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I. Introduction
Since the beginning of history, civilization has sought ways to
enrich lives with more comfort. The IT industry has gained
momentum with the invention of computers, global internet, and
wireless communication in connecting the world in a more intel-
ligent and informative environment without much limitation in
space or/and time. The memory industry has prospered mainly
by the standardization and massive production for the EDP mar-
ket according to Moore’s law by continuously focusing on design
automation and developing more scaled processing technology. 

Recently various technologies are merging for more synergy,
enhancing the cultural association. For example, mechatronics
has come from a merge between mechanical engineering and
electrical engineering, and nanotechnology is combining both
physics and mechanics to encompass more varied application
fields. An analogy exists even in the semiconductor IT industry
with the merge of frontend (design and process) and backend
(package and module) technologies. Future memory technology
will be driven by the combined fusion technologies to provide a
total solution. Also, the memory market will be greatly diversi-
fied for numerous customized applications in addition to current
mainstream EDP market (such as digital cellular, digital TV,
server appliance, handheld computers, digital camcorder, set top
box, auto navigation system, automotive and medical electronics,
etc.) to meet various IT customer demand with technology capa-
bility, fully utilizing and combining the existing technologies.
Also, memory bit cost is continuously decreasing, which stimu-
lates the creation of IT users, and semiconductor memories are
continuously improving to enhance efficiency through smarter
design techniques and more advanced process technology. Thus,
the memory business will prosper further as the market has
grown in the past decade.

Technical approaches are discussed here to bring these diversi-
fied memory aspects into a general overview and recent perspec-
tive, showing a variety of possibilities for the memory technolo-
gy in terms of design, process, and backend technology that will
unfold in the next decade.

II. Future Memory Technology and Market Trends
Thus far, the trend of memory technology development has been
driven mainly by efficiency improvement in terms of high density,
high speed, and low power through smart design techniques and
scaled advanced process technology development for the mass pro-
duction of standard products commonly used for personal comput-
ers. However, the future memory market with the advanced
process, especially, for IT industry will also have specialized and
diversified products that can be supported using each available
technology area. Figure 1.2.1 shows the diversified memory
demands from various groups of users (for server, workstation,
desktop, network, communication, game, consumer, etc.) which
are different in memory bandwidth, latency, system performance,
power, data holding degree, and so on. Technology development
now focuses on providing system solutions to the various cus-
tomers with highly differentiated value-added products. 

The total solution for a high-performance memory system may
be provided through both component and system aspects. In the
component aspect, generic memory goals such as bit density,
speed (latency, bandwidth), and power consumption are the main
technology aims to improve system performance [1]. Firstly,
large density area is one of the natural moving trends to produce

a smaller memory cell. Figure 1.2.2 shows the technology trend
of different memories from past to near future. The trend has
been characterized by Moore’s law since the birth of memory
with Intel’s 1kb DRAM in 1970. The same integration density
trend will hold until 2010 for the server applications to connect
wide-spread internet communication and networking environ-
ments. Secondly, the low-voltage trend of memory devices is tra-
ditionally set to meet the reliability and power consumption
requirements as shown in Figure 1.3.3. This need is particularly
critical for mobile and portable applications (mobile phone, PDA,
notebook PC, wrist-watch, heart pacer, etc.) to prolong the bat-
tery life to support either ultra-low standby power or real-time
transmission of motion pictures. To reduce active current and
data-retention power of DRAM to <µA/Mb for mobile communi-
cation systems, multi-partitioning of cell arrays and optimal
refresh interval control schemes with monitored device tempera-
ture and memory cell leakage current are effective methods [2].
Thirdly, the memory speed has been steadily improved by
process advances. Figure 1.2.4 shows the trend of the memory
and CPU operating frequency. The speed gap between logic and
memory is increasing. However, recent implementation of high-
speed interface circuits and new I/O signaling schemes like in
RDRAM with 1~2Gb/s/pin data transfer can significantly narrow
the gap [3]. Further increased data transfer speed to 2~4Gb/s/p
is possible with a multi-level data transfer scheme [4], while
SRAM and graphics DRAM with a double-data-rate scheme
working at 500~600Mb/s/pin and present commodity SDRAM
are moving at a slower pace from 100MHz to 200MHz. This high-
bandwidth device is attractive for high-performance small sys-
tems with small granularity, especially for graphics.

To bridge the gap between those items for the component solu-
tion, evolutionary and revolutionary system solutions including
package and module technology are further sought to overcome
limits of overall speed, density, size, power, and performance
through the pursuit of differentiated value-added development.
Hence, more cost-effective differentiated higher-performance
systems to meet delicate customer requirements can be realized
to provide value-added total memory solutions. The challenges
are the provision of top-edge technology combined solutions with
fully-utilized system with memory (SWM) technologies like cost-
effective single-chip integration of different memories [5-6],
memories integrated with high-performance logic [7-8], multi-
chip package with low pin parasitics, small high-bandwidth
multi-channel module, and so on.

Figure 1.2.5 describes the future technology and demand trend
in IT areas such as PC’s, servers, graphics, networking, and com-
munication fields [9-11]. The common technical needs for each
area are high speed, low power, and high density. DRAM and
SRAM will mainly focus on high speed and low power for main-
ly EDP and networking applications, while NVM (Flash) will
mostly target large density mass storage for digital mobile con-
sumer products. From the application point of view, handheld
consumer electronics and communication-oriented products will
gain the new market from the conventional memory intensive-
products such as personal computers. For the near future, a
wristband type gadget, so-called “information bank system”
(with such special features as 1.0V, 1GHz, MPU and 15GB mem-
ory with voice recognition, 10W peak power, 0.1W standby
power, 4-hour battery life at full speed, 3x5x0.7cm3 system size,
and 300g total weight including battery) would be realized due to
the improvement of memory performance with the help of wire-
less communication electronics to accommodate many useful
functions such as detection of disease or environmental
contamination, automatic check-in at hotel, substitutional cred-
it card (e-money), information and time table scheduler, game
and e-book, and GWS identification recognition system, etc. Also,
nanotechnology-based memory may be designed and fabricated
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that mimics the function of an individual neuron. Therefore, it is
possible to fabricate a neuro-biochip containing many of these
transistors to simulate the function of brain neurons. This can
someday replace damaged or malfunctioning brain circuitry and
moreover, an artificial brain will be possible.

III. New Design Area
In the IT era, the number of memory systems for communication
and mobile applications will increase so that design concepts will
change to accommodate a specialized diverging memory market.
To achieve this, the CAD tool environment and high-performance
(power, speed) circuit techniques will be activated to meet time-to-
market for memory-intensive designs such as graphics function
intensive high-performance devices and various unified memory
products. Power reduction techniques will be one of the highest
priorities as the handheld market grows exponentially. Strong
demand for high-performance servers and networks stimulates
the need of high-speed and high-capacity devices to properly com-
municate with the terminals of many users at the same time. 

For future cost-effective specialized products, design challenges
should be considered because of the limitation of further improve-
ment with conventional shrinkage methods in terms of speed
enhancement, bit density increase, and power reduction. First, to
make a high-speed device to be more adaptable for production,
several critical circuit techniques should be considered. The
reduction of process variations on a wafer becomes extremely dif-
ficult and costly to control at the current level of device scaling.
Thus, there is a strong demand to establish a design environment
that reflects variation of process parameters including transistors
and contact resistance as the device scales. Secondly, the speed
can deteriorate as the device shrinks, because of cross-talk noise
and interconnect delay. Thirdly, the restricted pin RLC specifica-
tions on the parasitic of I/O circuitry including package require
design efforts such as synchronized time-delay compensation, on-
chip adaptive self-calibration, and signal integrity on a system
channel. Fourthly, careful estimation of device degradation of
scaled device during a high-speed operation is becoming more
important. Hence, it is inevitable to set up the overall CAD envi-
ronment for extracting the model parameters considering process
fluctuation, for building the statistical simulation system, for
designing circuits robust against variations in voltage and tem-
perature and noise, and for inclusion of reliability considerations.

Many dedicated unified chips will also be proposed in the future
to provide total memory solutions instead of achieving high-per-
formance devices obtained by optimizing chip architecture. They
range from small modifications such as SRAM interface with
DRAM cells and DRAM with row caches, to large-scaled integra-
tion such as small computer memory chips by combining several
different memory chips or memories merged into the logic
devices. The total memory solution providers are able to deliver
differentiated high-performance chips (in terms of functions,
speed, and power) in a short time owing to the exploitation of  an
established environment of memory MACROs.

Therefore, to develop high-performance products, effective CAD tool
environments for efficient design methodology and high-perfor-
mance circuit design techniques with adoption of optimal process
technology are required to make providing specialty products more
profitable, while meeting the particular customer specifications.

IV. Process Technology Evolution 
For the new IT era, the trend of memory process technology is
moving in two directions: a traditional high density approach for
memory intensive EDP applications as a mainstream and a user-
specific special process approach suitable for mobile and portable
applications such as ultra low standby power and/or high speed
and multifunctional unified memory chips.

Firstly, the development of miniaturized process technology has
great momentum, pursuing higher density with a smaller chip.
The trend of bit density increase is characterized by
1.5x~1.6x/year from 64kb to 512Mb DRAM since 1984 and the
trend might be continued until 2005 with a slightly decreased
rate due to increased difficulties and challenges in process and
device technology. At that time 1Gb DRAM with ~120mm2 chip
(0.8~1Gb/cm2) and 1Gb NAND Flash with ~80mm2 chip
(1.2~1.4Gb/cm2) will be available with 300mm wafers. Advanced
technology will be used to realize higher-scale integration with
several high-performance functions on a chip and production of
4Gb DRAM with <200mm2 chips will take place in the next 10
years [12,13,14]. Several techniques for realizing high-bit densi-
ty are possible with relatively less advanced process technology
available at present and in the near future: multi-bit cell (2~3b)
[14-17], fabrication of vertical transistor and memory capacitor
for a 6F2 to 4F2 memory cell (F=minimum feature size) [18],
multi-chip stacking connected with conventional wires using
wafer thinning to ~50~100µm. Figure 1.2.6 shows a prospective
technology roadmap up to 2010 for different memory devices.

Secondly, in addition to traditional process technology enhance-
ment, a user-specific special process will be developed with such
emerging technologies to provide higher-performance products
(ultra-high speed and/or low power) and specialized converging
products (high-performance small computer memory): Cu or
other low-resistive interconnects (W or salicide) and low dielec-
tric constant insulators to improve reliability and speed, new
storage materials (high-dielectric materials like BST
(εr=150~200) and Ta2O5 (εr=20~25), magnetic resistive layers like
GMR and TMR) to significantly increase the bit density, SOI or
selective epitaxial-layer growth (SEG) process and strained sili-
con (like SiGe) process technology to reduce parasitic and
achieve ultra-high speed. Multilevel metal processed (up to 4~5
layers) will be popular in the near future to accommodate reduc-
tion of delay time, improvement of noise characteristics, and
high packing density, especially useful for embedded memory
and logic applications. One ultimate unified memory approach is
the development of all memory integration processes to combine
all memories (DRAM, SRAM, and NVM) in a single chip (MIC)
even with logic circuits to take advantage of each memory’s mer-
its and interfaces, resulting in creation of new high-performance
small computing market. The other unification way is the use of
special storage materials like magnetic layers [19-22].
Nonvolatile DRAM memory can make access speed and cell size
comparable to those for DRAM without need of high voltages
required to write in Flash memory, resulting in creation of new
memory markets for IT applications. 

V. Backend (package & module) Areas
Packaging technology has developed remarkably for the last
decade and development rate will accelerate in the next decade
for rapidly creating IT industry to provide a system solution.
Figure 1.2.7 shows a prospective package technology roadmap up
to 2005 for diversified memory devices. To accommodate an
increasing number of I/Os in the device, grid array packages are
adopted in many applications. Although present wire-bonding
technology is stable and mature, it is not adequate for an inter-
connection method for high-frequency devices with large I/O pin
counts. Chip-scale package/chip-size package (CSP) is another
example providing excellent electrical performance at package
level due to small dimensions (low pin parasitics). As mobile
applications such as handheld communications and other small-
form-factor digital systems emerge, more compact memory pack-
age solutions with relatively small pin counts are required for
system miniaturization. The most popular to reduce the mount-
ing area is the multi-chip package (MCP), which is popular for
higher density in one package or multiple packages in a small
volume using multiple dies stacked vertically or horizontally.
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Figure 1.2.1: Diversified memory demands from various groups of users.

Figure 1.2.2: Technology trend introduction of different memories from the
past to the near future.

Figure 1.2.3: Trend of memory device operating voltage migration.
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Combination of different memories is now the most popular
form of stacking. Also, memory and logic and/or memory and
ASIC combinations will grow in popularity in the future due
to reduced mounting area and low I/O pin counts. The system
in package (SIP) is a recent terminology that incorporates
combination of different memories or logic and ASIC. SIP can
be a transient solution or can replace where SOC is necessary
by incorporating the advanced interconnection technology like
flip chip for less space. A more complex die stacking structure
composed of various dies soon will be available for mobile
applications.

Module technology has played a major role providing a memo-
ry solution for the EDP market and especially for server appli-
cations requiring a large memory capacity. Recently, for
portable handheld systems, a total high-performance small-
system solution is becoming more demanding. Thus, a small-
form-factor memory module is getting more important for
portability. Also, high-bandwidth modules (for high-rate data
transfer in a given volume) for EDP and consumer markets
are considered for high-speed and small system with the chal-
lenges of precise PCB design technology and good impedance
matching techniques on channels through mother board, mod-
ule PCB, and socket to provide good signal integrity during
high-speed clocking. A 10GB/s module bandwidth will be avail-
able in 2005 with the development of multi-channel modules. 

VI. Conclusion
For the next century, semiconductor memories will be
improved continuously to enhance the efficiency with smarter
design techniques and more advanced process technology and
to provide differentiated value-added system solutions. Figure
1.2.8 shows trends for total memory demand (~1.7x per year)
and cost reduction rate over the last 2 decades and beyond.
The memory bit cost ($/MB) has continuously decreased by
~0.65x per year and the population of IT users is rapidly
increasing. Total memory revenue will increase by ~1.1x per
year during the next decade. Thus, the memory business will
prosper further as IT researchers and engineers have in the
past with four momentum words: love (zeal), jealousy (differ-
entiation), truth (satisfaction), and freedom (customization).
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Figure 1.2.4: Trend of the memory and CPU operating frequency.
Figure 1.2.5: Future technology and demand trend of each IT area: PC, server,
networking, consumer, and communication fields.
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Figure 1.2.6: Prospective technology roadmap for different memories up to
2010 .

Figure 1.2.7: Prospective package technology roadmap for diversified memory
devices.

Figure 1.2.8: The trends of the total memory size demanded and memory cost
reduction rate for the last two decades and into the future.
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Figure 1.2.1: Diversified memory demands from various groups of users.
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Figure 1.2.2: Technology trend introduction of different memories from the past to the near future.
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Figure 1.2.3: Trend of memory device operating voltage migration.

µ µµ µ

µ µµ µ

µ µµ µ



•  2002 IEEE International Solid-State Circuits Conference 0-7803-7335-9 ©2002 IEEE

Figure 1.2.4: Trend of the memory and CPU operating frequency.
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Figure 1.2.5: Future technology and demand trend of each IT area: PC, server, networking, consumer,
and communication fields.
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Figure 1.2.7: Prospective package technology roadmap for diversified memory devices.
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Figure 1.2.8: The trends of the total memory size demanded and memory cost reduction rate for the last
two decades and into the future.
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