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Abstract—A 0.25-�m, four-layer-metal, 1.5-V, 600-MHz, fully
depleted (FD) silicon-on-insulator (SOI) CMOS 64-bit ALPHA1
microprocessor integrating 9.66 million transistors on a 209-mm2

silicon die has been developed leveraging the existing bulk design.
FD-SOI technology is used because it has better immunity for
dynamic leakage current than partially depleted SOI in high-
speed dynamic circuits without body contact. C–V characteristics
of metal-oxide-silicon-oxide-silicon with and without source-drain
junctions are described to explain the behavior of FD-SOI tran-
sistor. Race, speed, and dynamic stability have been simulated to
reassure the circuit operation. Key process features are shallow
trench isolation, 4-nm gate oxide, 30-nm co-silicide, 46-nm silicon
film, and 200-nm buried oxide. The FD-SOI microprocessor runs
30% faster than that of bulk, and it passes the reliability and
system test.

Index Terms—Cascode voltage switch logic (CVSL), chemical
mechanical polishing (CMP), circuits, CMOS, critical path, C–V,
dynamic CMOS circuit design, floating body effect (FBE), fully
depleted, microprocessor, partially depleted, race, short channel
effect (SCE), silicon on insulator (SOI), threshold voltage.

I. INTRODUCTION

A LPHA microprocessor speed has been improved 31% per
year since 1992, and it will reach up to 3.5 GHz by 2004

at this rate. But when a CMOS technology advances beyond
0.25 m, the speed benefits from scaling down begin to taper
off. There are more severe problems such as short channel
effects (SCE’s), thin gate oxide, poor subthreshold slope, large
parasitics, low operating voltage, and large interconnect delay.
These problems limit the improvement of each new process
generation. Many boosting technologies such as SOI, Cu, and
flip-chip package have been developed to compensate for these
problems. The speed impact of these technologies is shown in
Fig. 1 as a dashed line based on assumptions in Table I.

A 0.25- m, four-layer-metal, 1.5-V, 600-MHz, fully de-
pleted silicon-on-insulator (FD-SOI) CMOS 64-bit micro-
processor [1] integrating 9.66 million transistors on a 209-
mm silicon die has been developed leveraging the existing
bulk design [2]–[9]. The implementation and the technology
features are in Tables II and III, respectively.

II. M ICROARCHITECTURE

This microprocessor uses outstanding CMOS circuit de-
sign technique and methodology [10] to achieve the highest
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TABLE I
SPEED TRADEOFFS

TABLE II
IMPLEMENTATION FEATURES

TABLE III
TECHNOLOGY FEATURES

speed in a given microarchitecture and technology. This work
demonstrates that a microprocessor that integrates the high-
performance microarchitecture as shown in Fig. 2 can be
successfully implemented using FD-SOI CMOS technology.
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Fig. 1. Alpha CPU speed versus time. Dashed line shows the speed boost thanks to emerging technologies such as SOI, Cu, and flip-chip package.

Fig. 2. Microarchitecture overview. Note the three major streams: instruction, execution, and memory.

III. SOI CMOS TECHNOLOGY

A. Technology Tradeoffs

There are many advantages in SOI such as reduction in junc-
tion capacitance, reduction of dynamic power, high immunity
to soft errors, improvement in packing density and latchup,
low operating voltage, more stacked transistors, candidate for
double gate transistor [11], excellent microwave characteristics
[12], candidate for high-temperature applications [13] and
perfect isolation by simple fabrication process.

Despite of all these advantages, SOI has not been commer-
cially successful due to inherent problems in material, process,
device, and design. SOI is a less mature technology for mass
production of low-cost, low-defect density wafer and process,
and it needs critical control of the silicon thickness and sur-
face microroughness. A 50-nm film with 5-nm nonuniformity
across the wafer can result in instability of 0.1 V [14],
and microroughness below 0.5-nm rms is critical for wafer
bonding [15]. High series resistance associated with source-
drain in SOI dramatically reduces the output currents in thin
silicon film. The body is floating in SOI and results in floating



1438 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 34, NO. 11, NOVEMBER 1999

TABLE IV
PD-SOI VERSUS FD-SOI

(a) (b)

Fig. 3. (a) Schematic cross section of the FD-SOI NMOS transistor. (b) Depletion width atQssf = 0:1 fC/�m2:

body effects (FBE’s) such as kink current, low breakdown
voltage, hysteresis, and self-heating, though the self-heating
can be neglected in most digital circuits due to high-speed
switching [16].

It is common to provide the body contact to minimize the
FBE [17]. Source engineering to lower the diffusion potential
is also used to mitigate the FBE by recombination of the
impact ionized carriers [18]. FD-SOI assumes no neutral
region in the body so that the impact ionized carriers can
be injected into the source by gradual diffusion or recom-
bination. FD-SOI technology has been more promising than
partially depleted (PD)-SOI in that it has less FBE without
body contact. It also provides inherent immunity to SCE due
to thin film thickness, which removes the shared depletion
charge section. FD-SOI provides excellent scaling properties
[19], steep subthreshold slope, stable dynamic operations, and
reduced hot-electron effects due to less steep potential drop
near the drain induced by back gate. FD-SOI allows a lighter
substrate doping for SCE, and it improves transconductance
for less velocity saturation due to reduction of lateral field.

However, FD-SOI has many shortcomings. It is difficult to
control the , which is coupled by back gate bias in FD-SOI,
and also it is dependent on the uniformity of film thickness.
PD-SOI may have better short channel effects if it scales down
to the 100-nm regime. Also, PD-SOI has higher breakdown
voltage, higher driving current, and better series resistance in
source-drain. FD-SOI is more sensitive to total dose effects,
which control the state densities of oxide interfaces. The pros
and cons for FD-SOI and PD-SOI are listed in Table IV.

B. FD-SOI Transistor

FD-SOI has excellent features compared to bulk and PD-
SOI not only for the digital but also for the analog circuits
[20], [21]. The cross section of the FD-SOI NMOS transistor
used in this work is shown in Fig. 3(a). The 46-nm silicon
thickness makes the body deplete in all operation ranges.
Vertical depletion width at 0-V gate bias is reached up to 65
nm, as shown in Fig. 3(b), when the (oxide surface state
charge for front gate) is assumed to be 0.1 fC/m Lateral
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(a) (b)

Fig. 4. Dynamic leakage current: (a) FD-SOI and (b) PD-SOI.

Fig. 5. Low- and high-frequency C–V curve for MOSOS structure.

depletion widths are also shown for each bias condition. The
level of depletion provides the explanation for kinks and
dynamic instabilities for FD-SOI where the mechanism is
different since there is no neutral body region [22]. Hole
distribution and electric field in the body defines the level
of depletion as deep or mild.

Dynamic leakage currents for FD-SOI and PD-SOI have
been measured following the known method [23]. The results
shown in Fig. 4 imply that FD-SOI has dynamic leakage

current as low as 0.045A/ m when the charging time is
1 ms. But it increases exponentially to 0.7A/ m at 7 ms
in FD-SOI. While the PD-SOI has 0.11A/ m at 1 ms, it
increases linearly to 0.2A/ m at 10 ms. It can be explained
as the high field driven holes are accumulated under gate, and
they are multiplied exponentially in FD-SOI after it reaches
critical density that is similar as breakdown. PD-SOI has the
neutral region for gradual carrier multiplication so that the
increase rate of dynamic leakage current is slower than that
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(a)

(b) (c)

Fig. 6. (a) Schematics for frequency-dependent race case study, (b) timing diagram, and (c) simulation results.

of FD-SOI. As a result, FD-SOI is good for dynamic circuits
that are refreshed per several milliseconds at maximum. This
microprocessor uses intensive dynamic circuits, and FD-SOI
is preferred.

Two types of metal-oxide-silicon-oxide-silicon (MOSOS)
C–V curves have been studied. One is for the MOSOS
capacitor, which is completely enclosed by the oxides as top
for front gate, bottom for back gate, and two sides for shallow
trench isolation (STI). Because there is no carrier in and out for
this enclosed capacitor, the field driven holes are gathered in
some region inside the body, and it becomes the accumulation
layer. The existence of this accumulation layer is shown in
the C–V curve in Fig. 5 as up and down of the capacitance
depending on gate potential [19], [24], [25]. When the body is
split with two capacitors in between the accumulation layers,
the capacitance decreases. The capacitance increases if there
is no accumulation layer inside the body. The other type is
for the MOSOS capacitor with source-drain junctions, and it
results in a similar C–V curve as that of bulk. It shows that
there are no accumulation region for this structure because the
gathered holes are diffused to source-drain junctions.

IV. CIRCUIT DESIGN

This microprocessor uses intensive dynamic circuits such
as dynamic-level sensitive latch, multistage domino in a single
phase, multistage cascode voltage switch logic (CVSL) circuits
with huge clock drivers, and precise clock skew control net-

Fig. 7. Critical path circuit simulations of the Dcache read for the FD-SOI
versus bulk.

work [2]–[6]. FD-SOI is used to provide the dynamic stability
without body contact. There are three major types of design
work for FD-SOI. First, the race has been verified in FD-
SOI because the significant reduction in junction capacitance
causes speed kinks in dynamic NMOS trees. Second, the
circuit speed has been evaluated. Last, the dynamic stability
also has been simulated.

A. Race

It is well known that race can occur at any frequency. But
it is interesting that the frequency-dependent race can occur in
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(a)

(b)

Fig. 8. (a) Dynamic four-wayOR circuit and (b) SPICE simulation results for the circuit.

a certain circuit style, as shown in Fig. 6(a). This circuit may
work at high frequency but may not work at low frequency.
It is composed of a CLK2 latch, some logic function, and a
CVSL CLK1 latch. The output of the CVSL latch is driven
into CLK2 multistage domino logic, and CLK2 RS flip-flop
samples the domino output. If NMOS trees in CVSL and
domino are too fast because of significant reduction in junction
capacitance, may possibly race through to during
the overlapping period between CLK1 and CLK2, as shown in
Fig. 6(b). If comes out in CLK1-high as designed, there is
no race issue for this circuit. If comes out before CLK1-
high because of faster SOI NMOS tree in CVSL and domino
or because of low frequency, it may possibly race through the

circuits. It shows the frequency-dependent characteristics. The
pass–fail margin in clock skew to tolerate this race is simulated
as 400 ps in the bulk case, as shown in Fig. 6(c). It is reduced
to 300 ps in FD-SOI.

B. Speed

A data cache read path is simulated to evaluate the speed
improvement as shown in Fig. 7. FD-SOI runs 20–30% faster
than bulk in normal circuits such as wordline access, though
FD-SOI records 50% faster in bitline evaluation where the
junction capacitances are dominant. As a result, SOI is ex-
pected to record 20–30% faster than bulk, and it is correlated
well with real speed in silicon.
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Fig. 9. Fabricated FD-SOI transistor.

C. Dynamic Stability

Dynamic stability has been simulated for four-way dynamic
OR circuits, as shown in Fig. 8(a). This circuit does not fail
even though the P1 feedback PMOS transistor width is reduced
to 2 m in this work, as shown in Fig. 8(b). The amount
of bipolar current is also shown in Fig. 8(c). Previous work
on PD-SOI reported failure at this condition [26], [27]. This
microprocessor uses intensive dynamic circuits, which are
mostly refreshed every cycle. In the actual circuits, the dy-
namic leakage is less than this simulation and is not sufficient
to cause a failure before the next refresh occurs.

V. PROCESS

A 0.25- m FD-SOI dual-gate CMOS— poly gate for
NMOS and poly gate for PMOS—technology has been
developed. Both SIMOX and bonded wafers are used. The
FD-SOI transistor is manufactured as shown in Fig. 9 with
4-nm gate oxide, 46-nm film thickness, and 200-nm buried
oxide (BOX) thickness. A trench is etched in thin film for
field definition and is refilled with insulator material to form
the STI. The surface is planarized by a chemical mechanical
polishing (CMP) process. The trench isolation process has
been optimized to minimize the consumption of superficial
silicon layer on BOX layer during fabrication and to minimize
the residual stress of SOI devices. A krypton fluoride (KrF)
laser is used to etch the gate pattern. The spacer of the
transistor is deposited using CVD silicon dioxide and silicon
nitride. An NMOS channel is implanted by BF2, and source-
drain regions are implanted by As. A PMOS channel is
implanted by P, and source-drain regions are implanted by
BF Because Co has no resistivity degradation in narrow gate
line and source-drain regions, a super-thin cobalt silicide film
process to lower the resistance of the transistor gate, source,
and drain is used. It maximizes the transistor performance.
CVD silicon oxide is deposited and CMP is carried out for
premetal planarization. Four-layer metal interconnections are

Fig. 10. Reducing short channel effect in FD-SOI compared to bulk.

Fig. 11. Ids–Vds curves show no appreciable kink effect in FD-SOI CMOS
transistors.

formed by W-plug and Al alloy deposition. The final step is
nitride passivation.

There have been fewer short channel effects as shown in
Fig. 10 in SOI. The threshold voltage shifts in short channel
are not as serious as those in bulk because there is less
charge sharing in FD-SOI, as discussed in Section III. A
steep subthreshold current slope of 74 mv/dec is obtained.

(saturation current) of NMOS and PMOS is 330 and 220
A/ m at 1.5 V for and respectively, as shown in

Fig. 11, which also shows that there is no appreciable kink
current for both FD-SOI transistors. The junction capacitance
decreases by an order of the magnitude in SOI compared
to that of bulk, and the dependence of operating voltage for
junction capacitance is minimum in FD-SOI compared to that
of PD-SOI and bulk. The difference of junction capacitances
between 2.0 and 0.0 V are 6.8 fF for bulk, 5.7 fF for PD-SOI,
and 0.6 fF for FD-SOI in 14 m 0.91 m gated diode.
Because the FD-SOI body is depleted in all operation ranges,
the difference between operating voltages can be minimized.

VI. TEST

The shmoo shown in Fig. 12 demonstrates the fabricated
chip operating beyond 600 MHz at 1.5 V and 85C, which
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TABLE V
BULK VERSUS SOI

Fig. 12. Shmoo plot for 606.1 MHz at 1.5 V and 85�C.

Fig. 13. Chip micrograph.

is 30% faster than that of the bulk chip. The apples-to-apples
comparison between 21 164-SOI and 21 164-bulk is listed in
Table V. It demonstrates a great power reduction along with

low operating voltage in SOI. The chip has passed the high-
temperature operating life test, as well as all the system
validation tests under Windows NT 4.0 in a motherboard
running at 600 MHz. The system runs DVD software for
several days without any problem.

VII. CONCLUSIONS

A 0.25- m, four-layer-metal, 1.5-V, 600-MHz, FD-SOI
CMOS 64-bit microprocessor integrating 9.66 million tran-
sistors on a 209-mmsilicon die has been successfully man-
ufactured, as shown in Fig. 13.

The microprocessor has been waiting for the technology
that can provide more transistors with faster speed with less
power and lower operating voltage, as well as more intercon-
nections with faster speed with fewer electrical and physical
shortcomings. SOI provides a step-function improvement of
the microprocessor speed compared to bulk by 20–30% in the
same geometry technology.
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