as compact as possible. However, it should be noted that too
high a pickup density may raise the difficulties of metal routing among the devices.

6.4.2 Design of Test Structure for Internal Circuits

SCR structures are used as test structures to extract the latchup-prevention rules
for internal circuits. The layout top view of the SCR test structure is shown in
Figure 6.16 [15-20]. Such a test structure is used to simulate the parasitic SCR in the
internal circuits. The P+ anode is used to simulate the P+ source of the PMOS,
whereas the N+ cathode is used to simulate the N+ source of the NMOS. To simulate
the real bias condition in CMOS ICs, the N+ well pickup connected together with
the P+ anode is biased at Vpp, while the P4 substrate pickup connected together
with the N+ cathode is biased at Vgg.

In order to extract the maximum distance from the substrate/well pickup to the well
edge, the test structures are drawn with different distances (/ip, siy) from the pickups to
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Figure 6.16 Layout top view of the SCR test structure. (Reprinted with permission from IEEE).

the N-well edge, as shown in Figure 6.16. In addition, test structures with different
distances (Xp, X) between two adjacent pickups are also used to extract the maximum
distance between two adjacent well (substrate) pickups. The P4+ (N+ ) trigger node
located in the P-substrate (N-well) region is used to investigate the latchup robustness
dependency on the positive (negative) trigger current injecting into the P-substrate (N-
well). By applying different trigger currents into the trigger nodes of the test structures,
the threshold trigger current to initiate latchup in the test structure can be identified.
The related information is useful to characterize the order of trigger current magnitude
under which the test structures are most susceptible to latchup. Typically in a bulk
CMOS process, a trigger current of only hundreds of microamperes can easily initiate
latchup in such SCR test structures. Once latchup is triggered by the injection of the
trigger current, the Vpp, voltage level will be pulled down to around the holding voltage
of the PNPN path. To avoid possible electrical-over-stress (EOS) damage of the test
structure due to the huge latchup current, a current-limiting resistor of ~100€2 is
suggested to be added between Vpp and the P4 anode of the PNPN path.

6.4.3 Latchup Immunity Dependency of the Internal Circuits

The latchup immunity dependency of internal circuits (SCR test structures) on two
dominant layout parameters, i.e. distance from the substrate/well pickup to the well
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edge (/p, hy), as well as the distance between two adjacent well or substrate pickups
(Xp, Xn), are presented in this section. To identify the degradation of the latchup
immunity due to the high temperature, the latchup robustness dependency on test
temperature is also evaluated for different Xp and Xy. The safe and compact layout
rules for latchup prevention in internal circuits can be determined upon the related
experimental results, regardless of room or a high temperature. Additionally, in order
to see how the trigger current waveforms influence the latchup susceptibility of the
internal circuits, the relations between the threshold magnitude and the pulse width of
the trigger current to initiate latchup are also investigated.

As the characterization methodologies of latchup robustness in I/O cells, the holding
voltage is also extracted from the latchup DC [-V characteristics in internal circuits to
judge if the DUT could be latchup-free. The Tek370A curve tracer is used to measure
the latchup DC I-V characteristics, and the corresponding measurement setups with
positive and negative trigger currents are shown in Figure 6.17a and b, respectively.
The positive trigger current is applied into the P+ trigger node in the P-substrate,
whereas the negative trigger current is applied into the N+ trigger node in the N-well.
By applying different trigger currents into the trigger nodes, the latchup trigger voltage
dependency on trigger current can be characterized. Furthermore, for the DUT biased
atits DC Vpp operating voltage, the threshold trigger current to initiate latchup can be
also identified.

The typical latchup DC [-V characteristics with different positive (negative) trigger
currents (100 LA per step) injecting into the P-substrate (N-well) are shown in
Figure 6.18a and b. The DUT is fabricated in a 0.5-um CMOS process and has
hn/hp of 40 pm and Xn/Xp of 20 wm. Compared with no trigger current injecting into the
P-substrate/N-well, the injection of the trigger current leads to a decrease of the latchup
trigger voltage, and the reduction in its magnitude is also proportional to the trigger
current. In Figure 6.18, the DUT cannot be latchup-free, because the holding voltage is
as small as 0.85V, which is much smaller than the normal circuit operating voltage
of 5V, even though there is no trigger current injecting into the P-substrate/N-well.

The relations between the holding voltage and in/hp (Xn/Xp) under different test
temperatures are shown in Figure 6.19 (Figure 6.20). The latchup holding voltage will
decrease with both sin/hp and Xn/Xp, because an increase of /in/hp or Xn/Xp can raise
the parasitic well (substrate) resistance of the parasitic vertical PNP (lateral NPN) BJT's
in the DUT, and of course, can degrade the latchup robustness. In addition, the
experimental results also reveal that the holding voltage will decrease with the
temperature, meaning that the latchup immunity will be degraded under a high test
temperature. With wide ranges of sin/hp and X/Xp in Figures 6.19 and 6.20, all the
holding voltages are smaller than 1 V and failed to be latchup-free, and so the internal
circuits with such X/ Xp and A/ hp pickup rules are still sensitive to latchup. The same
tendency can be also observed in a 0.35-um CMOS technology node, as shown in
Figure 6.21. Compared with a much better latchup robustness in the I/O cells, such a
weak latchup immunity in the internal circuits is mainly due to the lack of protection of
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Figure 6.17 Measurement setups to measure the latchup DC /-V characteristics of SCR test structures
with (a) a positive bias current in the P-substrate, and (b) a negative bias current in the N-well.
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(a)

(b)

Figure 6.18 Typical latchup DC I-V characteristics with different (a) positive trigger currents (100 A
per step) injecting into the P-substrate, and (b) negative trigger currents (100 LA per step) injecting into
the N-well. (Reprinted with permission from IEEE).

the guard rings, as well as the aggressive scaling of the minimum allowable distance
between the PMOS and NMOS. Thus, it can be predicted that the internal circuits would
be always very sensitive to latchup, unless the technology node is evolved down to
90 nm, 65 nm, or even below, where the circuit operating voltages are all lower than 1 V.
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The relations between the threshold magnitude and the pulse width of the positive
(negative) trigger current to initiate latchup are shown in Figure 6.22a and b. The
threshold magnitude of the latchup trigger current will decrease with the pulse width,
regardless of the positive or the negative trigger current. It is noteworthy that the
threshold magnitude of the trigger current obviously increases under a very short pulse
width of <10 ms, which is in agreement with the experimental results in transient-
induced latchup (TLU) [21]. Thus, the pulse width could be a dominant factor to
evaluate how the trigger current waveforms influence the latchup susceptibility of the
internal circuits.

6.5 Extraction of Layout Rules between I/O Cells
and Internal Circuits

6.5.1 Layout Considerations between 1/O Cells and Internal Circuits

The internal circuits can be triggered onto a latchup state under the noise current
injecting into the I/O pins (Figure 6.5), or under the transient overshoots occurring on
the Vpp pin (Figure 6.6). Because of the demand of high circuitry integration in CMOS
ICs, the guard rings, which are usually placed in the I/O cells for latchup immunity
enhancement, are unallowable in the internal circuits. However, due to the lack of
protection of guard rings, the internal circuits could be very susceptible to latchup even
though there is a high pickup density (that is, small /in//p or X/ Xp). For example, the
EMMI photographs of I/O-triggering latchup in the internal circuits of a CMOS ICs are
shown in Figure 6.23 [22]. When the positive trigger current is applied to some I/O pin,
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Figure 6.22 Relations between the threshold magnitude and the pulse width of the (a) positive, and
(b) negative, trigger currents to initiate latchup. (Reprinted with permission from IEEE).

the hot spot emerges due to the latchup-induced leakage current. The zoom-in picture
of the hot spot clearly indicates that the internal circuits could be very susceptible to
noise current injecting into the I/O pins. As a result, it is important to find some other
layout rules for greatly improving the latchup immunity in the internal circuits.
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Figure 6.23 EMMI photographs of I/O-triggering latchup in the internal circuits of CMOS ICs. The hot
spot indicates the location of the latchup-induced leakage current [22].

To certainly avoid the substrate current (generated from the I/O cells) firing latchup
in the internal circuits, the internal circuits, in general, are kept at a large enough
distance away from the 1/O cells. In addition, placing additional guard rings between
the I/O cells and the internal circuits can also enhance the latchup immunity in the
internal circuits against the trigger currents at the I/O pins. Thus, some important
layout design guidelines are often specified for between the I/O cells and internal
circuits, such as the minimum spacing between the I/O and internal circuits, the guard
ring designs (with or without the inserted guard rings) between the 1I/O and internal
circuits, and the minimum width of the inserted guard rings between the I/O and
internal circuits. The device cross-sectional view to show such layout requirements is
shown in Figure 6.24. Before the injecting noise current can disturb the internal
circuits, it needs to go through a distance along the P-substrate from the 1/O cells to the
internal circuits. Due to the recombination mechanism between electrons and holes in
the P-substrate, the noise current, which could probably disturb the internal circuits,
will decay with the spacing between the I/O cells and the internal circuits. As a result,
the latchup robustness in internal circuits can be improved by enlarging the spacing
between the I/O cells and the internal circuits, and thus the minimum spacing between
the I/O and internal circuits needs to be determined.

Although enlarging the spacing between the I/O and internal circuits can enhance
the latchup immunity of the internal circuits, a too large spacing, however, will suffer
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Figure 6.24 Device cross-sectional view to show the additional guard rings placed between the I/O cells
and the internal circuits. (Reprinted with permission from IEEE).

the drawback of a large layout area. To solve this issue, double guard rings can be
inserted between the I/0O and internal circuits, as shown in Figure 6.24. The P+ guard
ring is biased at Vg, whereas the N+ ring located in the N-well region is biased at
Vop. The inserted guard rings can help collect electrons or holes (coming from the
injecting noise current at the I/O pins) in the substrate before they can reach the internal
circuits to fire latchup. The wider the inserted guard ring is, the better the collection
efficiency the inserted guard ring has. Thus, the latchup robustness can be enhanced by
placing the inserted double guard rings as compact as possible between the I/0 and
internal circuits. These additional guard rings also allow the possible reduction of the
distance between the I/O cells and internal circuits to save layout area. To make sure of
a safe and compact design rule for latchup prevention in the internal circuits, it is
necessary to specify the inserted guard ring designs (with or without the inserted guard
rings) and the minimum inserted guard ring width.

6.5.2 Design of Test Structure between I/O Cells and Internal Circuits

The latchup test structure shown in Figure 6.25 can be used to investigate the proper
distance from the 1/O cells to the internal circuits [23-25]. The latchup sensor cells
(zoomed in the box) are the same SCR test structures as those shown in Figure 6.16, and
they are used to simulate the parasitic SCR in internal circuits. In addition, the latchup
sensors are intended to be placed in parallel to the I/O cells. Both P+ anode and N+
well pickups (N+ cathode and P+ substrate pickups) of all the latchup sensors are
connected together to the same Vpp (Vss) power rail. When the trigger current is
applied at the I/O pins, the Vpp power rail connected to the latchup sensor cells is
monitored to judge whether latchup is triggered on, or not. If the trigger current
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Figure 6.25 Latchup test structure to evaluate the proper layout spacing from the I/O cell to the internal
circuits. (Reprinted with permission from IEEE).

injecting into the I/O pins is large enough to initiate latchup in any one of the latchup
sensors, the Vpp will be pulled down to about the holding voltage of the latchup sensor.
Therefore, the threshold trigger current to fire latchup in internal circuits (simulated by
the latchup sensor cells) can be determined by this test structure.

To extract the minimum spacing between the I/O and internal circuits, test structures
need to be prepared with different spacing. Additionally, the latchup sensor cells can be
drawn with different pickup distances (X, /in, Xp, /ip) to investigate how a large trigger
current at the I/O pin can fire latchup in the internal circuits under a specified distance
from the I/O cells to the internal circuits. In general, the latchup sensor cells, drawn
with a smaller Xy, /in, Xp, and /ip, need a higher trigger current at the I/O cells to cause
latchup in the internal circuits. By using this method, the design rules about the pickup
distances (X, N, Xp, hip) of the internal circuits can be extracted more meaningfully to
meet the real circuit operating condition in CMOS ICs.

To extract the minimum width of the inserted guard ring between the I/0O and internal
circuits, the same test structures as shown in Figure 6.25 but with different inserted
guard ring widths also need to be prepared, as shown in Figure 6.26. The P+ guard
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Figure 6.26 Latchup test structure to extract the minimum width of the inserted guard ring between the
I/0 and the internal circuits. (Reprinted with permission from IEEE).

ring is biased at Vg, whereas the N+ guard ring located in the N-well region is biased
at Vpp, as those shown in Figures 6.24 and 6.26. It is noteworthy that the inserted guard
ring should be placed as compact as possible to gain the best latchup robustness under a
specified spacing between the I/O and internal circuits. As a result, the most compact
but still safe design rules for latchup prevention can be determined. In addition, the /O
cells in these test structures need to be confirmed latchup-free in advance, or otherwise
the I/O cells could suffer the latchup issue during the measurements.

6.5.3 Threshold Latchup Trigger Current Dependency

The latchup immunity dependency of internal circuits on three major layout para-
meters for latchup robustness enhancement, i.e. the spacing between the I/O and
internal circuits, the guard ring designs (with or without the inserted guard rings)
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between the I/O and internal circuits, and the minimum width of the inserted guard
rings between the I/O and internal circuits, are presented in this section. Additionally,
the relations between the threshold magnitude and the pulse width of the trigger current
to initiate latchup under different guard ring designs are also investigated. As a result,
how the trigger current waveforms (injecting into the I/O pins) influence the latchup
susceptibility of internal circuits can be well characterized.

From the above measured results in Section 6.3, the I/O cells with single or double
guard rings can easily gain a holding voltage greater than Vpp (that is, latchup-free).
Therefore, the I/O cells with guard rings never suffer the latchup problem. However,
the internal circuits with high pickup density are still sensitive to latchup, because their
holding voltages are all very small, about ~1V only, as described in Section 6.4.
Therefore, an interesting question is how a large trigger current injecting at the I/O pins
will initiate latchup in the internal circuits, and how well the latchup immunity will be
improved by adding the guard rings or enlarging the spacing between the I/O and
internal circuits. Thus, several testchips are drawn with different layout spacings from
the I/O cells to the internal latchup sensors, ranging from 15 to 60 um. The latchup
sensors are specifically drawn with a large /in/hp(Xn/Xp) of 42.2 um (20 wm) to make
sure of a high latchup susceptibility for the sensors. The I/O cells are only surrounded by
a single guard ring with an anode-to-cathode spacing of 14.4 um. The width of the
additional P+ (N+ ) inserted guard ring is kept at 3 im (3.4 pum). All the test chips are
fabricated in a 0.35-um CMOS process, and the test temperature is 30 °C. These /O
cells are already confirmed in advance that their holding voltages are higher than Vpp
(3.5 V), that is, latchup-free. Thus, it is sure that the noise current injecting into the I/O
pinsnever triggers on latchup in the I/O cells, but could only do so in the internal circuits.

The measurement setup to extract the latchup-prevention rules between the I/O and
internal circuits is shown in Figure 6.27. The test procedures are in compliance with the
JEDEC latchup trigger current test [11], as introduced in Section 6.2. The Keithley
2410 current source with a maximum power delivery of 21 W and a current source
range from +50 pA to £1.05 A is used to provide the required trigger current pulses at
the I/O cells. Three independent DC power supplies are used to separately bias the I/O
cells, the inserted guard rings, and the latchup sensors. A current-limiting resistor of
100 Q2 is connected between the Vpp power supply and the internal latchup sensors to
limit a huge latchup current, avoiding possible EOS damage of the latchup sensors.
The HP54602A oscilloscope with a bandwidth of 150 MHz is used to monitor the
voltage waveform of the input current pulse at the I/O pin (CH1), and to monitor
the voltage waveform of the Vpp power rail of the latchup sensors (CH2). When a
positive (negative) trigger current injects into the I/O pins, the typical transient curves
monitored by the oscilloscope are shown in Figure 6.28a and b. If latchup is fired in the
internal latchup sensors by the trigger current applied at the I/O pins, the voltage level
of CH2 will drop from Vpp to the voltage level around the holding voltage (~1 V) of
the latchup sensors. Otherwise, if latchup is not triggered on in the internal latchup
sensors, the voltage level of CH2 remains at the original Vpp voltage level (5 V for the



Methodology on Extracting Compact Layout Rules for Latchup Prevention 143

Oscilloscope
2l |l (HP 54602A 150Mhz)
CHz CH1 100Q
M
o N e
,...K —— * i
“ ~ ™ P+ guard ring
¢~ E
N 2
X N-well guard ring
Current Trigger Source B "; e
(Keithley 24 10) ™ > LN\[1
| =
Voo Lot | = [nwal—[Rwell Voo | Voo
41— L - A O b T =+

_\ = [Psunt— JLatchup

5 . = Sensors
* - Y _TRsub

- a
Itriggsr
i =
| -

v =
L Y
(Test-Chip) v

Figure 6.27 Measurement setup to extract the latchup-prevention rules for between the I/0 and internal
circuits. (Reprinted with permission from IEEE).

0.5-um technology node). By adjusting the current magnitude of the trigger current
applied at the I/O pins, the critical (threshold) trigger current at the I/O pins to fire
latchup in internal latchup sensors can be found.

The relations between the threshold positive (negative) trigger current and the
spacing from the I/O cells to the latchup sensors with different guard ring designs are
shown in Figure 6.29a and b. The pulse width of the trigger current is 50 ms in
compliance with the JEDEC standard [11]. Compared to the test structures without the
inserted guard rings, the test structures with the additional inserted guard rings can gain
a much higher threshold trigger current to fire latchup in the internal circuits (latchup
sensors). Such an increase of threshold trigger current by adding additional inserted
guard rings is much higher than that obtained by simply enlarging the distance between
the I/O and internal circuits, regardless of a positive or negative trigger current test. For
example, even with a small distance of 30 wm from the I/O cells to the internal circuits,
the test structures with the additional inserted guard rings can still meet the require-
ments of the JEDEC specification (threshold trigger current > 100 mA). Without
such additional inserted guard rings, however, the test structures failed to pass the
JEDEC positive trigger current test, even though the distance between the I/O and
internal circuits is as high as 60 um where the threshold trigger current is only 38 mA.
Therefore, it is strongly recommended that the additional inserted double guard rings
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trigger currents injecting into the I/O pins. CH1 is the voltage waveform of the input current pulse at the
I/0 pins, and CH2 is the voltage waveform of the Vpp power rail of the latchup sensors.

should be placed between the I/O cells and internal circuits to maintain high latchup
immunity. Not only can they significantly improve the latchup immunity of the internal
circuits, but also can save more layout area by reducing the spacing from the I/O cells to

the internal circuits.
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Figure 6.29 Relations between the (a) threshold positive trigger current and the spacing from the I/O
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The relations between the threshold positive/negative trigger current and its pulse
width under different spacings from the I/O cells to the internal circuits are shown in
Figures 6.30 and 6.31. The test patterns in Figure 6.30 have the inserted double guard
rings, but is opposite (no inserted guard rings) in Figure 6.31. In most cases there is a
fairly obvious increase of threshold positive/negative trigger current for pulse widths
shorter than 10 ms. This tendency is consistent with the characteristic in TLU [21] that
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Figure 6.30 For the test patterns with additional inserted double guard rings, the relations between the
(a) threshold positive trigger current and its pulse width, and (b) threshold negative trigger current and its
pulse width, with different spacings from the I/O cells to the internal circuits. (Reprinted with permission
from IEEE).

a “transient” (short pulse width) trigger voltage/current needs a large voltage/current
magnitude to initiate TLU in comparison with the quasi-static latchup. In addition, as
shown by the above measured results in Figure 6.29, itis proven once again that the use
of additional inserted guard rings can gain high threshold positive/negative trigger
currents, thus improving the latchup immunity of the internal circuits.
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Figure 6.31 For the test patterns without inserted double guard rings, the relations between the
(a) threshold positive trigger current and its pulse width, and (b) threshold negative trigger current and its
pulse width, with different spacings from the I/O cells to the internal circuits. (Reprinted with permission

from IEEE).

To investigate how an inserted guard ring width impacts the latchup robustness of
the internal circuits, the relations between the threshold positive trigger current and the
inserted P+ guard ring width are shown in Figure 6.32. The spacing from the I/O cells
to the internal circuits is at a fixed distance of 30 um. The width of the inserted P+
guard ring is drawn with 3, 6, and 9 m to investigate the guard ring efficiency, whereas
the width of the other inserted N+ (with an N-well) guard ring is kept at 3.4 pum. Due to
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the better guard ring efficiency for a wider guard ring width, the threshold trigger
current increases with the inserted guard ring width. For example, when the P+ guard
ring width increases from 3 to 9 um, the threshold positive trigger current can be
enhanced from 275 to 325 mA. Thus, the additional inserted double guard rings should
be drawn as wide as possible in the real chip layout under a specified spacing from the
I/0 cells to the internal circuits. Based on this layout methodology, one set of compact
(area-efficient) but still safe latchup-prevention layout rules can be established
between the I/O and the internal circuits.

6.6 Conclusion

Methodologies to extract compact and safe layout guidelines for latchup prevention
are introduced for I/O cells, for internal circuits, and for between I/O cells and internal
circuits. For the I/O cells, the extraction methodologies can be performed to determine
the required guard ring designs (double guard rings, single guard ring, or no guard
ring), the minimum guard ring width, the maximum distance between the base and
collector guard rings, and the minimum anode-to-cathode spacing. For the internal
circuits cells, the methodologies can help extract the maximum distance from
substrate/well pickup to the well edge (or the maximum distance from any point
inside the source/drain region to the nearest well or substrate pickup), and the
maximum distance between two adjacent substrate/well pickups. For between the
I/0 cells and internal circuits, the methodologies can also help determine the minimum
spacing between the I/O and internal circuits, the guard ring designs (with or without
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the inserted guard rings) between the I/O and internal circuits, and the minimum width
of the inserted guard rings between the I/O and internal circuits.

From all the experimental results presented in this chapter (0.35 or 0.5-um CMOS
processes), the I/O cells possess a good latchup robustness by simply using a single
guard ring to surround the NMOS and PMOS in I/O cells, even though there is only a
small anode-to-cathode spacing under a very high temperature of 125 °C. Therefore,
the I/O cells can be drawn with only a single guard ring to save layout area but still have
prominent latchup robustness. The internal circuits, however, are always sensitive to
latchup even with a high pickup density. As a result, the additional inserted guard rings
should be added between the I/O cells and internal circuits to further improve the
latchup immunity of the internal circuits. The introduced methodologies can be easily
implemented in all different CMOS technology nodes, and the safe/compact design
rules for latchup prevention can be specified upon the requirements of miscellaneous
specifications.
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7

Special Layout Issues for Latchup
Prevention

As mentioned in Chapter 6, the design guidelines for latchup prevention usually focus
on I/0O cells, internal circuits, and between I/O and internal circuits. However,
unexpected latchup issues still potentially exist, even though the ICs layout designs
are fully in compliance with the aforementioned latchup design guidelines. This
chapter specifically introduces such special layout issues which need to be noted.
Neglecting these layout issues could draw an unanticipated latchup problem. In
addition, the corresponding solutions to these unexpected latchups are also given.
By using these, IC designers could prevent possible design mistakes, eliminate the
waste of masks and wafers, and decrease the time to market for products.

7.1 Latchup between Two Different Power Domains

Conventional latchup is usually referred to the so-called “Vpp-to-GND” latchup,
meaning that the PNPN latchup path goes through from the Vpp (P + source of the
PMOS) to the GND (the N 4 source of the NMOS). Although usually unexpected,
however, latchup could also happen between two different power domains, leading to
the so-called “Vpp y-to-Vpp” latchup, as shown in Figure 7.1. Vppy (VppL)
represents the higher (lower) power supply voltage in multiple-power CMOS ICs.
Two different power supply voltages are commonly seen in the mixed-signal design
requirements [1], where the I/O buffer is usually designed with thick-oxide devices
powered by Vpp i, whereas the internal circuitry is designed with thin-oxide devices
powered by Vpp 1. Unlike the conventional latchup path going through from Vpp, to
GND, such a specific latchup path goes through from Vpp i (P + source of the PMOS)
to Vpp (N+ well contact). Once Vpp y-to-Vpp . latchup occurs, a huge latchup
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Figure7.1 Device cross-sectional view to show the latchup path between two different power domains,
VDD,H and VDD,L-

current will conduct through from Vpp iy to Vpp 1, leading to temporary malfunction or
permanent damage in the CMOS ICs.

7.1.1 Practical Examples

Practical failure returns have proven such Vppy-to-Vpp . latchup issues [2-3] in
mixed-voltage I/O circuitry. For example, the schematic diagram of an I/O buffer with
a 3.3 V driving capability and 5 V tolerance is shown in Figure 7.2 [2]. This I/O buffer

Vpp-i0 = 3.3V
MP1

CTRL _q
Circuit

MP2 (—| Pre-driver
IO PAD

—— Vop-10 = 3.3V
MN1 o
MN2
-— Pre-driver

Figure 7.2 Schematic diagram of an I/O buffer with a 3.3V driving capability and 5V tolerance.
(Reprinted with permission from C.-N. Wu, H.-M. Chou, and M.-C. Chang, “Latch-up failure path
between power pins in the mixed-voltage process,” Proceedings of the IEEE International Reliability
Workshops, IEEE, Piscataway, NJ. © 2003 IEEE).



Special Layout Issues for Latchup Prevention 153

consists of two cascade NMOS transistors (MN1 and MN2) and a PMOS transistor
(MP1) with a floating N-well [4]. By connecting the gate of MN1 to Vpp_IO (that is,
Vpop.n) of 3.3V, and the gate of MN2 to the pre-driver output, the gate oxide and hot
carrier overstress can be avoided on MN1 or MN2 under a 5 V application for the input
mode. The floating N-well of MP1 is connected to Vpp_lO through a control circuit
(MP2). MP2 can bias the floating N-well to 3.3 V when the voltage on the I/O pad is
smaller than 3.3 V. However, if the voltage on the I/O pad is higher than 3.3 V, MP2 will
bias the floating N-well as the input voltage. As a result, there is no gate oxide
overstress on MP1 when this I/O buffer receives a 5V signal.

With the JEDEC latchup trigger current test [ 5], latchup failure is found between this
I/O buffer and the internal circuits. The corresponding hot spot picture and device
cross-sectional view are shown in Figure 7.3. The hot spot picture is monitored by the
emission microscope (EMMI), indicating that the latchup current path goes through
from Vpp_IO (3.3V) in the I/O buffer, to Vpp_core (that is, Vpp 1) in the internal
circuitry. In the parasitic SCR between Vpp_IO and Vpp_core, the parasitic vertical
PNPBIJT (VPNP) is formed with the source of MP1 connected to Vpp_IO (emitter), the
N-well (NW2) connected to Vpp_IO via MP2 (base), and the P-substrate connected to
Vss (collector). The parasitic horizontal NPN BJT (LNPN) is formed with the NW1
connected to the Vpp_core (emitter), the P-substrate connected to the Vgg (base),
and the NW2 connected to Vpp_IO via MP2 (collector). The resistor, R1, represents
the local substrate contact rings with a higher resistance due to the narrow silicided
diffusions. The diode, DW, represents the parasitic diode formed with NW1 and the

P-sub

I+

Figure 7.3 Hot spot picture and device cross-sectional view to show the latchup failure between the I/O
buffer and the internal circuits. (Reprinted with permission from C.-N. Wu, H.-M. Chou, and M.-C.
Chang, “Latch-up failure path between power pins in the mixed-voltage process,” Proceedings of the
IEEE International Reliability Workshops, IEEE, Piscataway, NJ. © 2003 IEEE).
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Figure 7.4 Equivalent schematic diagram to show the latchup failure between the I/O buffer and the
internal circuits. (Reprinted with permission from C.-N. Wu, H.-M. Chou, and M.-C. Chang, “Latch-up
failure path between power pins in the mixed-voltage process,” Proceedings of the IEEE International
Reliability Workshops, IEEE, Piscataway, NJ. © 2003 IEEE).

P-substrate. The corresponding equivalent schematic diagram is illustrated in
Figure 7.4.

For the positive trigger current test, the injecting holes will inject to NW2 from the
P + drain of MP1, and subsequently be collected by Vsg through R1. As a result, the
resulting hole current flow can induce voltage across R1. If the hole current is large
enough to cause a voltage drop higher than the Vpp_core + V; (the forward-biased
voltage of DW), the emitter/base junction (DW) of LNPN will be forward-biased to
turn on the LNPN. Afterwards, the turn-on LNPN also injects large number of
electrons into NW2, turning on the VPNP. Thus, a positive-feedback regeneration
mechanism leads the latchup to be triggered on between Vpp_IO (3.3 V) in the I/O
buffer, and Vpp_core in internal circuitry. For the negative trigger current test, a similar
triggering mechanism can be found. For instance, the electrons will first inject into
the P-substrate, and subsequently be collected by Vpp_IO through NW2. Thus, the
resulting electron current will first lead the emitter/base junction of VPNP to be
forward-biased, turning on the VPNP. The turn-on VPNP subsequently provides a
large numbers of holes injecting into the NW to trigger on LNPN, further driving the
parasitic SCR into the latchup state between Vpp_lIO and Vpp_core.

The “Vpp p-to-Vpp L~ latchup issues have been verified in this 5 V-tolerance I/O
library with three technology nodes: 0.13, 0.18, and 0.25 um CMOS technologies. The
latchup test results are summarized in Table 7.1. Vp,.x is defined as the voltage
difference of Vpp 10 and Vpp_core plus 10% tolerance. Furthermore, the measured
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Table 7.1 Summary of latchup test results in a 5 V-tolerance 1/O library with three technology nodes:
0.13, 0.18, and 0.25 um CMOS technologies. (Reprinted with permission from C.-N. Wu, H.-M. Chou,
and M.-C. Chang, “Latch-up failure path between power pins in the mixed-voltage process,” Proceedings
of the IEEE International Reliability Workshops, 1IEEE, Piscataway, NJ. © 2003 IEEE).

Process 0.25 um 0.18 um 0.13 um
Latchup test result Pass Fail Fail
System voltage (Vpp 10, VbD_core) 33V,25V 33V,18V 33V,12V
VDmax = (VDD_IO—VDD_COrC) + 10% 09 V 17 V 23 V
Holding voltage 1.06 V 0.71V 0.92V

DC latchup I-V characteristics between Vpp 10 and Vpp_core with these three
technology nodes are also shown in Figure 7.5, from which the holding voltage can
be extracted, as listed in Table 7.1. The test results show that only the DUT
implemented with the 0.25 um process can pass the test, but fails to pass for 0.13
and 0.18 um processes. To make sure the occurrence of latchup between Vpp 1o and
Vbb._cores the Vbomax (Vbp 10~VbD_core + 10%) should be higher than the holding
voltage, which is the required minimum voltage to sustain latchup occurrence [6-8].
For the 0.25 um process, because the Vppax (0.9 V) is smaller than its corresponding
holding voltage (1.06 V), the DUT can pass the latchup test due to no potential risk of
latchup (that is, latchup-free) between Vpp 10 and Vpp core- For 0.13 and 0.18 um
processes, on the contrary, because Vpn.x isgreater than its corresponding holding
voltage, the DUT fails to pass the latchup test due to the existence of potential latchup
risks between Vpp 10 and Vpp core- It was found that Vpp 10-to-Vpp core latchup
occurs in the 0.25 wm process if Vpp.x 1S increased up to greater than the holding
voltage, whereas there is no latchup in the 0.13 and 0.18 um processes if Vppax 18

20 ¢
18 |

1(mA)

V(V)

Figure 7.5 Measured DC latchup -V characteristics between Vpp 10 and Vpp core With three
technology nodes: 0.13, 0.18, and 0.25um CMOS technologies. (Reprinted with permission from
C.-N. Wu, H.-M. Chou, and M.-C. Chang, “Latch-up failure path between power pins in the mixed-
voltage process,” Proceedings of the IEEE International Reliability Workshops, IEEE, Piscataway, NJ. ©
2003 IEEE).
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decreased down to lower than the corresponding holding voltages. This evidence
proves once again that latchup indeed occurs between Vpp 10 and Vpp core-

7.1.2 Suggested Solutions

To suppress the latchup susceptibility between two different power domains, addi-
tional double guard rings can be inserted between two different N-wells (NW1 and
NW?2). The device cross-sectional view when inserting double guard rings to achieve
the latchup-free layout plan is shown in Figure 7.6. The P + guard ring is connected to
GND, and the N 4 /N-well guard ring is connected to Vpp_jo. The inserted guard ring
can help decouple the VPNP from LNPN, raising the holding voltage up to greater than
Vbmax for latchup prevention. With the inserted guard rings, the latchup test results
show that the aforementioned latchup-sensitive 0.13 and 0.18 wm processes can pass
the requirements of the standard specification. Most foundry design rules only focus
on the latchup design guidelines for I/O cells, internal circuits, and between the I/O and
internal circuits. The latchup design guidelines between two different power domains
(Vpp.u-to-Vpp 1. latchup), however, are rarely specified in foundry design rules. Thus,
both foundry and IC designers should be aware of the design solution by inserting
guard rings between the two different power domains.

Vbb-core Vpp-io =33V
MP2
—3 O—q P

I3 23 13 3 23 23

N-well, NW1 N-well N-well, NW2

Double guard-ring

P-sub

L

Figure 7.6 Device cross-sectional view of inserting double guard rings to prevent the occurrence of
latchup between Vpp_10and Vpp _core- (Reprinted with permission from C.-N. Wu, H.-M. Chou, and M.-C.
Chang, “Latch-up failure path between power pins in the mixed-voltage process,” Proceedings of the
IEEE International Reliability Workshops, IEEE, Piscataway, NJ. © 2003 IEEE).

7.2 Latchup in Internal Circuits Adjacent to Power-Rail
ESD Clamp Circuits

With the highly strong ESD robustness against pin-to-pin and Vpp-to-Vsg ESD stress,
the power-rail ESD clamp circuit is a popular on-chip solution for component-level
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ESD protection [9—14]. A generic power-rail ESD clamp circuitis shown in Figure 7.7.
With proper design of the RC time constant to be ~us, the ESD-clamping NMOS
(MnZ2) can be turned on to discharge ESD current for ESD protection, and turned off
under normal circuit operations without any adverse impact. In general, the power-rail
ESD clamp circuit is not a latchup-triggering source because there is no N + /P +
diffusions directly connected to the I/O pads (only Vpp/Vss pads). However, if the
power-rail ESD clamp circuit is very close to both the I/O pads and internal circuits,
it could be a latchup-triggering source to unexpectedly initiate latchup in the nearby
internal circuits.

Voo

GND &

Figure 7.7 Circuit schematic of the generic power-rail ESD clamp circuit. The ESD-clamping NMOS
(MN?2) can be turned on to discharge the ESD current for ESD protection, and turned off under normal
circuit operation without any adverse impact.

7.2.1 Practical Examples

Practical failure returns show the latchup issue in internal circuits adjacent to the
power-rail ESD clamp circuit [14]. In this case, the die photograph is shown in
Figure 7.8. Under the latchup trigger current test, specifically latchup immunity is
degraded when negative current injects into pad numbers 14 and 23, which are located
close to the power-rail ESD clamp circuit. The device cross-section of the power-rail
ESD clamp circuit is shown in Figure 7.9, and its circuit schematic is shown in
Figure 7.7.

During negative current injection, some of the electrons can be collected by Vpp
through the N-well resistor, thus generating a voltage drop along this N-well resistor.
Once the voltage drop is higher than the threshold voltage of MP1, the latter will be
turned on and raise the potential at node A. Consequently, the ESD-clamping NMOS
(MNZ2) will be turned on and induce a large substrate current to initiate latchup in the
nearby internal circuits. This latchup mechanism is confirmed by directly connecting
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Figure 7.8 Die photograph of the CMOS chip [14]. Latchup issue exists in the internal circuits adjacent
to the power-rail ESD clamp circuit. (Reprinted with permission from P. Tong, W. Chen, R. Jiang et al.,
“Active ESD shunt with transistor feedback to reduce latchup susceptibility or false triggering,”
Proceedings of the IEEE International Symposium. on the Physical and Failure Analysis of Integrated
Circuits (IPFA), IEEE, Piscataway, NJ. © 2004 IEEE).

Voo

T I_I—ﬂi 'é‘_l_ll—l—ilNz
BT B, BT [T BT BT | BT BT

r—9

\ A A N-Wwel 4 4 NWe Internal
o — s
\e- e -4/ e e -4 / Circuits
e — P-Substrate

Figure 7.9 Device cross-section of the power-rail ESD clamp circuit. (Reprinted with permission from
P. Tong, W. Chen, R. Jiang et al., “Active ESD shunt with transistor feedback to reduce latchup
susceptibility or false triggering,” Proceedings of the IEEE International Symposium. on the Physical
and Failure Analysis of Integrated Circuits (IPFA), IEEE, Piscataway, NJ. © 2004 IEEE).

the node B to Vpp. With a Vpp potential for node B, node A will be pulled down to the
GND and MN2 will be turned off. As a result, latchup disappears under the same
negative trigger current levels.

During the positive current injection, however, the injecting carriers are the holes.
They could only be collected by the GND, and have no chance to turn on MN2. Even
though some injected holes can directly reach the nearby internal circuits through the
P-substrate, the amount should be negligible because of recombination and are unable
to induce latchup. Thus, latchup immunity remains normal under the positive trigger
current test.
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7.2.2 Suggested Solutions

To avoid potential latchup risks in internal circuits which are close to the power-rail
ESD clamp circuit, a straightforward solution is to take the internal circuits away from
the ESD clamp circuit as far as possible. However, it is not an economical solution
because of a larger layout area. To achieve good latchup immunity and a compact
layout in CMOS ICs, a new power-rail ESD clamp circuit with transistor feedback was
proposed [14]. The circuit schematic is shown in Figure 7.10. With a feedback PMOS,
MP2, node B remains at a high voltage level of Vpp because node A is at the low-state
(GND) during normal circuit operation. During the latchup negative trigger current
test, node B will not be lowered even though the injected electrons are collected by Vpp
through the N-well resistor. Thus, MN2 always stays turn-off, and potential latchup
danger can be avoided in internal circuits which are very close to this new power-rail
ESD clamp circuit with a transistor feedback. For the design of this new ESD clamp
circuit, the only concern is the premature turn-off of MN2 during the ESD events,
because MP2 always helps MN2 to be turned off via feedback. This design criterion
can be well clarified with device simulation by choosing proper R and C values [14].

=11 r
MNIZ
= HL

GND

Figure 7.10 Circuit schematic of the power-rail ESD clamp circuit with a transistor feedback [14].

7.3 Unexpected Trigger Point to Initiate Latchup in Internal Circuits

In internal circuits, latchup can be easily triggered on by the trigger current injecting
into the I/O pads. To prevent the occurrence of latchup in internal circuits, adding
substrate/well pickups, inserting guard rings between the I/O and the internal circuits,
and enlarging the spacing between the I/O and the internal circuits are the common
solutions. However, even though these latchup design guidelines are certainly
implemented, unexpected latchup in internal circuits could still happen when there
are diffusion regions, which are directly connected to the I/O pads, in the internal
circuits. The device cross-sectional view and layout top view to show such specific
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latchup issue in the internal circuits are illustrated in Figure 7.11a and b, respectively.
With the directly connected metal line between the 1/0 pad and the diffusion region in
the internal circuits, the diffusion region can be treated as a latchup trigger point. The
trigger current injecting into the I/O pads can reach this trigger point, generating the
substrate current to initiate latchup in the neighboring internal circuits. As a result,

I"“iJD
Internal Circuits
Latchup-Sensitive
Path

UL

U N+
P* é (N-well) P-substrate

(a)
Voo Internal

Circuits

N+
(N-well)

(b)

Figure 7.11 (a) Device cross-sectional view, and (b) layout top view, to show latchup occurrence in the
internal circuits. With the directly connected metal line between the I/O pad and the diffusion region in the
internal circuits, the trigger current injecting into the I/O pads can reach the internal circuits, generating
the substrate current to initiate latchup in the internal circuits.
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inserting additional guard rings or enlarging the spacing between the I/0 and the
internal circuits has no effectiveness in improving the latchup immunity in the internal
circuits, because the trigger current no longer travels along the substrate, but along the
metal instead to the internal circuits. In general, due to the lack of protection of the
guard rings as well as the demand for high integration of the circuitry, the internal
circuits are always very susceptible to such latchup issues. To ensure reliable CMOS
ICs, designers should particularly beware of such latchup issues and their related
solutions.

7.3.1 Practical Examples

Practical failure returns [15-16] have proven that the diffusion regions directly
connected to the I/O pads can induce latchup in the internal circuits. A CDM [17-
18] ESD clamp device is one practical example. A typical schematic diagram of the
ESD protection designs for CDM ESD events is shown in Figure 7.12. During the
CDM events, the CDM ESD clamp device (gate-grounded NMOS, GGNMOS), which
is placed between Vsg and the gate of MN/MP, can shunt most CDM ESD current
(Igsp) to protect MN from CDM ESD damage. However, the drain diffusion region
of the CDM ESD clamp device, which is directly connected to the I/O pad via the
metal connection, could be a latchup trigger point to induce latchup occurrence in
the internal circuits. Once there is a negative trigger current injecting into the I/0 pad,
the electron current can reach the N 4 drain diffusion of the CDM ESD clamp device
via the metal connection. Subsequently, the injecting electron current can flow into the
P-substrate (or P-well), inducing latchup in the neighboring internal circuits.

| CDM ESD =
Clamp device

Vss

Figure 7.12 Typical schematic diagram of the ESD protection designs for CDM ESD events.

Another failure return [16] also shows that the diffusion regions directly connected
to the I/O pads can induce latchup in the internal circuits of a power controller IC.
In this IC, all I/O pins have the same I/O cell including an ESD protection devices.
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However, the latchup test results reveal that a specific “pin A” is very susceptible to
the negative trigger current test in comparison with the other pins. The schematic
diagram and the EMMI photograph of the latchup path under the latchup negative
trigger current test are shown in Figure 7.13a and b, respectively. The EMMI
photograph shows that latchup does not occur in the I/O cell of pin A, but in its
adjacent internal circuits. The equivalent circuit and the device cross-sectional view
of the internal circuit (PMOS) which is directly connected to such a specific pin A
are shown in Figure 7.14a and b, respectively. With the design considerations of
reducing the threshold voltage in the PMOS, pin A is directly connected to the N +
well contact and P+ source of the PMOS. However, because of the direct metal
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Figure 7.13 (a) Schematic diagram, and (b) EMMI photograph, of the latchup path in the latchup
negative trigger current test. (Reprinted with permission from S.-H. Chen and Ming-Dou Ker, “Failure
analysis and solutions to overcome latchup failure event of a power controller IC in bulk CMOS
technology.” Microelectronics Reliability, Elsevier, Oxford, UK. © 2006 Elsevier).
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Figure 7.14 (a) Equivalent circuit, and (b) device cross-sectional view, of the internal circuit (PMOS)
which is directly connected to pin A. (Reprinted with permission from S.-H. Chen and Ming-Dou Ker,
“Failure analysis and solutions to overcome latchup failure event of a power controller IC in bulk CMOS
technology.” Microelectronics Reliability, Elsevier, Oxford, UK. © 2006 Elsevier).

connection between pin A and the N+ well contact, the injecting negative trigger
current (from pin A) can flow into the P-substrate via the parasitic N-well/
P-substrate diode, initiating latchup in the neighboring internal circuits. The device
cross-sectional view to illustrate such a latchup-firing mechanism is shown in
Figure 7.15, and the corresponding layout patterns are also shown in Figure 7.16.
As a result, the neighboring internal circuits are very sensitive to the negative
trigger current (with a latchup immunity level of only —50 mA), even though there
are good latchup-preventing layout designs in the I/O cells (with double guard
rings) and in between the I/O and internal circuits (with inserted guard rings
between them).
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Figure 7.15 Device cross-sectional view to illustrate the latchup path triggered by the substrate current
that is induced from the forward N-well/P-substrate diode. (Reprinted with permission from S.-H. Chen
and Ming-Dou Ker, “Failure analysis and solutions to overcome latchup failure event of a power controller
IC in bulk CMOS technology.” Microelectronics Reliability, Elsevier, Oxford, UK. © 2006 Elsevier).
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Figure 7.16 (a) Relationship between the PMOS and latchup path in the layout pattern. (b) Zoomed-in
layout pattern to show the latchup location at the neighboring circuits. (Reprinted with permission from
S.-H. Chen and Ming-Dou Ker, “Failure analysis and solutions to overcome latchup failure event of a
power controller IC in bulk CMOS technology.” Microelectronics Reliability, Elsevier, Oxford, UK. ©
2006 Elsevier).
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7.3.2 Suggested Solutions

The aforementioned practical failure returns show that any diffusion region, which is
directly connected to the I/O pad, in the internal circuits could be the unexpected
latchup trigger point to induce latchup in the internal circuits. To certainly prevent such
a latchup issue, it is an efficient solution by using the guard rings to surround the
diffusion trigger point, or by inserting the guard rings between the diffusion trigger
point and its adjacent latchup-sensitive internal circuits. The guard ring can collect the
injecting carriers coming from the I/O pad, further preventing these carriers from
escaping to induce latchup in the neighboring internal circuits. In addition, a small
current-limiting resistor can be also added between the diffusion trigger point and its
directly-connected I/O pad [16]. Such a current-limiting resistor can improve the
latchup immunity of the internal circuits by reducing the trigger current which flows
into the diffusion trigger point. However, it will induce the additional voltage drop
across itself, consequently degrading the circuit performance. Therefore, the resis-
tance of the current-limiting resistor should be optimized for efficiently improving the
latchup immunity level but without serious degradation on circuit performance.

7.4 Other Unexpected Latchup Paths in CMOS ICs

Another unexpected latchup path can go through from the power pins to the adjacent
grounded N + diffusions or N-well. The typical schematic diagram to show such a
latchup issue is illustrated in Figure 7.17. Due to the ESD protection diode (diode_1)

>

Diode_3

GND GND

Figure 7.17 Schematic diagram to show the unexpected latchup issue between the power pins and the
adjacent grounded N + diffusions or N-well.
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between the terminal rails VDD and VCC (V¢ > Vpp, Where V¢ and Vpp, are actual
voltage values), the latchup path can go through from the P+ diffusion (anode of
diode_1) connected to the Vpp pin, the N-well (cathode of diode_1) connected to Vc,
and the P-substrate connected to GND, to the grounded N + source of the NMOS
output driver (MN) in the neighboring I/O buffer, as shown in the left-hand figure.
Also, the latchup path can go through from the P+ diffusion (anode of diode_2)
connected to the Vpp pin, the N-well (cathode of diode_2) connected to V¢, and the
P-substrate connected to GND, to the N+ diffusion (cathode of diode_3) of the
neighboring ESD protection diode connected to the GND pin, as shown in the right-
hand figure.

Additionally, unexpected latchup can occur due to the existence of the ESD-
connection diodes between the separated power lines. The typical configuration
of such ESD-connection diodes between the separated power lines is shown in
Figure 7.18. Because of the existence of the ESD-connection diodes, the latchup
path can go through from the P 4 diffusion (anode of diode_A) connected to Vpp 1,
the floating N-well (cathode of diode_A), and the P-substrate connected to GND, to the
N-well (cathode of diode_B or diode_C) connected to GND_1/GND_2. Also, the
latchup path can go through from the P 4 diffusion (anode of diode_D) connected to
Vbp_ 2, the floating N-well (cathode of diode_D), and the P-substrate connected to
GND, to the N-well (cathode of diode_B or diode_C) connected to GND_1/GND_2.

Another unexpected case is the I/O-to-I/O cell interaction-induced latchup [3].
The schematic diagram of such a latchup issue is shown in Figure 7.19. The latchup

Diode_D

Diode_C

Figure 7.18 Schematic diagram of ESD-connection diodes between the separated power lines.
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Figure 7.19 Schematic diagram to show the unexpected I/O-to-1/O cell interaction-induced latchup.

path can go through from the P+ source of the PMOS output driver connected to Vpp,
the N-well connected to Vpp, and the P-substrate connected to GND, to the N + source
of the neighboring power-rail ESD clamped cell (GGNMOS). Such an 1/O-to-1/0 cell
interaction-induced latchup is difficult to detect, because the latchup rules in I/0 cells are
usually checked in unit I/O cells, but not checked in between two adjacent 1/0 cells.

To prevent the aforementioned unexpected latchup issues, one common solution is
to enlarge the anode-to-cathode spacing of these unexpected latchup paths. Together
with the insertions of additional guard rings to decouple these latchup paths, safe and
compact layout schemes for latchup prevention can be achieved.

7.5 Conclusion

In general, foundry latchup design guidelines do not cover the unexpected latchup
paths introduced in this chapter. These latchup paths can exist between two different
power domains (Vpp y-to-Vpp 1 latchup), between the power-pins and grounded
N + /N-well, and between two adjacent I/O cells. The ESD-coupled diodes between
separated power lines can also lead to the unexpected Vpp-to-Vsg latchup. In addition,
unexpected latchup can occur in internal circuits due to the direct connection between
the I/0O pads and the N 4 /P + diffusions in the internal circuits. If the power-rail ESD
clamp circuit is very close to the I1/0 pads, ESD-clamping NMOS could be unexpect-
edly turned on during the negative trigger current test, probably initiating latchup in the
nearby internal circuits.

IC designers usually neglect these unexpected latchup issues, leading to potential
latchup risks in most CMOS ICs. Many practical failure returns have proven to show
such unexpected latchup paths in CMOS ICs, and related latchup-preventing solutions
should be implemented. Enlarging the anode-to-cathode spacing together with the
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insertions of additional guard rings in these unexpected latchup-sensitive paths are
common solutions to prevent these potential latchup risks. A power-rail ESD clamp
circuit with a transistor feedback can be used to efficiently eliminate the potential
latchup danger in its nearby internal circuits. By combining these solutions with the
general foundry’s latchup design guidelines, IC designers can design latchup-robust IC
products and decrease the time to market for IC products.
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TLU Prevention in Power-Rail
ESD Clamp Circuits

Effective power-rail ESD clamp circuits have been playing an important role for whole-
chip ESD protection in the state-of-the-art CMOS ICs. These power-rail ESD clamp
circuits, however, have been found to be particularly sensitive to TLU in the system-level
ESD test. This chapter introduces several TLU issues in power-rail ESD clamp circuits
fabricated in both low-voltage (LV) and high-voltage (HV) 40-V CMOS processes. In
LV CMOS processes, although the TLU-free ESD-clamp circuit can be easily designed
by placing double guard rings to surround each MOS devices, a specific “TLU-like”
failure would still occur due to the latch-on state of the ESD-clamping NMOS in the
system-level ESD test. In HV CMOS processes, the bottleneck is that the latchup
holding voltage is generally much smaller than the HV nominal operating voltage, thus
inevitably leading to TLU risks in HV power-rail ESD clamp circuits. In addition to the
clarification of TLU-related issues in the power-rail ESD clamp circuits, the investiga-
tion and design of TLU-free power-rail ESD clamp circuits are also introduced. These
TLU-free power-rail ESD clamp circuits can guarantee robust ESD immunity without
suffering TLU or any TLU-like danger in both LV and HV CMOS ICs.

8.1 In LV CMOS ICs!

ESD protection has been one of the most important reliability issues in CMOS ICs.
ESD failures caused by thermal breakdown due to high current transient, or dielectric
breakdown in a gate oxide due to high voltage overstress, often result in immediate
malfunction of the IC chips. In order to obtain high ESD robustness, CMOS ICs must

'© 2008 IEEE. Reprinted, with permission, from Ming-Dou Ker and C.-C. Yen, Investigation and design of on-chip
power-rail ESD clamp circuits without suffering latchup-like failure during system-level ESD test (sections I-V,
figures 1, 2, 6-15, 17-19, and tables V, V1. VII, and VIII), in IEEE Journal of Solid-State Circuits, Vol. 43, no. 11,
pp. 2533-2545, Nov. 2008. IEEE, Piscataway, NJ.
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be designed with on-chip ESD protection circuits at the I/O pins and across the
power lines [1]. With the reduced breakdown voltage of the thinner gate oxide in
advanced deep-submicron CMOS processes, turn-on-efficient ESD protection circuit is
required to clamp the overstress across the gate oxide of the internal circuits. Since the
stored electrostatic charges could be either positive or negative, there are four different
ESD-testing modes at the input—output I/O pins with respect to the grounded Vpp or Vs
pins [2]. Moreover, for comprehensive ESD verification, two additional pin combina-
tions in the ESD test, which are the pin-to-pin ESD stress and the Vpp-to-Vgs ESD
stress, are performed to verify the ESD reliability of IC chips [2]. These two additional
ESD testing modes often lead to some unexpected ESD current through the I/O pins and
power lines into the internal circuits and result in ESD damage in the internal circuits [3].
Therefore, an effective power-rail ESD clamp circuit between the Vpp and Vg power
lines is necessary for whole-chip ESD protection. The typical on-chip ESD protection
design with an active power-rail ESD clamp circuit in CMOS ICs is shown in
Figure 8.1 [4]. When the input (or output) pin is discharged under the positive-to-
Vss (PS-mode) or negative-to-Vpp (ND-mode) ESD stresses, the power-rail ESD clamp
circuit can provide a low impedance path between the Vpp and Vss power lines to
efficiently discharge the ESD current. Thus, to avoid unexpected ESD damage in the
internal circuits under pin-to-pin and Vpp-to-Vsg ESD stresses, the power-rail ESD
clamp circuit must be designed with a high turn-on efficiency and a fast turn-on speed.

VDD e -

ESD- L | v, |[ESD-Transient |}

In.terr!al clamping:“— Detection |}

Circuits NMOS Circuit :
Vess e

Power-Rail ESD
Clamp Circuit

Figure 8.1 Typical on-chip ESD protection design with an active power-rail ESD clamp circuit.
(Reprinted with permission from IEEE).

In the active power-rail ESD clamp circuit, the ESD-transient detection circuit
is designed to detect the ESD event and sends a control voltage to the gate of the
ESD-clamping NMOS. Since the ESD-clamping NMOS is turned on by a positive
gate voltage rather than by snapback breakdown, the ESD-clamping NMOS can
be turned on quickly to discharge the ESD current before the internal circuits
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are damaged. Thus, the effective power-rail ESD clamp circuit is necessary for
protecting the internal circuits against ESD damage, and several modified designs
of the ESD-transient detection circuits have been reported to enhance the performance
of power-rail ESD clamp circuits [5-9].

8.1.1 Power-Rail ESD Clamp Circuits

Four different power-rail ESD clamp circuits are depicted in Figure 8.2a—d [5-9]:
(a) a power-rail ESD clamp circuit with typical RC-based detection, (b) a power-rail
ESD clamp circuit with PMOS feedback, (c) a power-rail ESD clamp circuit with
NMOS + PMOS feedback, and (d) a power-rail ESD clamp circuit with cascaded
PMOS feedback.
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Figure 8.2 Four different power-rail ESD clamp circuits designed with (a) typical RC-based detection,
(b) PMOS feedback, (¢) NMOS + PMOS feedback, and (d) cascaded PMOS feedback. (Reprinted with
permission from IEEE).
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Figure 8.2 (Continued).

8.1.1.1 Power-Rail ESD Clamp Circuit with Typical RC-Based Detection

A typical RC-based power-rail ESD clamp circuit is illustrated in Figure 8.2a with a
three-stage buffer between the RC circuit and the ESD-clamping NMOS [5]. The ESD-
clamping NMOS provides a low impedance path between Vpp and Vg to discharge
the ESD current. The ESD-transient detection circuit can detect ESD pulses with a rise
time of ~10ns and send a control voltage to the gate of the ESD-clamping NMOS.
Under the ESD stress condition, the voltage level at the Vg, node is increased much
slower than that on the Vpp power line, because the RC circuit has a time constant of
the order of microseconds (uUs). Due to the delay of the voltage increase at the V;jer
node, the three-stage buffer is powered by the ESD energy and conducts a voltage to the
Vg node to turn on the ESD-clamping NMOS. The turned-on ESD-clamping NMOS,
which provides a low-impedance path between the Vpp and Vgg power lines, clamps
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the overstress ESD voltage to effectively protect the internal circuits against ESD
damage.

The turn-on time of the ESD-clamping NMOS during ESD transition can be
adjusted by designing the RC time constant in the ESD transient detection circuit.
The turn-on time is usually designed to be around ~100ns to meet the half-energy
discharging time of the HBM ESD current. Under normal circuit operating conditions,
the power-rail ESD clamp circuit must be kept off to avoid power loss from Vpp to Vss.
The rise time of Vpp powered up is around ~1 ms or even longer in most microelec-
tronics systems. To meet such a timing requirement, the RC time constant in the
RC-based ESD-transient detection circuit is typically designed with 0.1 ~1us to
achieve the design constrains.

8.1.1.2 Power-Rail ESD Clamp Circuit with PMOS Feedback

Another design consideration for the power-rail ESD clamp circuit is the circuit
immunity to false triggering during the power-up condition. The power-rail ESD
clamp circuit should be turned on when the ESD voltage appears across the Vpp and
Vss power lines, but is kept off when the IC operates under the normal power-on
condition. To meet these requirements, the RC time constant has been usually designed
with 0.1 ~ 1 us to achieve the design constraints. However, the large RC time constant
used in the power-rail ESD clamp circuit may cause false triggering during a fast
power-up condition with a rise time of less than 10 us. The modified power-rail ESD
clamp circuit incorporated with a PMOS feedback, as shown in Figure 8.2b, was used
to mitigate such a mis-trigger problem [6]. The transistor MPFB can help to keep the
gate voltage of the ESD-clamping NMOS below its threshold voltage and further
reduce the current drawn during the power-up condition.

8.1.1.3 Power-Rail ESD Clamp Circuit with NMOS + PMOS Feedback

In advanced CMOS technology with a thinner gate oxide, the power-rail ESD clamp
circuit with a large MOS capacitance in the RC timer was reported to cause significant
stand-by power consumption due to gate oxide leakage current [7]. Thus, modified
power-rail ESD clamp circuits with a small MOS capacitance are desired for
combating the gate leakage. It was reported that a power-rail ESD clamp circuit
incorporated with a regenerative feedback network can be used to significantly reduce
the RC time constant, as illustrated in Figure 8.2c [8].

The transistors MPFB and MNFB provide a feedback loop, which can latch the
ESD-clamping NMOS in the conductive state during the ESD-stress condition. When
a fast positive-going ESD transient appears across the power rails, the MNFB can
further pull the potential of the INV2OUT node towards ground to latch the ESD-
clamping NMOS in the conductive state until the voltage on Vpp drops below
the threshold voltage of the ESD-clamping NMOS. With this feedback loop in the
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power-rail ESD clamp circuit, the dynamic currents of Mp,, My», MPFB, and MNFB
determine the critical voltage to trigger on the ESD-clamping NMOS. After the timing
out of the RC time constant in the ESD transient detection circuit, the transistor Mp,
begins to conduct and increase the potential of the INVOUT2 node. The settling
potential of the INVOUT?2 node is set by the current balance between Mp, and MNFB.
Thus, the device ratios of Mp, and MNFB in the power-rail ESD clamp circuit with a
NMOS + PMOS feedback should be appropriately selected.

8.1.1.4 Power-Rail ESD Clamp Circuit with Cascaded PMOS Feedback

Another RC-based power-rail ESD clamp circuit with cascaded PMOS feedback has
been proposed to reduce the RC time constant and to solve the false trigger issue during
fast power-up constrains, as shown in Figure 8.2d [9]. The PMOS transistor MPFB is
connected to form the cascaded feedback loop, which is a dynamic feedback design.

During the ESD-stress condition, the transistor MPFB was turned off and the voltage
on the INV20OUT node can remain in a low state. Thus, the turn-on time of the ESD-
clamping NMOS can be longer than that of the typical RC-based power-rail ESD
clamp circuit. If the ESD-clamping NMOS is mis-triggered during the fast power-up
condition or by an overvoltage under normal operating conditions, the voltage on the
INV20UT node can be charged up toward Vpp by the subthreshold current of MPFB.
Therefore, the ESD-clamping NMOS will not stay in the latch-on state and turn itself
off after the fast power-up condition. Compared with the feedback designs with a direct
PMOS feedback in Figure 8.2b, the power-rail ESD clamp circuit with a cascaded
PMOS feedback has the advantage of capacitance reduction.

8.1.2 TLU-Like Issues in LV Power-Rail ESD Clamp Circuits

IC malfunction or wrong triggering behavior due to a TLU-like issue can be
investigated among the aforementioned four different power-rail ESD clamp cir-
cuits [10]. The so-called “TLU-like” issue means that the ESD-transient detection
circuits would continually keep the ESD-clamping NMOS in a latch-on state when
suffering ESD stresses. Thus, the latch-on ESD-clamping NMOS between the Vpp and
Vss power lines in the powered-up microelectronic system causes a serious latchup-
like failure in CMOS ICs. Both the component-level TLU measurement [11] and the
system-level ESD test [12] are used to evaluate the IC susceptibility to TLU-like
issues. All of the DUTs are realized in a 0.18-um CMOS process.

8.1.2.1 Component-Level TLU Test

With the TLU measurement setup shown in Figure 2.7, the Vpp and Ipp transient
responses can be recorded by the oscilloscope, which can clearly indicate whether TLU
occurs (Ipp significantly increases) or not. The power-rail ESD clamp circuits shown in
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Figure 8.2a—d are the DUTs. The Vpp supply voltage is 1.8 V and the noise trigger
source is directly connected to the DUTs through the relay in the measurement setup.

Figure 8.3a and b show the measured Vpp and Ipp transient waveforms on the
power-rail ESD clamp circuit with NMOS + PMOS feedback under stresses with
Vharge 0f —4 Vand + 12V, respectively. After the TLU test with an initial Vioparee OF
—4V, the latchup-like failure occurs in this power-rail ESD clamp circuit, because Ipp
significantly increases and Vpp is pulled down, as shown in Figure 8.3a. Similarly,
after the TLU test with an initial Vicparee Of + 12V, latchup-like failure is also observed
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Figure 8.3 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with NMOS + PMOS
feedback in the TLU test with Vieygrge 0f (a) —4 Vand (b) + 12 V. (Reprinted with permission from IEEE).



176 Transient-Induced Latchup in CMOS Integrated Circuits

and shown in Figure 8.3b. All the PMOS and NMOS devices in the ESD-transient
detection circuits are surrounded with double guard rings to guarantee no latchup issue
in this part [13]. This implies that the feedback loop in the ESD-transient detection
circuit is locked after the TLU test and continually keeps the ESD-clamping NMOS in
a latch-on state. From the observed voltage and current waveforms, a large Ipp current
is caused by the latch-on state of the ESD-clamping NMOS after the TLU test.
For the power-rail ESD clamp circuit with a cascaded PMOS feedback, the
measured Vpp and Ipp transient responses are shown in Figure 8.4a and b in
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Figure 8.4 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with cascaded
PMOS feedback in the TLU test with Viepyege 0f (a) —120 Vaand (b) + 700 V. (Reprinted with permission
from IEEE).
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the TLU test with an initial Vieparee 0f =120 Vand + 700V, respectively. The similar
latchup-like failure also occurs in this power-rail ESD clamp circuit due to the latch-on
state of the ESD-clamping NMOS after the TLU test. The TLU levels (the minimum
voltage of Vicharge to induce the TLU-like failure on Vpp) among the aforementioned
four different power-rail ESD clamp circuits are listed in Table 8.1.

Table 8.1 Comparison of theTLU levels among four different power-rail ESD clamp
circuits in the TLU test. (Reprinted with permission from IEEE).

Power-rail ESD clamp circuits Positive TLU level Negative TLU level
Typical RC-based detection >4+ 1kV >—1kV
With PMOS feedback >+ 1kV >—1kV
With NMOS + PMOS feedback +12V —4V

With a cascaded PMOS feedback + 700V —120V

8.1.2.2 System-Level ESD Test

With the system-level ESD measurement setup shown in Figure 8.5, the susceptibility
of different power-rail ESD clamp circuits to the system-level ESD stresses can be
evaluated. The stand alone power-rail ESD clamp circuit in the IC package is the DUT
and is powered up with a DC power supply of 1.8 V. Before any ESD discharging, the
initial Vpp voltage level on the IC is measured to make sure of the correct bias of 1.8 V.
After every ESD discharging, the voltage level on the Vpp node of the IC is measured
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Insulation Plane
/

Power Supply—

o [ ESD Gun

sssasssmsnnnaPqesnannnnnnd
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Figure 8.5 Measurement setup for the system-level ESD test in the indirect contact-discharge test mode
to evaluate the susceptibility of power-rail ESD clamp circuits. (Reprinted with permission from IEEE).
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again to observe whether TLU-like failure occurs after the system-level ESD test, or
not. If TLU-like failure occurs, the potential on the Vpp node will be pulled down to a
much lower level due to the latch-on state of the ESD-clamping NMOS in the power-
rail ESD clamp circuits, and Ipp will be significantly increased.

Figure 8.6a and b show the measured Vpp and Ipp transient responses on the power-
rail ESD clamp circuit with typical RC-based detection when the ESD gun with an
ESD voltage of —10kV and + 10kV discharges on the HCP, respectively. After the
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Figure 8.6 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with a typical RC-
based detection in the system-level ESD test with an ESD voltage of (a) —10kV and (b) + 10kV.
(Reprinted with permission from IEEE).
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system-level ESD test with an ESD voltage of —10 kV, TLU-like failure is not initiated
in this power-rail ESD clamp circuit, because Ipp is still kept at zero, as shown in
Figure 8.6a. Similarly, with an ESD voltage of + 10kV, TLU-like failure is not
observed in Figure 8.6b. In the system-level ESD test with an ESD voltage of —10kV
and + 10kV, the measured Vpp and Ipp transient waveforms on the power-rail ESD
clamp circuit with PMOS feedback are shown in Figure 8.7a and b, respectively. In the
system-level ESD test with an ESD voltage of —10kV (+ 10kV), TLU-like failure
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Figure 8.7 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with PMOS
feedback in the system-level ESD test with an ESD voltage of (a) —10kV and (b) 4 10kV. (Reprinted
with permission from IEEE).
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does not occur because Ipp is not increased, as shown in Figure 8.7a and b. For the
power-rail ESD clamp circuits with typical RC-based detection or PMOS feedback,
TLU-like failure does not occur even though the ESD voltage is as high as —10kV or
+ 10kV in the system-level ESD test.

Figure 8.8a and b show the measured Vpp and Ipp transient responses on the power-
rail ESD clamp circuit with NMOS + PMOS feedback in the system-level ESD test
with ESD voltages of —0.2kVand + 2.5kV, respectively. After the system-level ESD
test with an ESD voltage of —0.2kV, TLU-like failure can be initiated in this power-
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Figure 8.8 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with NMOS +
PMOS feedback in the system-level ESD test with an ESD voltage of (a) —0.2kV and (b) +2.5kV.

(Reprinted with permission from IEEE).
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rail ESD clamp circuit, because Ipp is significantly increased and Vpp is pulled down
as shown in Figure 8.8a. After the system-level ESD test with an ESD voltage of
+ 2.5kV, TLU-like failure can be also found in Figure 8.8b. For the power-rail ESD
clamp circuit with cascaded PMOS feedback, the measured Vpp and Ipp transient
responses are shown in Figure 8.9a and b in the system-level ESD test with ESD
voltages of —1kVand + 10kV, respectively. A similar TLU-like failure also occurs in
this power-rail ESD clamp circuit due to the latch-on state of the ESD-clamping
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Figure 8.9 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with cascaded
PMOS feedback in the system-level ESD test with an ESD voltage of (a) —1kV and (b) + 10kV.
(Reprinted with permission from IEEE).
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NMOS in the system-level ESD test with an ESD voltage of —1kV, as shown in
Figure 8.9a.

The susceptibility among the aforementioned four different power-rail ESD clamp
circuits to the system-level ESD tests are listed in Table 8.2. The power-rail ESD clamp
circuits with NMOS + PMOS feedback or with cascaded PMOS feedback have a lower
ESD voltage level to cause TLU-like failure in the system-level ESD test. Such
measured results are consistent with those of the TLU measurements shown in Table 8.1.
Thus, the power-rail ESD clamp circuit designed with NMOS + PMOS feedback is
highly sensitive to TLU-like failure. However, the typical power-rail ESD clamp circuits
with RC-based detection and with PMOS feedback are free to such a TLU-like failure.

Table 8.2 Comparison of the susceptibility among four different power-rail ESD clamp
circuits in the system-level ESD test. (Reprinted with permission from IEEE).

Power-rail ESD clamp circuits Positive ESD stress Negative ESD stress
Typical RC-based detection >4 10kV >—10kV
With PMOS feedback > +10kV >—-10kV
With NMOS + PMOS feedback +2.5kV —0.2kV
With a cascaded PMOS feedback >4+ 10kV —-1kV

The failure location after the system-level ESD test has been inspected, as shown in
Figure 8.10. Obviously, the failure location is located at the Vpp metal line from the
Vbp pad to the power-rail ESD clamp circuit, which was drawn with a metal width of

Failure
Location

P &=

Figure 8.10 Failure location of the power-rail ESD clamp circuit after system-level ESD stress.
(Reprinted with permission from IEEE).
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30 wm. It can be proved again that TLU-like failure is caused by the latch-on state of the
ESD-clamping NMOS in the system-level ESD test.

8.1.3 Design of TLU-Free Power-Rail ESD Clamp Circuits

From the above examples, some ESD-transient detection circuits designed with a
feedback loop in the power-rail ESD clamp circuits would malfunction due to a latch-
on ESD-clamping NMOS after the system-level ESD test. The latch-on ESD-clamping
NMOS between the Vpp and Vsg power lines in the powered-up microelectronic
system causes a serious latchup-like failure in CMOS ICs. In order to meet the
electromagnetic compatibility regulation in the system-level ESD test, modified
power-rail ESD clamp circuits without suffering TLU-like failure are highly desirable.
In order to avoid such a TLU-like failure, it could be useful to reduce the latch strength
of the feedback loop in the ESD-transient detection circuit by suitable device
dimension sizing. Additionally, another power-rail ESD clamp circuit is introduced
to provide a high enough chip-level ESD robustness without suffering TLU-like failure
during the system-level ESD test.

Figure 8.11 shows the power-rail ESD clamp circuit with a NMOS reset function to
overcome TLU-like failure, which is realized with NMOS + PMOS feedback and an
additional NMOS device (Mygr1) to provide the reset function after system-level ESD
stresses. After the system-level ESD tests, the potential on the Vi, node is charged
toward the voltage potential on Vpp. When the potential at the Vg, node is greater
than the threshold voltage of Mg, Mngr; can be turned on to pull down V. If TLU-
like failure occurs, that is, the ESD-clamping NMOS is latched-on, the NMOS device
(Myr1) will be turned on after the time out of the RC time constant. Thus, the gate
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Figure 8.11 The power-rail ESD clamp circuit with an NMOS reset function to overcome TLU-like
failure. (Reprinted with permission from IEEE).
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potential of the ESD-clamping NMOS will be pulled down toward 0 V to turn off the
ESD-clamping NMOS and release the “latch-on” state.

Figure 8.12 shows the simulated transient responses on V voltages of the power-rail
ESD clamp circuit with NMOS + PMOS feedback. The voltage on Vpp is 1.8 V and
the initial voltage on Vg is set to 1.8 V to simulate the “latch-on” state of the ESD-
clamping NMOS after system-level ESD tests. With an initial voltage of 1.8 V, the Vg
voltage of the power-rail ESD clamp circuit without the NMOS reset function
continues to keep at 1.8 V. However, with the help of the NMOS reset function, the
Vi voltage of the power-rail ESD clamp circuit can be pulled down to 0V to release
the “latch-on” state of the ESD-clamping NMOS.

2.0 :/Inilial\f'u=1.ﬂ\."
o
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== With NMOS Reset Function

= 1.2 (width of M__ =24um)
e | =—O=—With NMOS Reset Function
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R G,
08 -
04

1 1

0 100 200 300 400 500 600 700 800
Time (100ns/div.)

Figure 8.12 Simulated V voltage waveforms of the power-rail ESD clamp circuit with an NMOS
reset function. Vg can be pulled down to OV to release the TLU-like latch-on state of the ESD-clamping
NMOS. (Reprinted with permission from IEEE).

In addition to the circuit simulation, experimental verification can also prove the
existence of the desired circuit functions of the power-rail ESD clamp circuit with the
NMOS reset function. Through the turn-on verification, the component-level TLU test,
and the system-level ESD test, the power-rail ESD clamp circuit with the NMOS reset
function can be verified as an efficient solution to prevent possible TLU-like danger in
the system-level ESD test.

8.1.3.1 Turn-On Verification

To verify the ESD-transient detection function of the power-rail ESD clamp circuit
with the NMOS reset function, a voltage pulse generated from a pulse generator is used
to simulate the rising edge of the HBM ESD pulse, which has a square-type voltage
waveform with a rise time of about 10 ns. When the voltage pulse is applied to the Vpp
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power line with Vg grounded, the sharp-rising edge of the ESD-like voltage pulse will
trigger on the ESD-clamping NMOS to provide a low-impedance path between the
Vbp and Vsg power lines. Due to the limited driving current of the pulse generator,
the voltage on the Vpp power line will be degraded by the turned-on ESD-clamping
NMOS. The voltage waveform on the Vpp power line of the power-rail ESD clamp
circuit with the NMOS reset function is shown in Figure 8.13a, where a voltage pulse
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Figure 8.13 Measured voltage waveforms on the power-rail ESD clamp circuit with an NMOS reset
function in (a) the ESD-stress condition and (b) the power-on condition. (Reprinted with permission from
IEEE).
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with a pulse height of 5 Vand a pulse width of 1000 ns is applied to the Vpp power line.
The voltage waveform is degraded at the rising edge because the ESD-clamping
NMOS is simultaneously turned-on when the ESD-like voltage pulse is applied to the
Vbp power line. The voltage degradation is dependent on the turned-on resistance of
the ESD-clamping NMOS and the output resistance (typically, 50 ohm) of the pulse
generator. A larger device dimension of the ESD-clamping NMOS leads to a more
serious degradation on the voltage waveform. When the Vi, node is charged up to
the threshold voltage of inverterl (formed by Mp, and My in Figure 8.11), the ESD-
clamping NMOS will be turned off and the voltage waveform will be restored to the
original voltage level. In Figure 8.13a, the applied 5-V voltage pulse has a recovery
time of about 400 ns, which corresponds to the turn-on time of the ESD-clamping
NMOS.

To verify the action of the power-rail ESD clamp circuit with the NMOS reset
function under normal power-on conditions, an experimental setup is shown in the
inset figure of Figure 8.13b. A ramp voltage with a rise time of 0.1 ms and a magnitude
of 1.8V is applied to the Vpp power line with the Vss power line grounded to
simulate the power-on condition. The measured voltage waveform on the Vpp power
line is shown in Figure 8.13b, where the voltage waveform still remains as a ramp
voltage without degradation. Thus, the ESD-clamping NMOS in the power-rail ESD
clamp circuit with the NMOS reset function is verified to remain off while the IC is in
the power-on condition.

8.1.3.2 TLU Immunity

With the TLU measurement setup shown in Figure 2.7, the measured Vpp and Ipp
responses on the power-rail ESD clamp circuit with Viopgree 0f —1kVand + 1kVare
shown in Figure 8.14a and b, respectively. With a negative (positive) Vicparge Of —1kV
(+ 1kV), TLU-like failure does not occur in Figure 8.14a and b because Ipp is not
significantly increased and Vpp is not pulled down. The TLU levels of the power-rail
ESD clamp circuit with the NMOS reset function and the original power-rail ESD
clamp circuit with NMOS + PMOS feedback are listed in Table 8.3. TLU-like failure
does not occur in the power-rail ESD clamp circuit with a NMOS reset function after
TLU tests with an ESD voltage of up to —1kV and + 1kV.

8.1.3.3 System-Level ESD Susceptibility

The measured Vpp and Ipp responses on the power-rail ESD clamp circuit with a
NMOS reset function in the system-level ESD tests with ESD voltages of —10kV
and + 10kV are shown in Figures 8.15a and b, respectively. With a negative (positive)
ESD voltage of —10kV (+ 10kV), TLU-like failure does not occur in Figure 8.15a
and b because the Ipp is not significantly increased and Vpp is not pulled down.
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Figure 8.14 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with an NMOS
reset function in the TLU test with Vieparge 0f (a) —1kVand (b) + 1kV. No TLU-like failure occurs in the
TLU test. (Reprinted with permission from IEEE).

Table 8.3 Comparison of the TLU levels between the power-rail ESD clamp circuit with a NMOS reset
function and the original power-rail ESD clamp circuit with NMOS + PMOS feedback. (Reprinted with

permission from IEEE).

Power-rail ESD clamp circuits

Positive TLU level

Negative TLU level

With NMOS + PMOS feedback and NMOS

reset function

With NMOS + PMOS feedback (original)

>+ 1kV

+12V
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The susceptibility of the power-rail ESD clamp circuit with a NMOS reset function
and the original power-rail ESD clamp circuit with NMOS + PMOS feedback against
the system-level ESD test are compared in Table 8.4. In the same way as the TLU test,
the power-rail ESD clamp circuit with a NMOS reset function is found to be immune to
TLU-like danger in the system-level ESD test, even though the ESD stress is as high as
—10kV and 4 10kV.
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Figure8.15 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with an NMOS reset
function in the system-level ESD test with an ESD voltage of (a) —10kVand (b) + 10kV. No TLU-like
failure occurs in the system-level ESD test. (Reprinted with permission from IEEE).
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Table 8.4 Comparison of the susceptibility between the power-rail ESD clamp circuit with a
NMOS reset function and the original power-rail ESD clamp circuit with NMOS + PMOS
feedback in the system-level ESD test. (Reprinted with permission from IEEE).

Power-rail ESD clamp circuits Positive ESD stress Negative ESD stress
With NMOS + PMOS feedback and NMOS >+ 10kV > —10kV

reset function
With NMOS + PMOS feedback (original) +2.5kV —0.2kV

8.2 In HV CMOS ICs?

High-voltage transistors in smart power technologies have been extensively used for
display driver ICs, power supplies, power management, and automotive electronics.
ESD reliability is an important issue for high-voltage transistors with applications in
these products. In smart power technology, high-voltage MOSFET, SCR, and bipolar
junction transistors had been used as on-chip ESD protection devices [14—19]. Those
works mainly focused on analyzing and improving ESD robustness of the ESD
protection devices in high-voltage CMOS processes. In addition to ESD robustness in
HV ICs, latchup issues are also significant and need to be carefully considered,
especially when the devices are used in power-rail ESD clamp circuits.

HV CMOS technology has been widely used in driver ICs to control the display of
liquid crystal display (LCD) panels. Figure 8.16 shows the typical ESD protection
scheme for LCD driver ICs (typically, a gate driver with 40V, and source driver with
12V, for a 14.1-inch notebook LCD panel). The output buffers (Mp and My) are
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Figure 8.16 The typical ESD protection scheme for LCD driver ICs. (Reprinted with permission from
IEEE).

2© 2005 IEEE. Reprinted, with permission, from Ming-Dou Ker and K.-H. Lin, The impact of low-holding-voltage
issue in high-voltage CMOS technology and the design of latchup-free power-rail ESD clamp circuit for LCD driver
ICs (sections I-111 and figures 1, 3—6, and 8-17), in IEEE Journal of Solid-State Circuits, Vol. 40, no. 8, pp. 1751-1759,
Aug. 2005. IEEE, Piscataway, NJ.
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controlled by the input control circuits through the level-shifter circuits. The diodes
D1 —D4 are used as on-chip ESD protection devices for the input and output pads. For
the purpose of avoiding the unexpected ESD damage in the internal circuits of CMOS
ICs, the turn-on-efficient power-rail ESD clamp circuit was placed between the Vpp
and VSS power rails [4]. The ESD current at the output pad under positive-to-Vsg ESD
stress can be discharged through the diode D1 to the Vpp_HV power line, and then
discharged through the power-rail ESD clamp circuit from the Vpp_HV power line to
the grounded Vgs power line, as shown by the dashed line in Figure 8.16. Consequently,
the traditional I/O circuits cooperating with the power-rail ESD clamp circuit can
achieve a much higher ESD level. When the ESD protection device is used in the
power-rail ESD clamp circuit, the device is expected to be kept off in the normal circuit
operating condition. During the ESD stress conditions, the ESD protection device
should be triggered on to discharge the ESD current. If the holding voltage of the ESD
protection device in the power-rail ESD clamp circuit is smaller than the power supply
voltage, the ESD device may be triggered on by the system-level EMC/ESD transient
pulses to cause “TLU” or “TLU-like” failure in CMOS ICs. This phenomenon often
leads to IC function failure or even destruction by burning out [20, 21].

8.2.1 High-Voltage ESD Protection Devices
8.2.1.1 TLP I-V Characteristics

The lateral diffused MOS (LDMOS) device, SCR device, and field-oxide (FOD) device
are three general ESD protection devices in an HV CMOS process. To investigate the
turn-on behaviors of such ESD protection devices during high ESD current stress, a
transmission line pulse (TLP) generator [22] with a pulse width of 100 ns and arise time of
~10ns is used to measure the “snapback” I-V curves of the devices. The cross-sectional
views and the TLP-measured [-V characteristics of a high-voltage gate-grounded
NMOS (GGNMOS) device, an SCR device, an FOD device, and a gate-Vpp PMOS
(GDPMOS) are shown in Figures 8.17-8.20, respectively. These DUTs are fabricated in a
0.25-um 40-V CMOS process, and the layout parameters of such ESD protection devices
are drawn according to the foundry’s ESD rules with a silicide-blocking mask.

For the high-voltage GGNMOS device shown in Figure 8.17a, a “‘double-snapback”
characteristic can be found. As shown in Figure 8.17b, after the first TLP-trigger voltage
at27.2'V (52 Vin DC), the device “snaps back” to 23 V, from where the voltage strongly
increases again. Then, the device goes into the second “snapback”, and the voltage drops
to only ~7 V. The turn-on resistance of the first “snapback’ state is much larger than that
of the second “snapback” state. The “double-snapback” characteristic of the GGNMOS
device is related to the turn-on behavior of the parasitic bipolar transistor and the
occurrence of the “Kirk effect” (base push-out effect) [23, 24]. The second breakdown
current (It2) of a GGNMOS device with a 200-um channel width is 2.7 A. For the high-
voltage SCR device in Figure 8.18a, characteristics of a very low holding voltage and a
high ESD robustness can be found. As shown in Figure 8.18b, the holding voltage of the
SCR device is only ~4 V and the It2 current of the SCR device with a 200-um width is
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Figure 8.17  (a) Cross-sectional view, and (b) TLP-measured /-V characteristics, of a high-voltage
gate-grounded NMOS (GGNMOS) device fabricated in a 0.25-um 40-V CMOS process. (Reprinted with
permission from IEEE).

over 6 A. For the high-voltage FOD device structure shown in Figure 8.19a, the device is
isolated by the N+ buried layer (NBL) from the common P-type substrate. The emitter
diffusion is enclosed by the collector diffusion, while the base diffusion is inserted
between the emitter diffusion and collector diffusion in the layout structure. The spacing
from the collector diffusion to the emitter diffusion of the FOD device is 6 um in the
DUT. As shown in Figure 8.19b, the TLP-trigger voltage is 19.7V (50 V in DC), and
the holding voltage is ~16 V. The It2 current of the FOD device with a 200-um width
is 0.5 A. The difference on the trigger voltages of the device measured by DC (HP4155)
and TLP is caused by the transient-coupling effect (dV/dz transient) through the parasitic
capacitance in the drain/bulk junction of the device. The TLP is designed with a rise time
of 10 ns to simulate the human-body-model (HBM) ESD event [2]. The dV/d¢ transient
voltage at the discharging node can generate the displacement current to turn on the
parasitic bipolar transistor of the device without involving avalanche breakdown.
Therefore, the trigger voltage of the device is lower in the TLP measurement.
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Figure 8.18  (a) Cross-sectional view, and (b) TLP-measured -V characteristics, of a high-voltage
silicon controlled rectifier (SCR) device fabricated in a 0.25-um 40-V CMOS process. (Reprinted with
permission from IEEE).

For the high-voltage GDPMOS device shown in Figure 8.20a, no “snapback”
characteristic is found. The holding voltage of the device is larger than the supply
voltage of 40 V. Due to the inefficient parasitic PNP bipolar action, the It2 current of
the GDPMOS device with a 200-um channel width is only 0.06 A, as shown in
Figure 8.20b. Therefore, GDPMOS is not suitable for on-chip ESD protection devices
in high-voltage CMOS ICs due to poor ESD robustness.

8.2.1.2 TLU Test

The TLU test is used to investigate the susceptibility of the ESD protection devices
to the noise transient or glitch on the power lines during the normal circuit operating
condition. The measurement setup for the TLU test is shown in Figure 2.7. A supply
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Figure 8.19 (a) Cross-sectional view, and (b) TLP-measured /-V characteristics, of a high-voltage field-
oxide device (FOD) fabricated in a 0.25-um 40-V CMOS process. (Reprinted with permission from IEEE).

voltage of 40 V was used to bias the device as the normal circuit operating condition.
The measured voltage waveforms on high-voltage GGNMOS devices, SCR devices,
and FOD devices in the TLU test are shown in Figures 8.21-8.23, respectively.
The devices are initially kept off before the transient trigger, and therefore the
voltage waveforms are initially kept at 40 V. After the transient trigger, the “snapback”
characteristic in the device can be triggered on to generate a low-holding-voltage state.
The clamped voltage level of the devices in the “snapback” breakdown condition is
consistent with the holding voltage measured by TLP stress. In Figure 8.21, the
clamped voltage level of a high-voltage GGNMOS device is ~7 V due to the transient
triggering with the capacitor charging voltage of 55V. The GGNMOS device is
triggered into the second snapback state directly by the transient pulse. If such a high-
voltage NMOSFET is used in the power-rail ESD clamp circuit, the TLU-like issue
between the power rails will occur, when the high-voltage NMOSFET is triggered on
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Figure 8.20  (a) Cross-sectional view, and (b) TLP-measured /-V characteristics, of a high-voltage
gate-Vpp PMOS (GDPMOS) device fabricated in a 0.25-um 40-V CMOS process. (Reprinted with
permission from IEEE).

by the noise transient on the power lines. In Figure 8.22, the clamped voltage level of a
high-voltage SCR device is only ~4 V due to the transient triggering with the capacitor
charging voltage of only 44 V. Although a SCR device has the advantage of high ESD
robustness, the latchup issue in high-voltage CMOS ICs becomes worse. Figure 8.23a
and b show the measured voltage waveforms of a high-voltage FOD device in the TLU
test with positive and negative charging voltages, respectively. Both the positive and
negative charging voltages can trigger the FOD device into the latch state. The clamped
voltage level of the FOD device is ~16V due to the transient triggering with a
capacitor charging voltage of 47V or —10 V. For a negative charging voltage, the
parasitic N-well/P-substrate junction between the power rails may be turned on
initially, but it is turned off quickly due to the transient ringing voltage waveform.
Finally, the FOD device is triggered into the holding state. The TLU-like issue is a
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concern with the use of a single FOD device as the power-rail ESD clamp in high-

voltage CMOS ICs.

From the power dissipation view, a device with a lower holding voltage is helpful for
sustaining a much higher ESD current. However, TLU may be triggered on by the noise
transient or glitch on the power lines during normal circuit operating conditions,
especially in the system-level EMC/ESD discharging test. If the holding voltages of
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Figure 8.22 The measured voltage waveform on the high-voltage SCR device in the TLU test

(Y-axis = 10 V/div., X-axis = 100 ns/div.). (Reprinted with permission from IEEE).
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Figure8.23 The measured voltage waveforms on the high-voltage FOD device in the TLU test with (a) a
positive charging voltage, and (b) a negative charging voltage (Y-axis = 10 V/div., X-axis = 100 ns/div.).
(Reprinted with permission from IEEE).

high-voltage ESD protection devices are smaller than the power supply voltages in
normal circuit operating conditions, high-voltage CMOS ICs will be susceptible to
TLU or TLU-like danger in system applications, which often encounter such issues as
noise or transient glitches.
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8.2.2 Design of TLU-Free Power-Rail ESD Clamp Circuits

NMOS and SCR devices have a higher It2 than that of the FOD device, but their
holding voltages (~7 V in an NMOS, ~4V in a SCR) are far away from the 40-V
operating voltage level. Such ESD protection devices with a low holding voltage in
power-rail ESD clamp circuits will cause serious TLU failure to high-voltage CMOS
ICs. To overcome the TLU or TLU-like issue between the power rails in high-voltage
CMOS ICs during the normal circuit operating condition, a new stacked-field-oxide
structure can be designed to increase the total holding voltage. The layout top view
with the corresponding schematic diagram and the cross-sectional view of the stacked-
field-oxide structure with two cascaded FOD devices fabricated in a 0.25-um 40-V
CMOS process are shown in Figure 8.24a and b, respectively. The layout area of the
stacked-field-oxide structure with a device width of 200 um for each FOD device is
150 x 60 pm.

8.2.2.1 ESD Robustness

The measurement setup of a single high-voltage FOD device and a stacked-field-oxide
structure under TLP stress is shown in Figure 8.25a. The TLP-measured -V char-
acteristics of these devices with different device widths are compared in Figure 8.25b.
The holding voltage of the stacked-field-oxide structure in the “snapback’ region is
double that of a single FOD device. It’s important to note that each FOD device in a
stacked-field-oxide structure is isolated by the NBL from the common P-type
substrate. The turn-on current can flow through the cascaded parasitic bipolar transistor
of each FOD device and the accumulation property in holding voltage for the stacked-
field-oxide structure can be achieved. Therefore, the holding voltage of a stacked-field-
oxide structure can be linearly increased by increasing the number of cascaded FOD
devices. The It2 currents of a single FOD device and the stacked-field-oxide structure
as a function of device channel width are compared in Figure 8.26. The It2 current of
the stacked-field-oxide structure is linearly increased while the device channel width
increases. In addition, the It2 current of the stacked-field-oxide structure is only
slightly degraded when compared with that of a single FOD device. The relation
between It2 and the HBM ESD level, Vggp, can be approximated as follows:

VEsp = (1500+R0N) x It2 (81)

where Roy is the dynamic turn-on resistance of the DUT. From Figure 8.26, the
stacked-field-oxide structure with a device width of ~650 um for each FOD device can
sustain the typical 2-kV (It2 of ~1.33 A) HBM ESD stress. To meet the specified ESD
level of driver ICs, this can be achieved by adjusting the device width of the stacked-
field-oxide devices.

To investigate the temperature-dependent behavior of the stacked-field-oxide
structure, the TLP-measured /-V characteristics of the stacked-field-oxide structure
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Figure8.24  (a) The layout view with the corresponding schematic diagram, and (b) the cross-sectional
view, of the stacked-field-oxide structure with two cascaded FOD devices. Each FOD device in the
stacked-field-oxide structure is isolated by the N+ buried layer (NBL) from the common P-type
substrate. The metal connections between the FOD devices are not shown. (Reprinted with permission
from IEEE).

under different temperatures (25, 75, and 125 °C) are compared in Figure 8.27. No
significant difference on the holding voltage of the stacked-field-oxide structure is
observed when the temperature increases. Therefore, the holding voltage of the
stacked-field-oxide structure can be successfully controlled by the cascaded FOD
devices, even at high temperatures.

During the ESD stress condition, the ESD clamp device should turn on quickly to
bypass the ESD current, before the internal circuits are damaged by the ESD
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Figure8.25 (a) The measurement setup of a single high-voltage FOD device and a stacked-field-oxide
structure under TLP stress. (b) The TLP-measured /-V characteristics of these devices with different
device widths. W1 is the channel width of FOD1, and W2 is the channel width of FOD2. (Reprinted with

permission from IEEE).

energy. From Figure 8.25, the trigger voltage of the stacked-field-oxide structure is
increased as compared with that of a single FOD device. The substrate-triggered
technique [25-28] can be applied to lower the trigger voltage of the device to ensure
effective ESD protection. The TLP-measured /-V curves of the stacked-field-oxide
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Figure8.27 The holding voltage of the stacked-field-oxide structure (two cascaded FOD devices) under
different temperatures measured by TLP. (Reprinted with permission from IEEE).

structure with different substrate-triggered currents (I,) are shown in Figure 8.28.
The trigger voltage of the stacked-field-oxide structure is obviously decreased when
the substrate-triggered current is applied. The trigger voltage can be reduced to only
17 V when the substrate-triggered current is 10 mA. Therefore, the trigger voltage of
the stacked-field-oxide structure can be effectively reduced to be lower than the
breakdown voltage of the internal circuits by the substrate-triggered technique.
Moreover, the It2 level of the stacked-field-oxide structure with a substrate-triggered
current can be improved.
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Figure 8.28 The TLP-measured /-V curves of the stacked-field-oxide structure with different substrate-
triggered currents. (Reprinted with permission from IEEE).

8.2.2.2 TLU Immunity

The measured voltage waveforms of the stacked-field-oxide structure in the TLU test
with transient triggering of the positive and negative charging voltages are shown in
Figure 8.29a and b, respectively. The stacked-field-oxide structure is triggered on due
to transient triggering with capacitor charging voltages of 80V or —50 V. But, the
clamped voltage waveform quickly comes back to the original supply voltage level of
40V, without keeping in the latch state after triggering. This is consistent with the TLP-
measured /-V curves shown in Figure 8.25b. The total holding voltage of the stacked-
field-oxide structure with two cascaded FOD devices is near the supply voltage of 40 V.
After the stacked-field-oxide structure is triggered on during the TLU test, the clamped
voltage level can quickly restore to the supply voltage. Therefore, no TLU or TLU-like
issue occurs. In addition, a higher charging voltage is needed to trigger on the stacked-
field-oxide structure during the TLU test. Therefore, the TLU immunity of stacked-
field-oxide structure to the noise transient on the power lines in high-voltage CMOS
ICs can be significantly improved.

8.2.2.3 Latchup-Free Power-Rail ESD Clamp Circuits

The power-rail ESD clamp circuits with two cascaded FOD devices and three cascaded
FOD devices in high-voltage CMOS ICs are shown in Figure 8.30a and b, respectively.
Each FOD device in the stacked-field-oxide structure is isolated by the NBL from the
common P-type substrate. With two cascaded FOD devices as shown in Figure 8.30a,
the total holding voltage of the stacked-field-oxide structure in the “snapback” region
is double that of a single FOD device. The TLU immunity of the power-rail ESD clamp
circuit to the noise transient during normal circuit operating conditions can be highly
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Figure 8.29 The measured voltage waveforms on the stacked-field-oxide structure in the TLU test with
(a) positive charging voltage, and (b) negative charging voltage (Y-axis = 10 V/div., X-axis = 100 ns/div.).
(Reprinted with permission from IEEE).

improved. With the three cascaded FOD devices shown in Figure 8.30b, the total
holding voltage of the stacked-field-oxide structure can be designed to be higher than
the supply voltage. The blocking diodes (Db) are used to block the current flowing
through the metals connected between the trigger nodes (base nodes) of the stacked
FOD devices [29]. Therefore, the unexpected current path can be avoided and the
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Figure 8.30 The power-rail ESD clamp circuits in high-voltage CMOS ICs with (a) two cascaded FOD
devices, and (b) three cascaded FOD devices. The blocking diodes Db are used to block the current flowing
through the metals connected among the trigger nodes (base nodes) of the stacked FOD devices [29].
(Reprinted with permission from IEEE).

accumulation property in the holding voltage for the three cascaded FOD devices can
be achieved. In addition, if the total holding voltage of the stacked structure can be
designed to be higher than the supply voltage, the FOD3 in Figure 8.30b can be even
replaced by other types of ESD device. By adjusting different numbers or even
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different types of the stacked ESD devices (NMOS, SCR, or FOD) in the power-rail
ESD clamp circuits, the total holding voltage of the stacked structure can be designed
to be higher than the supply voltage. With a total holding voltage of the stacked
structure higher than the supply voltage, the TLU or TLU-like issue will not occur even
though the stacked structure is mis-triggered by the noise transient or glitch on the
power lines during a normal circuit operating condition. Therefore, the TLU issue can
be successfully overcome without modifying the high-voltage CMOS process. To
provide effective ESD protection for the internal circuits during ESD stress, the
substrate-triggered technique can be achieved by the RC-based ESD detection
circuit [25]. The RC-based ESD detection circuit can detect the ESD pulse to provide
trigger current into the stacked structure, and then the stacked structure can turn on
quickly to discharge the ESD current.

8.3 Conclusion

With continually progressing CMOS technologies, ESD robustness is always the
major concern when designing the power-rail ESD clamp circuits. However, TLU or
TLU-like issues are usually overlooked and most probably lead to IC malfunction or
damage in field applications. Moreover, the strictly demanded EMC regulations have
made TLU or TLU-like issue a significant reliability concern in electronic products.

InLV CMOS ICs, it is generally believed that latchup is no longer a major reliability
concern due to the continually shrinking nominal operating voltages of ICs. Once the
layout schemes are carefully arranged with guard ring protection in the latchup-
sensitive parts, the latchup holding voltage could always be enhanced higher than such
small operating voltage, resulting in latchup not happening anymore. In the advanced
LV power-rail ESD clamp circuits, however, a “TLU-like” risk could still lead to IC
malfunction or damage if the regenerative feedback network is used to reduce the RC
time constant and stand-by power consumption. With experimental verification and
failure analysis, such a TLU-like issue results from the continually turn-on ESD-
clamping NMOS after the system-level ESD stress. Therefore, a regenerative feedback
network incorporated with a carefully-designed device size or NMOS reset function is
necessary to solve the TLU-like issue.

In contrast to LV CMOS ICs, HV CMOS ICs are usually sensitive to latchup due to
amuch higher nominal operating voltage, even if the double guard rings are equipped
in the HV latchup-sensitive parts. Thus, in the HV power-rail ESD clamp circuits,
TLU could easily be initiated by a noise transient or glitch on the power lines during
normal circuit operating conditions. The stacking structures of HV ESD protection
devices can avoid the potential TLU risk by increasing the latchup holding voltage to
be higher than the IC operating voltage. Although the ESD robustness would be
somewhat degraded in stacking ESD protection devices, a properly enlarged device
size or substrate-triggered technique can be used to enhance the ESD robustness
without suffering TLU risk.
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Summary

9.1 TLU in CMOS ICs

In the system-level ESD test or EFT test, more and more failure returns indicated that
TLU issues are the major reasons. As electronic products are subjected to increasingly
tight requirements of the EMC specifications, TLU issues continue to play an
important failure mechanism throughout the ICs industry. As the technology feature
sizes continually scale down to the nanometer regime, the aggressively decreasing
anode-to-cathode spacing of the parasitic SCR leads the CMOS ICs to be very
susceptible to TLU. Specifically, state-of-the-art IC design trends or process technol-
ogies, such as mixed signals, SOC, RF, scaling of trench isolation, and usage of low-
doped substrates, also drive TLU to be a major reliability issue in CMOS ICs.
Consumer electronic products that are usually carried with humans, such as cell
phones, personal digital assistants (PDAs), digital cameras, thumb disks, and so on, are
specifically demanded to be robust in the system-level ESD test or EFT test. Much
stricter requirements than those specified in the IEC standard are strongly requested for
CMOS ICs used in such consumer electronic products. Therefore, experimental
methodologies for TLU characterization, as well as efficient protection designs against
TLU are necessary for the ICs industry.

The underdamped sinusoidal (bipolar) voltage stimulus on the power or ground pins
of CMOS ICs has been clarified as the practical TLU-triggering stimuli in the system-
level ESD test. Such a bipolar trigger can generate the sweep-back current, which is
also found in the EFT test, to activate the parasitic SCR into the latchup state.
Therefore, compared with the component-level TLU measurement setup with a
negative-going rectangular voltage pulse as specified in TLU standard practice, the
component-level TLU measurement setup with a bipolar trigger voltage source is
preferable to evaluate the TLU robustness of CMOS ICs. In this measurement setup
with a bipolar trigger, two common discrete components used in the measurement
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setup — the current-blocking diode and current-limiting resistor, have been found to
have adverse impacts on TLU characterization. Measurement setups equipped with a
current-blocking diode or a current-limiting resistor can fail to produce the intended
bipolar trigger or can attenuate the amplitude of a bipolar trigger, leading to the over
estimation of TLU immunity of a DUT. Thus, a TLU measurement setup without a
current-blocking diode but with a small current-limiting resistance (e.g. 5€) is
suggested. This suggested TLU measurement setup not only can accurately evaluate
the TLU immunity of CMOS ICs without over estimation, but also can avoid EOS
damage to the DUT during a TLU test. It can be also used to evaluate the effectiveness
of discrete board-level noise filters for enhancements of TLU immunity. In addition, it
has been proven that a bipolar trigger with a proper Dgacior (<10’ s_l) and a specified
Dgreq of tens of megahertz is better for characterizations of TLU immunity, because
bipolar triggers with such specified Dg,c(or and Dy parameters can initiate TLU most
easily. Thus, each constituting component in the measurement setup, including the
charged capacitor, discharge resistor, relay, sockets, current-limiting resistor, and so
on, should be optimized to be capable of producing the bipolar trigger with intended
Dgycior and D parameters. When this is done, the measurement setup can precisely
evaluate the TLU immunity of CMOS ICs without over estimation.

The ESD-induced bipolar voltage on the power or ground pin of CMOS ICs is
the major cause of TLU in the system-level ESD test. Thus, compared with the
quasi-static latchup that usually occurs in I/O cells rather than the internal circuitry,
TLU initiated by the system-level ESD test could easily happen in the internal
circuitry, because the power and ground lines are widely distributed over the whole
circuitry in a chip. For quasi-static latchup, the general solution to improve the
latchup immunity of core circuitry is to enlarge the distance from the 1/O to the
internal circuitry, or to insert additional guard rings between the I/O and the internal
circuitry. Such a solution, however, is not suitable for TLU prevention, because
ESD-coupled noises can be generated via the induction of an electromagnetic field.
This phenomenon reminds us that CMOS ICs will be much more susceptible to TLU
than to quasi-staic latchup in advanced CMOS technologies. Thus, novel systems,
circuits, and process techniques to efficiently suppress the TLU susceptibility of
CMOS ICs are necessary. In addition to using board-level noise filters, some other
techniques could be implemented simultaneously to further improve the TLU
immunity of the CMOS ICs in the system-level ESD test. For example, circuit
design techniques such as on-chip noise filters, ESD-induced noise detection
circuits, and latchup auto-detection circuits with self-stop functions can be used
to detect and suppress TLU. As for the system design techniques, hardware and
firmware co-design with system-auto-reset functions can be also used to solve TLU
issues by detecting system-level ESD events and subsequently resetting the system
without disturbing normal functionality. In addition, proper enclosure, PCB layout,
circuit layout, and package type designs are also help further improve the robustness
of CMOS ICs against TLU.
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9.2 Extraction of Compact and Safe Layout Rules for Latchup Prevention

It has been a long time since latchup was an important reliability issue in CMOS ICs.
With the introduction of retrograde wells, trench isolation, epitaxial wafers, and so on,
latchup was once thought to be never an issue again. However, with the increasing
focus on device integration densities, mixed signals, RF, SOC, and P-(low-doped)
substrates, robust CMOS ICs have once again become a tough challenge. Additionally,
because of the continually increasing complexity of circuit functionality, future
generations of CMOS ICs can easily possess pad counts in excess of 1000. In such
high-pin-count CMOS ICs, the total layout area of the I/O circuitry is dominant with
respect to the total chip layout area. For cost-down purposes, the layout design rules for
latchup prevention in I/O cells is critical in saving the total chip area in future CMOS
ICs. As a result, compact and safe design rules are highly demanded for CMOS ICs.

In general, layout design rules for latchup prevention must be specified for I/O cells,
for internal circuits, and for between I/O cells and internal circuits. Latchup-preventing
layout rules in I/O circuitry are critical for saving the total chip layout area. Especially,
the layout rules such as guard ring designs (double guard rings, a single guard ring, or
no guard ring) and minimum spacing between the source regions of the PMOS and the
NMOS (anode-to-cathode spacing) are dominant factors. Practical experience have
shown that a single guard ring is enough to help the I/O cells to be immune to latchup
(that is, latchup-free) by raising the latchup holding voltage to be greater than the
normal circuit operating voltage. With a single guard ring and a proper anode-to-
cathode spacing, latchup-free and area-efficient I/O cells can be achieved. For internal
circuits, however, latchup-free is hardly achieved due to the lack of protection of the
guard rings as well as the demand for high integration of circuitry, even though there is
a high pickup density. Enlarging the spacing between the I/0 and the internal circuitry
can greatly enhance the latchup robustness of the internal circuitry against the trigger
current injecting into the I/O pins. Furthermore, inserting additional double guard rings
between the I/O and the internal circuitry can also help to further improve the latchup
immunity of the internal circuitry. As a result, latchup-preventing layout rules between
the I/O and the internal circuitry need to be specified to ensure a latchup-robust internal
circuitry.

In addition to the general latchup-preventing layout rules that specify detailed
latchup rules for I/O cells, for internal circuits, and for between the 1/O cells and the
internal circuits, some other important latchup rules for circuits across two different
power domains are also required. Specifically in mix-voltage CMOS ICs, power-
supply voltages with different magnitudes can coexist in a single CMOS chip, leading
to potential latchup issues between two different power domains. Similar to conven-
tional latchup phenomena, the occurrence of this unique latchup is mainly due to the
parasitic SCR in CMOS ICs. However, unlike the conventional latchup path going
through from Vpp to the GND, such a specific latchup path exists between the two
different power domains (Vpp g and Vpp 1), going through from Vpp i to Vpp L. To
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prevent the potential latchup between Vpp i and VDD, , critical parameters such as
the minimum spacing between the P 4- diffusions powered by Vpp i in the N-Well, and
N + diffusions powered by Vpp 1 in the N-well should be clearly defined. Besides, the
inserted P+ guard ring located in the P-well between Vpp y and Vpp 1 also suppresses
the latchup susceptibility between the two different power domains, and its minimum
width also needs to be well defined in comprehensive latchup design rules.

As mentioned, the effect of latchup on circuit reliability has been a major hindrance
to achieving reliable circuit performance. Only developing safe and compact design
rules for latchup prevention can ensure latchup-robust and area-efficient IC designs.



Appendix A:

Practical Application— Extractions
of Latchup DesignRulesina0.18-um
1.8 V/3.3 V Silicided CMOS Process

This appendix gives a practical example of extracting layout rules/guidelines for
latchup prevention in a 0.18-um 1.8 V/3.3 V silicided CMOS process. The methodol-
ogies to extract all the latchup design rules/guidelines are in compliance with those
presented in Chapter 6. The layout top view and device cross-sectional view to
illustrate layout rules for latchup prevention are shown in Figure A.la and b,
respectively. The latchup layout rules/guidelines are extracted for I/O cells, for
internal circuits, and for between I/O and internal circuits. In addition, the latchup
layout rules for circuits across two different power domains are also extracted to avoid
possible latchup danger between two N-wells powered by two different power-supply
voltages (1.8 V and 3.3 V), as introduced in Chapter 7.

A.1 For I/O Cells
A.1.1 Nomenclature

The nomenclatures representing the latchup layout rules for I/O cells are listed below,
and can be referred to in detail in Figure A.1.

3A3 (3B3): Minimum width of an N+ base guard ring for a 1.8 V (3.3 V) PMOS.

3A4 (3B4): Minimum width of a P+ base guard ring for a 1.8V (3.3 V) NMOS.

3A7 (3B7): Minimum width of a P4 collector guard ring for a 1.8 V (3.3 V) PMOS.

3A8 (3B8): Minimum width of an N+ collector guard ring fora 1.8 V (3.3 V) NMOS.

3A9 (3B9): Minimum spacing between the source regions of a 1.8 V (3.3 V) NMOS
and a 1.8V (3.3 V) PMOS.

Transient-Induced Latchup in CMOS Integrated Circuits Ming-Dou Ker and Sheng-Fu Hsu
© 2009 John Wiley & Sons (Asia) Pte Ltd. ISBN: 978-0-470-82407-8



212 Transient-Induced Latchup in CMOS Integrated Circuits

3A2 4A34A3
3A10 3g2 3A10 4B34B3
3810 ol
14 ke
: Sl
PAD
Ei Ne
P P P-well P-'-.
> e s i 0. v
E ] T +
34 3a8 3A7 gy PN Sl
3B4 388 3B7 3B3 c ireui
ore Circuits
N S
22
11O Circuits
(a)
3A9 4A1
389 484
GND Voo GND
3at10 | 3as [3a10 484 4a2
NMOS | 3810 | 385 |381 PMOS 44 | aB2 NMOS
L . e o=t t i
1 E A\ =l —
[ [ T+ +[p+] [P+ +] [N+ P+

3AB  3A7 3A2 3A3 Core Circuits
B8 3IB7 3B2 B3 4A3  4A3
U 483  4B3
v
VO Circuits P-substrate

(b)

Figure A.1 (a) Layout top view, and (b) device cross-sectional view, to illustrate the layout rules for
latchup prevention in a 0.18-pum 1.8 V/3.3 V silicided CMOS process.

3A10 (3B10): Maximum spacing between the base guard ring and the collector guard
ring for 1.8 V (3.3 V) Devices.

A.1.2 I/0O Cells with Double Guard Rings
A.1.2.1 Design of Test Structures

As presented in Chapter 6, the I/O cells with different geometrical parameters are
used as the test structures. A layout example of the I/O test structure with double guard
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rings is shown in Figure A.2. The PMOS and NMOS devices in the I/O cells are drawn
in the multiple-finger style with a fixed length of 30 wm per finger. The channel lengths
of PMOS and NMOS are the same, 0.25 um (0.5 um), for 1.8 V (3.3 V) devices, and
the total channel width consisting of 14 fingers are the same, 420 wm, for both PMOS
and NMOS. To simplify measurements of the latchup DC /-V characteristics and
the JEDEC latchup test, the gate of the PMOS is connected to Vpp and the gate of the
NMOS is connected to Vg, turning off both the PMOS and NMOS. It is noteworthy
that the collector guard rings do not surround the base guard rings, but instead, the
collector guard rings are only inserted between the PMOS and NMOS. Such placement
methodologies of the collector guard rings can save more layout area, and simulta-
neously do not degrade the latchup robustness of the I/O cells at all.

Figure A.2 Layout example of the I/O test structure with double guard rings.

The splits of the layout parameters to evaluate the minimum anode-to-cathode
spacing (3A9 and 3B9) and base/collector guard ring width (3A3,3A4,3A7,3A8,3B3,
3B4,3B7, and 3B8) are listed in Table A.1a, and the splits of the layout parameters to
evaluate the maximum spacing between the base and collector guard ring (3A10 and
3B10) are listed in Table A.1b. For a given anode-to-cathode spacing, the base/
collector guard ring width should be drawn as compact as possible to achieve the best
latchup robustness. For example, for a given anode-to-cathode spacing of 15 um, the
maximum base/collector guard ring width that can be drawn within this specific
spacing is 3 wm. Thus, safe and compact latchup layout rules can be extracted.

A.1.2.2 Latchup Immunity Dependency of I/O Cells with Double Guard Rings

The JEDEC latchup test is performed at first. The related experimental results are
summarized in Table A.2. With a test temperature of 25 °C, all structures pass the
JEDEC specifications that latchup is not triggered on with 1.5 x maximum Vsupply for
the over-voltage test, and with £100 mA at the I/O pins for the trigger current test.
Indeed, all the test structures are latchup-robust because they can sustain a large trigger
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Table A.1a Splits of layout parameters to evaluate latchup immunity dependencies on
3A3, 3A4, 3A7, 3A8, and 3A9 (3B3, 3B4, 3B7, 3B8, and 3B9), in I/O cells with double
guard rings.

3A10 (3B10) =0.36 um

3A9 (3B9) 3A3=3A4=3A7=3A8
(3B3=3B4=3B7=3B8)

7 um 1 um
11 um 1 um
2 um
15 um 1 um
2 um
3um
19 um 1 um
2 um
3um
4 um

Table A.1b Splits of layout parameters to evaluate latchup immunity dependencies on
3A10 (3B10), in I/O cells with double guard rings.

3A9 (3B9)=15um 3A3=3A4=3A7=3A8
(3B3=3B4=3B7=3B8)=1um

3A10 (3B10) 0.36 um
1.2um
2.2um
3.2 um
4.2 um

Table A.2 Experimental results of the JEDEC latchup test for I/O cells with
double guard rings.

Viupply OVer-voltage test I-test
Specification requirement 1.5 x maximum Vppiy > +/—100 mA
1.8 V I/O (double guard rings) Pass (>2.7V) Pass (> 4+/—400mA)
3.3V I/O (double guard rings) Pass (>5V) Pass (> 4+/—400mA)

current of £400 mA without latchup being initiated, regardless of 1.8 V or 3.3V
devices.

Although all the test structures have good latchup immunity, they could still
probably suffer latchup under an even higher trigger voltage or current. To further
judge whether the test structures are immune to latchup, the latchup holding voltage
dependency on layout parameters are also considered. An example of the measured
latchup /-V curve of the 1/O circuits with double guard rings is shown in Figure A.3.
Both the 1.8 Vand 3.3V DUTs have an anode-to-cathode spacing (3A9 and 3B9) of



Appendix A: Practical Application 215

0.25 —

Temp=25°C : e P :
fonageenonsd ;.. —=— Operating Voltage: 3.3V |-
: : —o— Operating Voltage: 1.8V |
<0y | aA10 3810)=0.36um
- . H H : K Z t .
B 00 e
= : H : b ' T TSRS
[T L Holding: -1 Wy s
: Volt: 2 : i N
0.00 = l.l___J--qu——:*—r- T II____IEI | =s: Iu-‘,'
-2 0 2 4 6 8 10

Voltage (V)

Figure A.3 Example of the measured latchup /-V curve of I/O circuits with double guard rings.

7 um, a base/collector guard ring width (3A3 and 3B3) of 1 um, and a spacing between
the base and collector guard ring (3A10 and 3B10) of 0.36 um. Obviously, the 1.8 V
(3.3 V) DUT has a very large holding voltage of 4V (3.7 V), which is larger than its
normal circuit operating voltage of 1.8 V (3.3 V), that is, latchup-free, even though
there are a small 3A9 and 3A3 (3B9 and 3B3). For the 1.8 V devices, the latchup trigger
and holding voltage dependencies on all layout splits are shown in Figure A.4a and b.
It was found that all the test structures have a latchup trigger voltage of ~12'V, and
a latchup holding voltage of >4 V. Similarly, the corresponding measurement results
for 3.3V devices are shown in Figure A.5a and b. Again, the I/O cells with double
guard rings are very latchup-robust due to their large holding voltages of >3.7V, even
for a very small 3B3 of 1 um and a small 3B9 of 7 um.

Measurements to consider the degradation of latchup immunity due to a high test
temperature are also performed. For 1.8V (3.3 V) devices, the holding voltage
dependencies on all layout splits under different test temperatures are shown in
Figures A.6 and A.7. I/O cells with double guard rings still perform well in latchup
robustness, even under a high test temperature of 125 °C. For example, the holding
voltage is at least higher than 3.3 V under a test temperature of 125 °C, even for a very
small 3B3 of 1 pm and a small 3B9 of 7 um, regardless of 1.8 Vor 3.3 V devices. Thus,
I/0 cells with double guard rings certainly have good latchup immunity.

A.1.3 I/0 Cells with a Single Guard Ring
A.1.3.1 Design of Test Structures

Although I/O cells with double guard rings perform very well in latchup robustness,
double guard rings inevitably occupy a large layout area in comparison with a single
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Figure A.4 Latchup trigger and holding voltage dependencies on (a) 3A3 and 3A9, and (b) 3A10, for

1.8V devices.

guard ring. To save more layout area in the I/O cells, especially in high-pin-count
CMOS ICs, I/0 cells with a single guard ring are also evaluated for their enhancements
on latchup robustness. If the single guard ring is enough to make the 1/0 cells latchup-
free, safe and compact layout rules for the I/O cells can be easily specified. A layout
example of an I/O cell with a single guard ring is shown in Figure A.8. The test
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Figure A.5 Latchup trigger and holding voltage dependencies on (a) 3B3 and 3B9, and (b) 3B10, for

3.3V devices.

structures are the same as those shown in Figure A.2, except that the collector guard
rings are removed. For example, the finger width (30 um), channel length (0.25 um
for 1.8V devices, and 0.5 um for 3.3V devices), and channel width (420 um) in
PMOS/NMOS are all the same as those shown in Figure A.2.

The splits of the layout parameters to evaluate the latchup immunity dependencies
on anode-to-cathode spacing (3A9 and 3B9) and base guard ring width (3A3, 3A4,
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Figure A.6 Latchup holding voltage dependencies on (a) 3A3 and 3A9, and (b) 3A10, for 1.8 V devices

under different test temperatures.

3B3, and 3B4) are listed in Table A.3. Compared with the layout splits listed in
Table A.1, the anode-to-cathode spacing is drawn with the smaller values, ranging
from4.5 pumto 10.5 um. As aresult, the purpose of saving layout area in I/O cells could
be fulfilled. Also, for a given anode-to-cathode spacing, the base guard ring width is
also drawn as compact as possible to achieve the best latchup robustness.
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Figure A.7 Latchup holding voltage dependencies on (a) 3B3 and 3B9, and (b) 3B10, for 3.3 V devices
under different test temperatures.

A.1.3.2 Latchup Immunity Dependency of I/O Cells with a Single Guard Ring

The JEDEC latchup test is performed at first to evaluate the latchup robustness of 1/0
cells with a single guard ring. The related experimental results are summarized in
Table A.4. It was found that a single guard ring is enough to help all structures pass the
JEDEC specifications under a room temperature of 25 °C. In fact, these test structures
can even sustain a large trigger current of up to 400 mA without latchup being
initiated, regardless of 1.8 V or 3.3V devices. Due to the resulting latchup-robust
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Figure A.8 Layout example of the I/O test structure with a single guard ring.

Table A.3 Splits of layout parameters to evaluate latchup immunity dependencies
on anode-to-cathode spacing (3A9 and 3B9) and base guard ring width (3A3, 3A4,
3B3, 3B4) in I/O cells with a single guard ring.

3A9 (3BY) 3A3=3A4 (3B3=3B4)
4.5 um 1 um
6.5um 1 um
2um
8.5um 1 wm
2 um
3um
10.5 pm 1 um
2 um
3um
4 um

Table A.4 Experimental results of the JEDEC latchup test for I/O cells with a single guard ring.

Viupply OVer-voltage test I-test
Specification requirement 1.5 x maximum Vppiy > +/—100 mA
1.8 V I/O (single guard ring) Pass (>2.7V) Pass (> +/—400mA)
3.3V 1/O (single guard ring) Pass (>5V) Pass (> +/—400mA)

performance in the JEDEC latchup test, it seems that a single guard ring can substitute
for double guard rings in 1/O cells.

To further ensure whether the 1/O cells with a single guard ring could be latchup-
free, the holding voltages are extracted and characterized from the latchup DC -V
curves. A typical measured latchup /-V curve of I/O circuits with a single guard ring
is shown in Figure A.9. Both 1.8V and 3.3V DUTs have a very small anode-
to-cathode spacing (3A9 and 3B9) of 4.5 um, and a small base guard ring width (3A3
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Figure A.9 Typical measured latchup /-V curve of I/O circuits with a single guard ring.

and 3B3) of 1 um. Compared to that in I/O cells with double guard rings, the holding
voltage in I/O cells with a single guard ring is smaller. However, it is still large
enough (3.4 V) to make 1.8V I/O cells latchup-free. For a 3.3 V DUT, the holding
voltage is 3.2V, which is very close to the target of 3.3 V. Enlarging the anode-
to-cathode spacing (3A9 and 3B9) or the base guard ring width (3A3 and 3B3) can
easily raise the holding voltage to be greater than 3.3 V. For the 1.8 V (3.3 V) DUT,
the measured latchup holding voltage dependencies on the layout parameters under
different test temperatures are shown in Figure A.10a and b. 1.8V 1/O cells are
latchup-free (holding voltage > 1.8 V) for all the layout splits listed in Table A.3,
even in the worst cases of 3A9 of 4.5 um, 3A3 of 1 um, and a test temperature of
125°C. 3.3V I/O cells, however, at least need 3A9 of 10.5 um and 3A3 of 1 um to
achieve latchup-free.

A.1.4 Suggested Layout Rules for I/O Cells

From the above measured results, the suggested latchup-preventing layout rules in
I/0 cells can be properly defined. The detailed layout guidelines are referred to in
Section A.5, Suggested Layout Guidelines.

For 1.8 VI/O cells, a single guard ring is enough to provide good latchup robustness,
even at high test temperatures. Thus, both the NMOS and PMOS in the I/O cells should
be at least surrounded by base guard rings, but the use of collector guard rings could be
optional. To make sure the I/O cells are certainly latchup-free, the minimum spacing
between the source regions of the NMOS and PMOS (3A9) can be defined as 7 um,
and the minimum width of the base guard ring (3A3 and 3A4) can be defined as 1 um.
For 3.3 V I/O cells, due to its higher target holding voltage of 3.3 V to be latchup-free,
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Figure A.10 For (a) 1.8V, and (b) 3.3 V I/O cells, the measured latchup holding voltage dependencies
on layout parameters under different test temperatures.

double guard rings would better be added in the I/O cells. Thus, 3B9 can be defined as
7 um, 3B3 (=3B4 =3B7 =3BS8) can be defined as 1 um, and 3B10 can be defined as
4 um to ensure a latchup-free I/O cell. In addition, for two adjacent PMOS (NMOS),
the N+ (P4 ) base guard rings can be merged to have a compact layout. As the design
rule of 3A11 (3A12) shown in Figure A.11, the minimum spacing between two
adjacent P4 (N+) base guard rings of the I/O driver could be O um to save the 1/0
layout area.
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Figure A.11 For two adjacent /O PMOSs (NMOSs), the N+ (P+ ) base guard rings can be merged to
save /O layout area.

A.2 For Internal Circuits

A.2.1 Nomenclature

The nomenclatures representing the latchup layout rules for the internal circuits are
listed below, and can be referred to in detail in Figure A.1.

5A1(5B1):Fora1.8 V(3.3 V) PMOS, the maximum distance from any point inside the
source/drain region to the nearest N-well pickup in the same N-well.

5A2 (5B2): For a 1.8 V (3.3 V) NMOS, the maximum distance from any point inside
the source/drain region to the nearest P-well pickup in the same P-well.

A.2.2 Design of Test Structures

The SCR is used as the test structure to extract the latchup-prevention rules for the
internal circuits, as indicated in Chapter 6. The device cross-sectional view and layout
top view of the SCR test structure are shown in Figure A.12, and the latchup paths are
also indicated. The N+ well pickup connected together with the P+ anode is biased at
Vbp, while the P+ substrate pickup connected together with the N+ cathode is biased
at GND. The P+ (N+ ) trigger node located in the P-substrate (N-well) region is used
to investigate the latchup robustness dependency on the positive (negative) trigger
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Figure A.12  (a) Device cross-sectional view, and (b) layout top view, of the SCR test structure. The
SCR structure is used to extract the latchup-prevention rules for the internal circuits.

current injecting into the P-substrate (N-well). As aresult, the threshold trigger current
to initiate latchup in the SCR structure can be identified.

The splits of layout parameters to evaluate latchup immunity dependencies on SA1,
5A2, 5B1, and 5B2, are listed in Table A.5. The distance between adjacent substrate
(well) contacts is kept at 5 um, and an anode-to-cathode spacing ranging from 0.86 um
to 5 wm is also used to consider its impact on latchup robustness. In order to simulate
the compact density in the core circuitry of real CMOS chips, the anode-to-cathode
spacing drawn in the SCR should avoid too large a distance. For example, the
maximum anode-to-cathode spacing is limited as 5 um in the SCR test structures.
In addition, the minimum anode-to-cathode spacing is 0.86 um, which is used to
simulate the minimum allowable spacing between the source regions of the PMOS and
NMOS in this given CMOS process. Thus, the most latchup-sensitive case in this given
CMOS process can be simulated.

A.2.3 Latchup Immunity Dependency of Internal Circuits

The JEDEC V1, Over-voltage test is performed at a room temperature of 25 °C.
It was found that SCR structures with all layout splits pass the JEDEC specifications
that latchup is not triggered on with 1.5X maximum Vg1, regardless of a 1.8 V or
3.3V SCR. The JEDEC trigger current test, however, is not needed, because the SCR
has no I/O pins, but only Vpp and GND pins.
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Table A.5 Splits of layout parameters to evaluate latchup immunity dependencies on
5A1, 5A2, 5B1, and 5B2, in SCR test structures.

Distance between adjacent substrate (well) contact: 5 um

5A1=5A2 (5B1=5B2) Anode-to-cathode spacing

10 um 0.86 um
1.5um
3 um
5 um
20 um 0.86 um
1.5 um
3 um
Sum
30 um 0.86 um
1.5um
3um
5um
40 um 0.86 um
1.5um
3um
5Sum

It seems that SCR structures with all layout splits are robust enough against
latchup. However, they could still probably suffer latchup under an even higher
trigger voltage on the Vpp pins, unless their holding voltages can be identified as
latchup-free holding voltages, that is, the holding voltage is greater than Vpp. The
measured latchup I-V curves of a 1.8V SCR with two different layout splits are
shown in Figure A.13. Obviously, even with the anode-to-cathode spacing increasing
up to 5 um, and the SA1 (5A2) decreasing down to 10 wm, the holding voltage is still
a very small value of 1.2 V. Such a small holding voltage is almost the same as that in
the worst case of layout splits, where the anode-to-cathode spacing (5A1 and 5A2) is
0.86 um (40 um). Thus, it seems that the internal circuits are impossible to be
latchup-free due to the lack of protection of the guard rings. To confirm this point, the
latchup trigger and holding voltage dependencies on layout splits for a 1.8V and
3.3V SCR are shown in Figure A.14a and b, respectively. From the measured results,
only the trigger voltages have more obvious variations under different layout splits.
The holding voltages, however, are almost independent of layout variations and are
kept at ~1.2'V, which is much smaller than the target latchup-free holding voltages
of 1.8V or 3.3 V. This means that inevitably the internal circuits could still suffer
latchup. As a result, the other worse cases of latchup immunity dependencies under
high test temperatures and trigger currents injecting into the trigger nodes are not
shown here.
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Figure A.13 Measured latchup /-V curves of a 1.8 V SCR with two different layout splits.

A.2.4 Suggested Layout Rules for Internal Circuits

Without the protection of guard rings, it was clarified that the holding voltages of the
SCR are kept at only ~1.2 Vand almost independent on layout variations, even though
all the SCR test structures passed the JEDEC specifications. Thus, the latchup-
prevention rules in internal circuits cannot be determined according to the magnitude
of the holding voltage. Instead, the 5A1, 5A2, 5B1, and 5B2 are empirically specified
as a proper spacing of 30 um. If we use 5A1 with 30 wm, in most field applications,
latchup will not occur in the internal circuits of the ICs. This result has been empirically
verified in many field applications. This empirical data has been proven in field
applications that most latchup issues in the internal circuits can be prevented. In
addition, it is suggested that as many N-well or P-well pickups as possible are placed
in the layout. The detailed layout guidelines are referred to in Section A.5, Suggested
Layout Guidelines.

A.3 For between I/0 and Internal Circuits

A.3.1 Nomenclature

The nomenclatures representing the latchup layout rules for between 1/0 and the
internal circuits are listed below, and can be referred to in detail in Figure A.1.

4A1 (4B1): Minimum spacing between 3.3V 1/0 Cells and 1.8V (3.3V) internal
circuits.
4A3 (4B3): Minimum width of additional guard ring located between 3.3 V I/O Cells
and 1.8V (3.3V) internal circuits
4A4 (4B4): Maximum spacing from the inserted additional guard ring to 3.3 V I/O Cells.
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Figure A.14 For (a) 1.8V, and (b) 3.3V SCRs, the measured latchup trigger and holding voltage

dependencies on anode-to-cathode spacing under different SA1, 5B1, SA2, and 5B2.

A.3.2 I/0O and Internal Circuits (SCR)
A.3.2.1 Design of Test Structures

In CMOS ICs, internal circuits can be triggered on to a latchup state due to noise
current injection at the I/O pins. To further enhance the latchup robustness of the
internal circuits, latchup-prevention layout rules between I/O and the internal circuits
should be specified, as presented in Chapter 6. A layout example of a test structure to
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Figure A.15 Layout example of a test structure to evaluate the latchup layout rules between I/O and the
internal circuits (SCR).

evaluate the latchup layout rules between I/0 and the internal circuits (SCR) is shown
in Figure A.15. Both the PMOS and NMOS in the 1/O cells are drawn in the multiple-
finger style with a fixed length of 30 um per finger. The channel length of the PMOS
and NMOS is the same, 0.5 pm, for the 3.3 V I/O, and the total channel width is the
same, 420 um, for both the PMOS and NMOS. To ensure a robust latchup immunity in
I/0 cells, double guard rings are added to the 1/O cells where 3A9 =15 um, 3A10
0.36 um, and 3A3 =3A4 =3A7 =3A8 = 1 um. These I/O cells are already confirmed
in advance that their holding voltages are higher than Vpp (3.3 V), that is, latchup-free.
Thus, itis sure that the noise current injecting into the I/O pins never triggers on latchup
in the I/0O cells, but could only do so in the internal circuits. The SCR, which is planned
to parallel the 1/O cells, is used to simulate the practical internal circuits. This has an
anode-to-cathode spacing of 1.5 um, a distance between the adjacent substrate (well)
contacts of Sum, and a SA1 of 10 um for both 1.8V and 3.3V SCRs. Only two
combinations—a3.3VI/Oandal.8VSCR,aswellasa3.3VI/Oanda3.3V SCR -
are planned in the test structures, because the combination of a 1.8 V I/O and 1.8 V
internal circuits is rare in real CMOS chips.

The splits of layout parameters to evaluate the latchup immunity dependencies on
4A1 and 4A3 (4B1 and 4B3) are listed in Table A.6a, and the splits of the layout
parameters to evaluate the latchup immunity dependencies on 4A4 (4B4) are listed
in Table A.6b. For a given spacing between I/0 and the internal circuits (4A1 and 4B1),
the inserted guard rings should be drawn as compact as possible to achieve the best
latchup robustness of the internal circuits. For example, for a given spacing between
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Table A.6a Splits of layout parameters to evaluate latchup immunity dependencies
on 4A1 and 4A3 (4B1 and 4B3).

4A4 (4B4)=2 um

4A1 (4B1) 4A3 (4B3)

20 um 2 um
4 um

6 um

35 um 6 um
10 um

13 um

50 um 10um
15 um

20 um

Table A.6b  Splits of layout parameters to evaluate latchup immunity dependencies
on 4A4 (4B4).

4A1 (4B1)=20um 4A3 (4B3)=2um
4A4 (4B4) 2Um

4 um

6 um

I/0 and the internal circuits (4A1 and 4B 1) of 20 wm, the maximum inserted guard ring
width (4A3 and 4B3) that is allowed to be placed within this specific spacing is 6 um.
Based on such layout plans, safe and compact latchup-preventing layout rules can be
extracted.

A.3.2.2 Threshold Trigger Current Dependencies

The JEDEC trigger current test is performed to evaluate the threshold trigger current
dependencies on all layout splits. The typical measured transient responses of a test
structure (3.3 V I/O and 1.8 V SCR) in the positive and negative trigger current tests are
shown in Figure A.16a and b, respectively. When there is a positive (negative) trigger
current injecting into the output pins of the I/O cells, the voltage on the pin under test
will increase (decrease) simultaneously. Subsequently, if the Vpp of the SCR is pulled
down (~holding voltage) after the voltage on the pin under test returns to its initial DC
level, latchup occurs. Otherwise, if the Vpp of SCR is not pulled down but always kept
at its initial DC level, latchup does not occur. Based on such criteria to judge if latchup
occurs in internal circuits (SCR) due to the trigger current injection at the I/O pins of
the I/0 cells, the threshold trigger current at the I/O pins to fire latchup in the internal
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Figure A.16 Typical measured transient responses of a test structure (3.3 V I/O and 1.8 V SCR) under
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JEDEC (a) positive, and (b) negative, trigger current tests.

circuits can be found. Thus, proper latchup-prevention layout rules between I/0O and

the internal circuits can be determined.

For test structures with a 3.3V I/O and a 1.8V SCR, the positive and negative
triggering current dependencies on all layout splits are shown in Figure A.17.
Enlarging the spacing between 1/O and the internal circuits (4A1l) and the inserted
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Figure A.17 Positive and negative triggering current dependencies on (a) 4A1 and 4A3, and (b) 4A4,
for test structures with a 3.3V I/O and a 1.8 V SCR.

guard ring width (4A3) can enhance the latchup robustness of the internal circuits.
For example, if 4A1 (4A3) is only 20 um (2 um), the positive trigger current is only
+ 110 mA, which only just meet the JEDEC specification (> + 100 mA). If 4A1
(4A3) increases up to S0 um (20 um), almost a double positive trigger current of
+210mA and a very high negative trigger current of —490 mA can be achieved,
as shown in Figure A.17a. Additionally, increasing the spacing from the inserted
guard ring to 1/O (4A4) will slightly degrade the latchup immunity in the internal
circuits. As shown in Figure A.17b, increasing 4A4 from 2um to 6 um will lead
the positive (negative) trigger current to decrease from + 110mA (—350mA)
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down to +90mA (—320mA). From the comprehensive measured results shown in
Figure A.17a and b, the dominant layout rules to develop latchup-robust internal
circuits is to enlarge the spacing between I/O and the internal circuits, to insert
additional double guard rings between I/O and the internal circuits, and to draw these

double guard rings as wide as possible.

Similar positive and negative trigger current dependencies can be observed in test
structures witha 3.3 VI/O and a3.3 V SCR, as shown in Figure A.18. Compared with

Trigger Current (mA)

Trigger Current (mA)

Figure A.18 Positive and negative triggering current dependencies on (a)4B1and 4B3, and (b) 4B4, for
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the test structures with a 3.3 VI/O and a 1.8 V SCR, an obvious difference is that there
is a much higher positive trigger current (> + 400 mA) for 4B1 =50 um, and a much
higher negative trigger current (>—500mA) for all layout splits. As a result, the
spacing between I/O and the internal circuits (4B1), as well as the inserted guard ring
width (4B3), can be smaller to save layout area in CMOS chips with a 3.3V I/O and
3.3 Vinternal circuits.

A.3.3 I/0 and the Internal Circuits (Ring Oscillator)
A.3.3.1 Design of Test Structures

In order to make test structures approach real situations in CMOS chips, the ring
oscillator can be used to substitute for the SCR as real circuit verifications. A layout
example of a test structure to evaluate the latchup layout rules between I/0O and the
internal circuits (ring oscillator) is shown in Figure A.19. The I/O cells are the same as
those shown in Figure A.15. The 1.8 V (3.3 V) ring oscillators are designed with an
oscillating frequency of 80 MHz, consisting of 197-stage (101-stage) inverter chains.
The PMOS (NMOS) in each inverter has dimension (W/L) of 0.44 um/0.18 um
(0.22 um/0.18 um) for a 1.8 V ring oscillator, and 0.9 um/0.4 um (0.45 um/0.4 wm)
for a 3.3 V ring oscillator. The parasitic SCR path existing in the ring oscillator goes
through from the P4~ source of the PMOS, N-well, P-substrate, to the N+ source of the
NMOS. The parasitic SCR has an anode-to-cathode spacing of 0.86 um, a distance
between the adjacent substrate (well) contacts of 5 um, and a SA1 (5A2) of 4.5 um.
Only two combinations —a 3.3 V I/O and a 1.8 V ring oscillator, as well asa 3.3 V I/O

Inverter

A N

/O Circuits Internal Circuits
(Ring Oscillator)

Figure A.19 Layout example of a test structure to evaluate the latchup layout rules between I/O and
the internal circuits (ring oscillator).
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and a 3.3 V ring oscillator — are planned in the test structures. In addition, all the layout
splits are the same as those in the test structures with an SCR as their internal circuits,
as shown in Table A.6.

A.3.3.2 Threshold Trigger Current Dependencies

The JEDEC trigger current test is performed to find the threshold trigger current at the
I/0 pins to fire latchup in the internal circuits (ring oscillator). The measured transient
responses in the positive trigger current test are shown in Figure A.20. After a positive
trigger current injecting into the output pins of the 1/0 cells, obviously latchup occurs
because the Vpp of the ring oscillator is pulled down to the holding voltage of ~1.5V.
Furthermore, the output voltage of the ring oscillator fails to function correctly
(80 MHz voltage clock), but is pulled down to 0V instead.
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Figure A.20 For a ring oscillator as the internal circuits, the measured transient responses of the test
structure in the JEDEC positive trigger current test.

For test structures with a 3.3V I/O and a 1.8 V (3.3 V) ring oscillator, the positive
and negative triggering current dependencies on all layout splits are shown in
Figures A.21 and A.22. Similar triggering current dependencies can be observed to
those shown in Figures A.17 and A.18. For example, enlarging the spacing between
I/0 and the internal circuits (4A1 and 4B 1) and the inserted guard ring width (4A3 and
4B3) can efficiently enhance the latchup robustness of the ring oscillator, but
increasing the spacing from the inserted guard ring to I/O (4A4 and 4B4) will slightly
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Figure A.21 Positive and negative triggering current dependencies on (a) 4A1 and 4A3, and (b) 4A4,
for test structures with a 3.3V I/O and a 1.8 V ring oscillator.

degrade the latchup immunity in the ring oscillator, regardless of whetheritisa 1.8 Vor
3.3V ring oscillator.

A.3.4 Suggested Layout Rules for between I/O and the Internal Circuits

From the above measured results shown in Figures A.17, A.18, A.21 and A.22, the
suggested latchup-prevention layout rules for between I/O and the internal circuits
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Figure A.22 Positive and negative triggering current dependencies on (a)4B1and 4B3, and (b) 4B4, for
test structures with a 3.3V I/O and a 3.3 V ring oscillator.

can be properly defined. The detailed layout guidelines can be referred to in
Section A.5, Suggested Layout Guidelines.

The target value of the trigger current is set as 2200 mA. This target value is double
that in the JEDEC latchup specification (100 mA), and so any DUT that can sustain a
+200mA trigger current without latchup happening should be robust enough against
latchup. The measured results show that a large 4A1 of 50 wm is necessary to make
the positive trigger current higher than 4 200 mA, as shown in Figure A.17. With such
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alarge 4A1 of 50 um, 4A3 is not so critical and can be chosen as a small value of 5 um.
Thus, two dominant parameters to enhance the latchup immunity of internal circuits —
minimum spacing between I/O and the internal circuits (4Al1 and 4B1), and a
minimum inserted guard ring width (4A3 and 4B3) — can be defined as 50 um and
5 um, respectively. Generally, 1/O cells are usually composed of a driver and a pre-
driver. Because the pre-driver is not directly connected to the I/O pads and is thus not a
dominant noise injecting source, the layout rules for 4A1 and 4B1 should be the
minimum spacing from the I/O driver, but not the pre-driver, to the internal circuits,
as shown in Figure A.23. In addition, because the spacing from the inserted guard rings
to I/0 (4A4 and 4B4) is not a critical parameter to affect latchup robustness, a proper
4A4 of 5 um for 1.8 Vinternal circuits, and 4B4 of 10 um for 3.3 V internal circuits are
chosen. Compared with 4A4, a larger 4B4 is mainly due to the considerations of better
latchup immunity in 3.3 V internal circuits, as shown in Figures A.18 and A.22.

A.4 For Circuits across Two Different Power Domains

A.4.1 Nomenclature

The nomenclatures representing the latchup layout rules for different power-domain
applications are listed below, and can be referred to in detail in Figure A.24.

6A: Minimum spacing between P+ diffusions powered by 3.3 V in the N-well, and
N+ diffusions powered by 1.8 V in the N-well.

6C: Minimum width of a P+ inserted guard ring located between the P+ diffusions
powered by 3.3 Vin the N-well, and the N+ diffusions powered by 1.8 Vin the N-
well.

6D: Minimum width of the N+ base guard ring for a 1.8 V device.

6E: Minimum width of the N+ base guard ring for a 3.3V device.

A.4.2 Design of Test Structures

For mixed-voltage CMOS ICs, power-supply voltages with different magnitudes can
coexist in a single CMOS chip. Thus, latchup issues potentially exist between the two
different power domains, as shown in Figure A.24. Unlike the conventional latchup
path going through from Vpp (P+ source of the PMOS) to GND (the N+ source of the
NMOS), such specific latchup path goes through from Vpp y of 3.3V (P4 source of
the PMOS) to Vpp . of 1.8 V (N+ well contact). When latchup is initiated between
the two different power domains, a huge latchup current will conduct through
from Vpp y to Vpp 1, leading to temporary malfunction or permanent damage in the
CMOS ICs. Therefore, in order to avoid such a latchup issue, latchup design rules
between two different power domains should be extracted.

The SCR with a butted (non-butted) 3.3 V N-well contact is used as the test structure
to extract the latchup-prevention rules between the two different power domains,
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Figure A.23 (a) Pre-driver is located between the I/O driver and the core circuits. (b) Pre-driver is not
located between the I/O driver and the core circuits. The layout rules 4A1 and 4B1 should be the minimum
spacing from the I/O driver, but not pre-driver, to the internal circuits.

as shown in Figure A.25a and b. To simulate this specific latchup path between the
two different power domains in Figure A.24, the SCR has the P+ anode connected
to 3.3V, and the N+ cathode connected to 1.8 V. The P+ anode is used to simulate
the P+ source of the PMOS, whereas the N+ cathode is used to simulate N+ well
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Figure A.24 (a) Device cross-sectional view, and (b) layout top view, to illustrate the layout rules for
latchup prevention between the two different power domains.

contact. To further enhance the latchup immunity between the two different power
domains, the inserted P4 guard ring connected to GND can be placed in the P-well,
which is located between the 3.3 V N-well and the 1.8 V N-well. The SCR with a butted
3.3V N-well contact is used to simulate the real situation that the PMOS has a butted
contact, as shown in Figure A.25a. The SCR with non-butted 3.3 V N-well contact is
used to simulate the real situation that the PMOS has a non-butted contact, as shown in
Figure A.25b. Obviously, the SCR with a non-butted 3.3 V N-well contact is more
susceptible to latchup, because the well resistance of the parasitic vertical BJT will be
larger, leading latchup to be initiated more easily.



240

Transient-Induced Latchup in CMOS Integrated Circuits

P+N+P+N+P

Latchug
Path

-nnu!t-nin(-a

6A

Latchup N:-Well

. i
: 1
1 q
£ :
KT
> <
Butted 6C | 3
Contact 3.3V igyi :._s\ir (Nt
- | ‘WElE
sTi [PAINS sy [Pe] sTi [NelP4 sy ‘WERE:
M\fe“|Nd«\.rell'I"-..__if-'\.l\lrell___..-'1'!*&-4\«.rell|P-we|| 4 6A g
Latchup é H i
Path H = EH N-
P-substrate - Well
P-Sub.
Device Cross-Sectional View Layout Top View
(a)
N+ Bs P@-ﬂr N+P+
Non-Butted . 6A :
Contact 6C =
\fﬂ‘ls.:v v v g
sTi [N sy [Pa] s [P+ snjlgl STl
pove [ Nowell [ Rawell, .o+ Nwell [pwen :

Path
P-substrate

l

Layout Top View

(b)

Figure A.25 An SCR with (a) butted, and (b) non-butted 3.3 V N-well contact, to extract the latchup-
preventing rules between the two different power domains.

The anode-to-cathode spacing (6A) and the inserted P4 guard ring width (6C) are
the two dominant layout parameters for determining the latchup immunity between
the two different power domains. The splits of the layout parameters to evaluate the
latchup immunity dependencies on 6A and 6C are listed in Table A.7. For the plan of
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Table A.7 Splits of layout parameters to evaluate latchup immunity dependencies

on 6A and 6C.
6D=1um 6E =0.5 um
6A 6C
2.23 um 0.5 um
4 um 0.5um
1 um
2 um
7 um 1 um
2 um
3.5um
5 um
10 um 2um
4 um
6 um
8 um

layout splits, the inserted P+ guard ring (6C) should be drawn as compact as possible
within a given anode-to-cathode spacing (6A). As a result, the best latchup robustness
under a given anode-to-cathode spacing can be evaluated to extract compact and
safe latchup-preventing layout rules between the two different power domains.
In addition, the width of the N+ base guard ring is fixed as 1 um and 0.5 pm for
1.8V (6D) and 3.3V (6E) devices, respectively. Such a narrow guard ring width
(0.5 um) in the 3.3 V device is used to minimize the guard ring protection efficiency
introduced in Section A.1. Thus, the latchup immunity dependencies on 6A and 6C can
be highlighted.

A.4.3 Latchup Immunity Dependency between Two Different Power Domains

To evaluate the latchup robustness dependencies on layout splits, latchup holding
voltages are extracted from the latchup DC I-V curves of the SCR test structures.
The typical measured latchup I-V curves of the SCR with butted and non-butted 3.3V
N-well contacts are shown in Figure A.26. The DUT has 6A of 4 um, and 6C of 0.5 pm.
It should be noted that the X-axis represents the anode-to-cathode voltage, and the
inserted P4 guard ring is biased at —1.8 V during the measurements. As a result, if the
holding voltage in the X-axis is higher than the difference of the two power-supply
voltages (Vpp u-VppL =3.3 V-1.8V) of 1.5V, it would be latchup-free between the
two different power domains. In Figure A.26, both of the SCRs are latchup-free
because the holding voltages are higher than 1.5V, regardless of the SCR with either
a butted or non-butted 3.3 V N-well contact. However, compared with the SCR with
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Figure A.26 Measured latchup /-V curves of an SCR with a butted and non-butted 3.3 V N-well contact.

a non-butted 3.3 V N-well contact where the holding (trigger) voltage is only 1.8V
(17.7V), the SCR with a butted 3.3 V N-well contact has a higher holding (trigger)
voltage of 3V (19.2 V). Thus, the SCR with a butted contact should perform better in
latchup immunity enhancement.

For the SCR with a butted (non-butted) 3.3 V N-well contact, the holding voltage
dependencies on 6A and 6C under different test temperatures are shown in
Figure A.27a and b. Due to the better latchup robustness in the SCR with the
butted contact, the holding voltages for any layout splits are all higher than 2.6V,
even under the worst case that 6A is 2.23 um, 6C is 0.5 um, and the test temperature
is 125 °C. This means that it would be latchup-free between the two different (3.3 V
and 1.8 V) power domains during the normal circuit operating condition. For the
SCR with a non-butted contact, however, the holding voltage will be degraded down
to only 1.4V in the worst case. Thus, enlarging 6A or 6C is necessary to enhance
the holding voltage greater than the target holding voltage of 1.5V, as shown in
Figure A.27b.

A.4.4 Suggested Layout Rules between Two Different Power Domains

The proper layout rules can be determined upon the magnitudes of the holding voltages
in the worse case that the SCR has a non-butted 3.3V N-well contact and the test
temperature is 125 °C, as shown in Figure A.27b. If the holding voltage is higher than
1.5V (latchup-free), the given layout splits are acceptable. From Figure A.27b, 6A of
4um and 6C of 0.5 um meet this criterion. However, due to the consideration of
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Figure A.27 For an SCR with (a) butted, and (b) non-butted, 3.3 V N-well contact, the holding voltage
dependencies on 6A and 6C under different test temperatures.

the worse case that the distance between two non-butted contacts may be larger than
that (5 wm) in Figure A.25b, a larger 6A of 7 um and 6C of 2 um are chosen to increase
the safe margin. As discussed in Section A.1, the minimum width of the N+ base guard
ring for 1.8 V (6D) and 3.3V (6E) devices should be 1 um and 2 pum, respectively.
Detailed layout guidelines can be referred to in Section A.5, Suggested Layout
Guidelines.
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A.5 Suggested Layout Guidelines
A.5.1 Latchup Design Guidelines for I/0 Circuits
A.5.1.1 For 1.8V I/O Cells

Rule No. Layout Rule and Layout Suggestion (Figures A.1 and A.11)

3A1 Base guard ring of each NMOS (PMOS) must be directly tied to GND
(VDD of 1.8 V) through metal line.

3A2 Both NMOS and PMOS should be surrounded by base guard rings.

3A3 Minimum width of N+ base guard ring for PMOS is 1 um.

3A4 Minimum width of P+ base guard ring for NMOS is 1 um.

3A9 Minimum spacing between the source regions of NMOS and PMOS
is 9 um.

3Al11 Minimum spacing between two adjacent P+ base guard rings of I/O driver

is O um. For two adjacent NMOS, the P+ base guard rings can be
merged to have compact layout.

3A12 Minimum spacing between two adjacent N+ base guard rings of I/O driver
is O um. For two adjacent PMOS, the N+ base guard rings can be
merged to have compact layout.

*Base guard ring is enough to make 1.8-V devices latchup-free (holding voltage > VDD of 1.8 V).
Collector guard ring is optional for better latchup robustness, but it will occupy more layout area.

A.5.1.2 For 3.3V I/O Cells

Rule number Layout rule and layout suggestion (Figures A.1 and A.11)

3B1 The base guard ring of each NMOS (PMOS) must be directly tied to GND
(Vpp of 3.3V) through a metal line

3B2 Both the NMOS and PMOS should be surrounded by base guard rings

3B3 Minimum width of the N+ base guard ring for the PMOS is 2 um

3B4 Minimum width of the P+ base guard ring for the NMOS is 2 um

3B5 For two adjacent NMOS and PMOS, collector guard rings should be
inserted between the NMOS and PMOS

3B6 The collector guard ring of each NMOS (PMOS) must be directly tied to
Vpp of 3.3V (GND) through a metal line

3B7 The minimum width of the P+ collector guard ring for the PMOS is 2 um

3B8 The minimum width of the N+ (with N-well) collector guard ring for the
NMOS is 2 um

3B9 The minimum spacing between the source regions of the NMOS and
PMOS is 11 um

3B10 The maximum spacing between the base guard ring and collector guard
ring is 4 um

3B11 The minimum spacing between the two adjacent P+ base guard rings of

the 1/O driver is O pm. For two adjacent NMOSs, the P+ base guard
rings can be merged to have a compact layout

3B12 The minimum spacing between two adjacent N+ base guard rings of the
1/0 driver is O um. For two adjacent PMOSs, the N+ base guard rings
can be merged to have a compact layout
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A.5.2 Latchup Design Guidelines for between I/O and the Internal Circuits
A.5.2.1 For between a 3.3V 1I/O and 1.8 V Internal Circuits

Rule number Layout rule and layout suggestion (Figure A.1)

4A1 The minimum spacing between the source regions of I/O and the internal circuits
is 50 um

4A2 Additional double guard rings must be inserted between /O and the internal
circuits

4A3 The minimum width of the additional guard ring located between 1/O and the
internal circuits is 5 um

4A4 The maximum spacing from the inserted additional guard ring to the I/O cells is
5 um

4A5 The Vpp (GND) metal line of the I/O cells should be separated from the Vpp
(GND) metal line that is directly connected to the inserted additional guard
rings

4A6 If the additional double guard rings are not inserted between the I/O driver and the

core circuits, the minimum spacing between the source regions of the 1/0
driver and the core circuits (4A1) is 100 um. In addition, as many substrate/
well pickups or guard rings as possible should be placed in the core circuits

A.5.2.2 For between a 3.3V 1I/0 and 3.3V Internal Circuits

Rule number Layout rule and layout suggestion (Figure A.1)

4B1 The minimum spacing between the source regions of I/0O and the internal circuits
is 50 um

4B2 Additional double guard rings must be inserted between 1/O and the internal
circuits

4B3 The minimum width of the additional guard ring located between 1/0O and the
internal circuits is 5 um

4B4 The maximum spacing from the inserted additional guard ring to the I/O cells is
10 pm

4B5 The Vpp (GND) metal line of the I/O cells should be separated from the Vpp
(GND) metal line that is directly connected to the inserted additional guard
rings

4B6 If the additional double guard rings are not inserted between the /O driver and the

core circuits, the minimum spacing between the source regions of the I/0
driver and the core circuits (4B1) is 100 um. In addition, as many substrate/
well pickups or guard rings as possible should be placed in the core circuits
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A.5.3 Latchup Design Guidelines for Internal Circuits
A.5.3.1 For 1.8V Internal Circuits

Rule number Layout rule and layout suggestion (Figure A.1)

5A1 The maximum distance from any point inside the P+ source/drain region to the
nearest N-well pickup in the same N-well is 30 um

5A2 The maximum distance from any point inside the N+ source/drain region to the
nearest P-well pickup in the same P-well is 30 m

5A3 It is suggested that the number of N-well or P-well pickups should be as many as

possible in the layout

A.5.3.2 For 3.3V Internal Circuits

Rule number Layout rule and layout suggestion (Figure A.1)

5B1 The maximum distance from any point inside the P+ source/drain region to the
nearest N-well pickup in the same N-well is 30 um

5B2 The maximum distance from any point inside the N4- source/drain region to the
nearest P-well pickup in the same P-well is 30 um

5B3 It is suggested that the number of N-well or P-well pickups should be as many as

possible in the layout

A.5.4 Latchup Design Guidelines for Circuits across Two
Different Power Domains

Rule number Layout rule and layout suggestion (Figure A.24)

6A The minimum spacing between the P4+ and N+ diffusions powered by two
different (1.8 V and 3.3 V) power supply voltages is 7 um

6B AP+ guard ring should be inserted between the P4+ and N+ diffusions powered
by two different power supply voltages

6C The minimum width of the P+ inserted guard ring is 2 um

6D The minimum width of the N+ base guard ring for a 1.8-V device is 1 um

6E The minimum width of the N+ base guard ring for a 3.3-V device is 2 um

6F The 1.8-V N-well pickup and the P+ source of a 1.8-V PMOS should be abutted

together if possible. The 3.3-V N-well pickup and the P+ source of a 3.3-V
PMOS should be abutted together if possible
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