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for the
GHz era

by G. G. Shahidi

Silicon-on-insulator (SOI) CMOS offers a
20-35% performance gain over bulk CMOS.
High-performance microprocessors using SOI
CMOS have been commercially available since
1998. As the technology moves to the 0.13-um
generation, SOl is being used by more
companies, and its application is spreading to
lower-end microprocessors and SRAMs. In this
paper, after giving a short history of SOI in
IBM, we describe the reasons for performance
improvement with SOI, and its scalability to
the 0.1-um generation and beyond. Some of
the recent applications of SOI in high-end
microprocessors and its upcoming uses in
low-power, radio-frequency (rf) CMOS,
embedded DRAM (EDRAM), and the
integration of vertical SiGe bipolar devices on
SOl are described. As we move to the 0.1-um
generation and beyond, SOI is expected to be
the technology of choice for system-on-a-chip
applications which require high-performance
CMOS, low-power, embedded memory, and
bipolar devices.

Introduction

Deep submicron room-temperature bulk CMOS has been
the main technology used for ULSI systems, and CMOS
scaling has been the primary tool for improving system
performance. Over the last three decades, SOI CMOS has
been identified as one possible method for increasing the
performance of CMOS over that offered by simple scaling

[1]. Prior to the 1990s, SOI had not been suitable as a
substrate for mainstream applications. The barriers to its
widespread use were many, the main ones being SOI
material quality, device design, and the steady progress
in bulk CMOS performance through scaling.

In early 1989, the IBM Research Division initiated
activity in SOI CMOS with a program focusing on device
design and materials research. The results of this early
work were the adoption of the partially depleted device
design point, the demonstration of a 0.1-um effective-
channel-length (L) CMOS [2], its application to a
512Kb SRAM, significant progress in methodology
to characterize the floating-body effects, and notable
progress in SIMOX (Separation by IMplantation of OXygen)
materials technology which was developed on 5-in. wafers.
In the early 1990s, SOI development was transferred to
the Advanced Silicon Technology Center (ASTC) of the
IBM Microelectronics Division, with the goal of serious
assessment of SOI CMOS and increased focus on 8-in.
wafer development. In 1994, using a quasi-0.35-um CMOS
SOI technology (i.e., the same oxide thickness and
polysilicon gate width as bulk CMOS, but with a lower
operating voltage range), a “fully” functional PowerPC
601* was demonstrated over a limited shmoo window
(graph identifying functional points in performance-voltage
space). That demonstration prompted IBM to initiate
a focused program to qualify a 0.25-um CMOS SOI
technology [3]. The qualification focused on the same
development areas as a 0.25-pum bulk technology,
including yield, reliability, SOI material, modeling and
design manual, transfer to manufacturing, SOI-unique
device structures (diodes, electrostatic discharge
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protection), characterization of floating-body effects, test,
and burn-in. However, no product group was committed to
using SOI CMOS, because several elements were lacking:
firm demonstration of performance, field use of SOI (i.e.,
an unproven technology), and the existence of a clear and
improving bulk CMOS roadmap. On its own initiative, the
SOI Technology Development Group modified a PowerPC
604* (a 32-bit PowerPC* microprocessor, and the first
product incorporating bulk 0.25-um CMOS, used by

IBM and Apple Computer, Inc.). The SOI version of the
PowerPC 604 was fully functional, booted IBM AIX*

(the IBM version of the UNIX** operating system) and
AppleOS (the Apple Computer operating system), was

G. G. SHAHIDI

put through extensive test and reliability stress, and, most
significantly, demonstrated the performance gain possible
with SOI (27% for PowerPC 604) [3]. By the time SOI
demonstrated these capabilities, high-end bulk CMOS
technology was moving to a 0.22-um generation, and SOI
development was redirected to developing a 0.22-pm
CMOS generation.

IBM server groups have always used the most advanced
CMOS technology for their microprocessors. In 1997, they
chose 0.22-um CMOS SOI [4] for their next-generation
microprocessors. That effort resulted in the first
mainstream application of SOI CMOS, significant circuit
learning, and its fabrication in a CMOS manufacturing
line. The first SOI product, a 64-bit PowerPC
microprocessor, was shipped in the summer of 1998.

A limited number (a few tens of thousands) of 32-bit
PowerPC 750* microprocessors, using 0.22-pm CMOS
SOI, were also shipped to customers. Since then, the
development has focused on 0.18-um [5], 0.13-um [6],
and 0.1-um [7] CMOS SOI technologies, with a greatly
increased customer base.

Device design

The primary feature of MOS in SOI is that the local
substrate (“body”) of the device floats electrically, and
therefore the substrate-source bias voltage, Vy, is not
fixed (Figure 1). As V, changes, the device threshold
voltage, V7, will change (Figure 2). This “instability” in
V. is what has made SOI device design very challenging.
One manifestation of the threshold variation is the

“kink effect,” or increase in the output conductance of the
device near drain-to-source bias, V, of 1 V, the bandgap
of silicon [1]. This is caused by the impact-ionization-
induced increase in V', with increasing V, and the
resulting reduction of V.;; when V¢ becomes large
enough, impact ionization current (holes) flows to the
undepleted body, increasing the body charge and Vi,
resulting in a decrease in V. One method widely used

to minimize floating-body effects is to use fully depleted
(FD) SOI devices. In FD devices, the SOI film thickness
is (much) smaller than the channel depletion width, and
therefore the body charge is fixed. Any impact ionization
charges (majority carriers) flowing into the depleted body
are readily swept to the source because of the much-
reduced potential barrier. For this reason, in the early
stages of SOI technology development the focus was on
FD SOI devices, since the kink effect and other floating-
body effects such as dynamic V' variation were considered
serious problems. Initially a further benefit attributed to
FD SOI was the improvement with respect to short-
channel effects (SCE) [1]. Figure 3 shows simulated V.
roll-off of bulk Si (top curve) and four SOI n-FETs with
different film thicknesses. As the SOI film thickness

is reduced, the V7 roll-off does improve, but the
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improvement is only caused by the reduction in junction
depth. As shown in Figure 4, if the junction depth in bulk
Si is the same as the SOI film thickness, the V.. roll-off in
bulk Si and SOI is the same [2]. It has been shown that
for a given channel length, FD SOI devices exhibit
increased short-channel effects (SCE) compared to
partially depleted SOI unless the silicon film thickness
becomes much smaller than the depletion depth [8].

In early work in IBM, it was quickly realized that
FD SOI is not manufacturable. In sub-0.25-um CMOS
technologies, the control of SCE is critical. By adopting
partially depleted (PD) device design, one can use many
of the techniques developed for controlling SCE in bulk-Si
CMOS, i.e., retrograde well, halo, and source and drain
shallow extension [3]. Also, in PD SOI (because in general
Vs > 0) the SCE is decreased even in comparison to a
bulk technology with identical doping. There are many
other benefits associated with PD SOI: It is very difficult
to design a high-V. FD device, because if the film doping
is increased in order to raise the V7, the device is not fully
depleted; it must be made thinner, and then the V.,
decreases. In other words, it is difficult to have a device
design point for FD SOI with reasonable off-state current,
I - Nearly all sub-0.25-um CMOS technologies have
multiple Vs, which is difficult to achieve on FD SOL
Furthermore, it will be shown that dynamic V. variation
(present on PD SOI) is a significant cause of the
performance boost of digital circuits in SOI. Two
SOI-unique effects can affect the circuit functionality:
“passgate” leakage [9] and the “history” effect [10]. The
excess transient passgate leakage is actually higher in FD
devices, since passgate leakage is strongly dependent on
the bipolar gain of the device, and it is much easier to
degrade the bipolar gain on PD SOI. The “history
dependence” of propagation delay is larger in PD SOI,
but as shown later, this is a manageable effect in most
circuits. For the cases in which floating-body effects
must be completely eliminated, it is possible to form an
electrical body contact in PD SOI, but not in FD [11]. In
summary, there are compelling reasons why the PD device
design is preferable; these are summarized in Table 1.

Circuit design and floating-body effects

The key feature of PD SOl is the variability of V and
V. Under static steady-state conditions, V. is determined
by the balance of currents through the two back-to-back
diodes and impact ionization near the drain. Under
dynamic switching conditions, V¢ depends on the previous
electrical switching “history” of the device, as well as on
the instantaneous node voltages [10-12]. The history
effect (or the resulting delay variation) initially seems

to be most daunting. During technology development,
considerable effort was spent to minimize this effect (by
balancing various leakage currents). The variation of delay
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as a function of switching history is about 8% per gate
(and >20% in some passgate circuits initialized under the
right conditions). This uncertainty in delay may seem
excessive. However, there also is considerable uncertainty
in the delay through a gate in a bulk-Si CMOS design
(and the designers have developed techniques to take this
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Table 1  Partially depleted SOI vs. fully depleted SOI.

Partially Fully
depleted depleted

Manufacturability
Design point (high V)
Multiple V.
Breakdown voltage
SCE

Kink effect

Body contact

Passgate leakage
History dependence +

S S SIS

Table 2  Elements of technology and design giving rise
to delay uncertainty.

Source of variation Variation in

delay (%)
Across-chip polysilicon width variation 15-20
Temperature (25-85°C) 10-20
Top vs. bottom switch in NAND 20-35
Number of 1s on an OR 10-40
On-chip V7, variation (10%) 10
SOI history effect 8

into account). Among the phenomena contributing to
uncertainty in a bulk-Si design (Table 2) are intrachip
process variation (about 15-20% of gate delay); delay
variation caused by top vs. bottom switching devices in
NAND gates, or the number of simultaneous “1”s arriving
at a NOR gate (about 20-35%); on-chip circuit supply
voltage (V) variations (about 10%), and temperature
variations (on-chip and ambient, which can cause 10-20%
change in delay). The SOI-induced uncertainty in delay,
while not negligible, is no larger than other sources of
uncertainty on a chip, and can be managed in a similar
fashion [13]. At the microprocessor level, the history
effect in SOI is much less noticeable [13-15] than the
uncertainty in delay of a simple circuit block in SOI (i.e.,
an inverter or a NOR stage). The processor cycle time (or
the chip frequency) is usually determined by a few cycle-
limiting paths (i.e., the longest latch-to-latch delay). By
initializing the chip at various conditions and then running
the cycle-limiting path, one can measure the history effect
at the chip level. This has been done on the IBM 64-bit
PowerPC. Less than 3% variation due to the history effect

at the chip level has been observed on cycle-limiting paths.

More important, the cycle-limiting paths do not change as
the chip initial condition is changed. Furthermore, the
cycle-limiting paths were the same on the bulk-Si and SOI
designs when the bulk-Si design was mapped to SOI. The
reduced impact of history at the chip level is expected,
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since cycle-limiting paths pass through many gates, and
some speed up and some slow down as their history is
changed.

The other floating-body effect is “passgate leakage,” or
the reduction in the device V. when the body charges
to very high voltage, as high as V) [9]. A number of
techniques have been developed to minimize the impact
of passgate leakage [14, 16, 17], and most of the effort in
mapping bulk-Si circuits to SOI is spent on fixing circuits
affected by it [13, 15]. The challenge of circuit design in
SOI is to properly screen every circuit type for passgate
leakage (functionality, noise performance, and timing)
[14, 16, 17].

The decision to migrate a design to SOI must
balance the expected extra work required to enable the
functionality of every circuit on SOI (and taking advantage
of SOI) against remaining in bulk CMOS and having
lower performance but an easier migration path. The
experience has been that the first couple of re-maps of
bulk designs to SOI were challenging. For example, the
design teams had to discover the hard way the need for
body contact on SRAM sense amplifiers and the need for
grounding the back of the wafer. Once a design team is
experienced, subsequent SOI designs are produced much
more smoothly and quickly. An example is the 64-bit
PowerPC design, which has been migrated into two
generations of design within IBM. The first bulk-to-SOI
map, using 0.22-um CMOS SOI, was difficult. However,
migration of the design to 0.18-pum SOI was much
smoother and quicker [9, 13]: It required the same
number of design revisions as a bulk-Si design that was
mapped from one bulk generation to the next bulk
generation.

Performance

The performance advantage of SOI over bulk Si is caused
by the elimination of area junction capacitance, the lack
of a reverse body effect in stacked circuits, and the fact
that the SOI body is slightly forward-biased under most
operating conditions. Considerable effort during the
development of SOI CMOS was devoted to evaluating
the performance of SOI against that of the best bulk-Si
technology. Bulk Si has been compared to SOI at both the
simulation and hardware levels. Simulation allows one to
distinguish the various effects that give rise to the SOI
performance advantage. At the simulation level, the main
challenges have been the creation of a calibrated SOI
model and the proper extraction of all of the parasitic
components of the circuit that is being simulated.

To evaluate the effect of area junction capacitance on
the performance gain, two critical paths (one with and one
without global wire loading) were simulated. Figure 5
shows the result for a number of technologies. The
performance gain due to the reduction of the area
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junction capacitance, C,, is between 9% and 25%, and is
greater for the path with no wire loading. Because of
junction optimization in the 0.35-0.22-um generations, the
effect of C, reduction has been diminishing. However, as
we approach 0.18 wm and beyond, because of the need for
high doping concentrations to control SCE in bulk Si, C,
will form a larger portion of the node capacitance.

The other cause of the performance gain of SOI over
bulk Si is that the body of the device floats. Thus, not only
is V¢ never less than zero (i.e., there is no MOS reverse
body effect in stacked and passgate circuits), but Vo > 0
under most operating conditions. To assess the importance
of the body effect, critical paths of the microprocessor
were simulated (Figure 6) using SOI models (0.22-pm and
0.18-um CMOS SOI), with body floating (as in the usual
operation), and tied to ground (GND) (n-FET) and V
(p-FET). As expected, leaving the body floating results in
higher performance. Simulation was also carried out using
the low-V. models (lower V. and 10X higher /) to
assess the impact of the lower body effect, as in low-V,
devices, which are used in critical paths. As expected, for
low-V, devices, the importance of the body effect is
diminished.

Assessing the advantage of SOI over bulk Si using
hardware at the microprocessor level turned out to be
significantly more complicated. SOI and bulk-Si designs
are not identical, since they have different design margins.
Moreover, it is very difficult to determine the L.
large microprocessor because of the variation of the

for a

polysilicon gate linewidth across the chip. There are also
lot-to-lot variations in speed distributions even for the
same nominal polysilicon linewidth. As a result, SOI and
bulk-Si designs are usually centered at different polysilicon
linewidths. In addition, the designs are at different levels
of maturity. Nevertheless, for the 0.22-um CMOS
generations, two designs were fabricated in IBM
Microelectronics over an extended period of time,
allowing comparison of bulk-Si and SOI performance at
the microprocessor level. Figure 7 shows the f,,, (i.c., the
module maximum operating frequency) for the PowerPC
750, and Figure 8 shows the (maximum operating)
frequency for “Istar,” a 64-bit PowerPC, vs. process
sigma.' Performance gains of 22-33% were observed. In
both cases, the same paths were the cycle-limiting paths
(although there were some differences in the dependence
of the maximum frequency of microprocessor operation
on voltage). Simulation of a wide variety of critical paths
indicates that performance gains of 20-35% are feasible
when a design is moved from bulk Si to SOL.
]Sigmamndard deviation of the distribution of the channel length
(centered at the nominal polysilicon linewidth) of a given technology in the early
stages of manufacturing. As technology matures and the distribution of the

polysilicon tightens, the nominal polysilicon is shifted by a few (the original) sigma
to a shorter polysilicon linewidth to increase the performance of the product.
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Extendibility

As SOI is scaled to 0.1 um and beyond, one of the issues
involved is SOI advantage and scalability. As the bulk
MOS transistor is scaled, a number of trends are
apparent. Channel doping must be increased (by 1.6X per
generation) to counter the short-channel effects [18]. The
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device junction area is reduced by a scaling factor of 0.7X.
Thus, the area junction capacitance per unit width, C,, is
expected to remain constant. The drop in C, observed in
the 0.25- to 0.18-um generations has been due to one-time
well optimization. Furthermore, as the microprocessor
(and ASIC) chip frequencies are increased over the

GHz range, the use of heavily wire-loaded stages will be
diminished. Breaking up long wires and using repeaters
actually improves the speed and noise performance. The

G. G. SHAHIDI

1.0
Projected
EXT depth |:|
08
s I
=) 78
g 0.6 e |
= 5
g 04 EXT
z I I+
02 No
| EXT
/ Y
0.0 — ; ;

20 40 60 80 100 120 140 160
SOI thickness (nm)

Simulated impact of SOI film thickness on total C;. EXT =
source—drain junction extension (shallow junction used to
improve short-channel effect). High/low = range of junction
capacitance values. The structures on the right of the figure are
gate and junction schematics of a device on SOI. The device
includes both the deep junction and the extension (top schematic).
As film thickness is reduced, only the extension junction capaci-
tance affects the device. Reproduced with permission from [12];
© 2000 IEEE.

use of larger (i.e., less wire-dominated) buffers amplifies
the SOI advantage as it relates to C, reduction.

As one moves to channel lengths below 0.1 wm, channel
doping (and doping in halo devices [19]) must be increased
by more than 1.6X per generation [11]. The use of
SOI has made it possible to reduce the perimeter
junction capacitance (as compared to bulk CMOS) by
using thinner SOI (Figure 9) [12]. Indeed, using thin SOI
films allows one to use higher doping concentrations in
the halos, thus reducing SCE [7]. Going to thinner films
has a noticeable impact on device performance. This is
shown in Figure 10, based on the results of our second-
generation 0.13-um SOI CMOS, where the ring
performance improves as the film thickness is reduced
[20].

Body-effect scaling is more complicated. The increase in
channel doping and the drop in V,; worsen the impact of
the reverse body effect. However, as the device is scaled,
the I, target has been increased by about 10X per
generation (due to reduction in V) to obtain sufficient
performance gain (Figure 6). The lowered V., reduces the
SOI advantage as it relates to body effect. The I target
for the 0.13-um generation is in the range of one hundred
nA/pm (and for low V., I,
be seen whether the rapid increase in /. (and lowering
V;) can continue as scaling continues to below 0.1 wm.

By careful balancing of C; and the channel capacitance,
the history effect of SOI will not grow past ~7% [18]. In fact,

is 10X higher). It remains to
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Table 3 Characteristics of IBM 64-bit PowerPC on bulk
and SOI (0.22-pm and 0.18-um generations).

Bulk Sol N
0.22 um 0.22 um 0.18 um
Core clock frequency 450 550 660
(MHz)
L1 caches 128KB inst. 128KB inst. 128KB inst.
+ 128KB  + 128KB  + 128KB
data data data
L2 directory 104 X 16K 104 X 16K 146 X 16K
Supply voltage (V) 1.8 1.8 1.5
Transistors 34M 34M 44M
Die size (mm?) 139 139 128
Power (W) 22 24 18
L (n-FET) (um) 0.12 0.12 0.08
T,y (nm) 35 35 2.6
Metallization 6 layers Cu 6 layers Cu 7 layers Cu
Contacted M2-M4 0.81 0.81 0.63
pitch (um)

we do not observe much history-effect degradation of our
0.1-um CMOS SOI technology at nominal or reduced voltages.

Applications of SOI

The IBM Server Group has been the first design group to
adopt SOI technology across their product line. Table 3
summarizes the first- and second-generation “Star” series
64-bit PowerPCs on SOI [13]. IBM servers using these
microprocessors have been in production since 1998. For
the next-generation microprocessors, IBM has developed
the POWERA4, a microprocessor with two cores and a
shared L2 array (174 million transistors). It is designed
using 0.18-um CMOS SOI and runs at a frequency of
1.3 GHz [21]. As we move to the 0.13-um generation
and beyond, the use of SOI is spreading to more
“commodity” microprocessors and SRAM.

SOI is opening a number of opportunities in the low-
power arena. In many applications, from hand-held
devices to large servers, power is becoming a limiting
factor. One of the attractions of the SOI technology is its
low-power behavior. For a given CMOS generation, SOI
provides higher performance than a comparable bulk
technology. This performance “headroom” allows for
operation at lower voltage and lower power (as much
as 2-3X) [22]. In other words, the lowest-active-power
technology is the highest-performance technology operated
at low voltage. This effect is illustrated in Figure 11, in
which power is plotted against delay for an unloaded
NAND3 delay chain for a number of technologies
(0.30-um to 0.13-um SOI and bulk CMOS). At present,
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the technology group is developing a 0.13-um low-power
CMOS SOI technology (optimized down to 0.7 V) for
commodity applications, along with the associated ASIC
libraries.

One concern expressed about the use of SOI for low
power has been its high off-current, /... The design point
of SOI technology at a given generation has been set to
match the worst-case SOI /. to that of the highest-
performance bulk at that generation. This usually means

matching /.. at the minimum channel length of the
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technology, L,,, and at high temperature. Then, at
nominal channel length and supply, the I in SOI is
about 10X higher than the bulk-Si /... As one reduces
the voltage to lower the SOI active power, the SOI /.
decreases much faster than that of bulk, matching the
bulk-Si /. at low voltage. As shown in Figure 12, a
0.13-um SOI at low voltage has nearly the same /.

as a high-performance 0.13-um bulk technology at low
voltage (and >20% higher performance) [23].

With the increased use of wireless technology, SOI
CMOS offers some unique opportunities in the mixed-
signal and radio-frequency rf circuits. Wireless technologies
require high-performance transistors and low-loss passive
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devices (inductors and capacitors). SOI allows the

use of high-resistivity substrate (>2K -cm), which

can result in high Q for the passive elements (i.e.,
inductor Q greater than 30), which would minimize the
crosstalk among analog and digital circuits. High device
performance is manifested in SOI FETs having unity
current and power gain frequencies, f;. and f,;,, of more
than 150 GHz (for the 0.13-wm generation), the fastest
for any CMOS technology to date (Figure 13). The noise
figure is 1 dB at 5 GHz. The ability to integrate high-
performance rf and low power on the same chip with
minimum crosstalk will open the path to many new
applications [24].

For communications and low-noise circuits, there are
applications that require bipolar transistors. A group in
the Research Division has demonstrated a novel vertical
SiGe-base bipolar transistor on SOI with depleted
collector, on SOI films with the same thickness as that
used in CMOS SOI. This transistor can conceptually
be integrated with high-performance CMOS on high-
resistivity substrates, opening the way to potentially novel
applications [25].

One of the requirements for the widespread use of any
technology is the capability to build a system-on-a-chip.
Most system-on-a-chip manifestations require embedded
DRAM (EDRAM), and one of the concerns with
implementing DRAM on SOI has been the passgate
leakage, which can lead to cell discharge based on the
data pattern. One proposed method of implementing
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EDRAM on SOI is to use patterned SOI: Build the
DRAM cells on bulk Si and all of the other circuits on
SOI [26]. Figure 14 shows an implementation of patterned
SOI [27]. In fact, we have built EDRAM macros on such
films. Figure 15 shows retention-time (time for the first
memory failure to retain data beyond specific value) plots
of array diagnostic monitors (ADMs) produced on a
524Kb macro using bulk and patterned SOI [26]. (The
ADM is a macro that specifically tests EDRAM cell
functionality in an array environment and its retention
characteristics.) The chart shows that the first retention
fails of EDRAM bits in either of the patterned SOI masks
occur at 128 ms. Early retention fails for bulk EDRAM
occur between 128 and 256 ms. The slightly higher single-
cell fail count at lower retention times is largely due to
the smaller devices present in the high-performance SOI
process technology which contribute to higher off-state
leakage of the array device (L, = 0.22 um).

Future

As we move forward, SOI CMOS technology development
is completed for the 0.13-um generation [6, 20] and has
been initiated for the 0.1-um generation [7, 27]. These
technologies are simply the highest-performance CMOS
in production. In terms of power, SOI offers a better
power—delay product compared to bulk Si (trading off
performance for lower power). SOI offers the opportunity
for the use of very-high-resistivity substrates to achieve
low-loss passive elements. This capability, along with

SOI n-FETs with an f of >150 GHz, opens exciting
opportunities for low-power rf circuits. The ability to
integrate vertical SiGe-base bipolar with SOI CMOS

will open new application areas for SOI. The initial

step toward integrating EDRAM on SOI has been

taken. SOI CMOS is being applied to more mainstream
microprocessors and SRAMs, and is being adopted by a
number of companies. Bringing SOI into the mainstream
of Si technology has been challenging. However, as we
move to the 0.1-um generation and beyond, SOI offers the
total solution, and it will be the technology of choice.
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