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Abstract—Optimized threshold voltage (Vt) design to enhance
the variation immunity of high-performance (super-threshold)
and low-voltage (near-/sub-threshold) 6 T SRAM cells is pre-
sented. For low-voltage SRAM cells operating at low Vdd, low-Vt
design shows smaller variability, while the design tradeoff be-
tween performance and leakage should be considered. For high-
performance SRAM cells operating at high Vdd, ultra-thin-body
SOI SRAM cells with high-Vt design show smaller variability
while sacrificing performance compared with the low-Vt de-
sign. Our study indicates that hetero-channel SRAM cells enable
high-Vt design and exhibit improved Read/Write stability and
performance, and maintain comparable RSNM variations for the
high-performance SRAM applications.

Index Terms—Hetero-channel, performance, SRAM,
variability.

I. INTRODUCTION

H ETERO-CHANNEL devices using III-V and/or Ge ma-
terials [1]–[6] are promising candidates for future CMOS

technology due to their high mobility. Their immunity to short-
channel effects [1], [2] can be improved by using ultra-thin-
body (UTB) device architecture [3]–[5]. Although SRAM cells
with III-V channel MOSFETs have been studied and improved
performance has been reported [6], [7], the higher leakage and
variability may be a concern for III-V channel MOSFETs in
SRAM applications.

In this paper, threshold voltage (Vt) design and optimization
are used to improve the variability of high-performance and
low-voltage SRAM cells. For low-voltage (near-/sub-threshold)
SRAM cells, [8] shows that the stability and variability of
SRAM cells can be improved by using lower Vt devices.
However, the impact of Vt design on the variability of high-
performance (super-threshold) SRAM cells remains to be ex-
amined. In addition, the stability, variability, performance, and
cell leakage of III-V-OI and GeOI SRAM cells are analyzed un-
der two scenarios (InGaAs-OI(NFET)/GeOI(PFET) and GeOI
NFET/PFET) and compared with the SOI SRAM cells. We
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Fig. 1. (a) The schematic of a UTB MOSFET with thin BOX and raised
source/drain structure. (b) Ids–Vgs characteristics of UTB SOI MOSFETs with
high- and low-Vt design.

show that hetero-channel SRAM cells with optimized Vt design
exhibit improved stability and performance, and comparable
variability compared with the SOI SRAM cells. This paper is
organized as follows. Section II describes the device design and
simulation methodology used in this work. Section III inves-
tigates and compares the impact of Vt design on low-voltage
(near-/sub-threshold) and high-performance (super-threshold)
SRAM cells. Section IV shows the stability, performance,
leakage, and variability of hetero-channel SRAM cells with op-
timized Vt design, and the design suggestions for low-voltage
and high-performance SRAM cells are provided. Section V
concludes the paper.

II. DEVICE DESIGN AND SIMULATION METHODOLOGY

The UTB MOSFETs used in this study have 25 nm gate
length (Lg) and raised source/drain structure with thin buried
oxide (BOX) as shown in Fig. 1(a). The device parameters are
listed below: channel thickness (Tch) = 5 nm, EOT = 0.7 nm
with high-k gate dielectric (HfO2, permittivity = 22), BOX
thickness (TBOX) = 10 nm, spacer length (Lsp) = 10 nm,
raised source/drain thickness (Tsd) = 22.5 nm, channel doping
concentration (Nch) = 1E16 cm−3, and source/drain doping
concentration (Nsd) = 5.5E19 cm−3 for GeOI and 1E20 cm−3

for InGaAs-OI and SOI MOSFETs, respectively.
Fig. 1(b) shows that UTB MOSFETs are designed with

two Vt values adjusted by varying the work function [9] to
investigate the impact of Vt design on the stability, variabil-
ity, performance, and cell leakage of SRAM cells. Band-to-
band tunneling [10], [11] and mobility models are calibrated
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Fig. 2. Ids–Vgs characteristics of UTB SOI MOSFETs with high- and
low-Vt design [9] considering line-edge roughness (LER) at Vds = 1 V. For
LER: correlation length = 20 nm, rms amplitude = 1.5 nm[17]. Note that the
threshold voltage variations due to LER are comparable for the high- and
low-Vt devices.

Fig. 3. (a) The schematic of a 6 T SRAM cell. (b) The definitions of Read
static noise margin (RSNM) and Write static noise margin (WSNM).

with experimental data [5], [12], [13] to accurately assess
the power performance of UTB GeOI and InGaAs-OI de-
vices using atomistic TCAD mixed-mode simulations [14].
For lightly doped UTB MOSFETs, gate line-edge roughness
(LER) is one dominant variation source [15]. To assess the
LER, the rough line edge patterns are generated using Fourier
synthesis approach [16] with correlation length = 20 nm and
rms amplitude = 1.5 nm [17].

III. IMPACT OF VT DESIGN ON LOW-VOLTAGE

(NEAR-/SUB-THRESHOLD) AND HIGH-PERFORMANCE

(SUPER-THRESHOLD) SRAM CELLS

Device variability caused by continued technology scaling
makes diminished static noise margin (SNM) a serious problem
for SRAM design. In this section, we show that the Vt design
can be used to improve the variability and stability of high-
performance and low-voltage SRAMs. Fig. 2 shows Ids–Vgs

characteristics for UTB SOI MOSFETs with high- and low-Vt
design adjusted by varying the work function [9]. Notice that
the Vt variations (σV t) due to LER are comparable for the
high- and low-Vt UTB SOI MOSFETs as shown in Fig. 2.

Fig. 3 shows the schematic of a 6 T SRAM cell and the
definitions of Read SNM (RSNM) and Write SNM (WSNM).
The RSNM is defined as the minimum noise voltage present
at each of the cell storage nodes necessary to flip the state of
the cell. Vread,0 is the Read disturb voltage determined by the
voltage divider effect between pass-gate and pull-down transis-
tors. Vtrip is the voltage needed to flip the cell inverter. Increase

Fig. 4. RSNM variations due to LER for UTB SOI SRAM cells with
(a) high-Vt and (b) low-Vt design. High-Vt UTB SOI SRAM cells show larger
RSNM variation at low Vdd and larger RSNM at high Vdd than the low-Vt
UTB SOI SRAM cells.

Fig. 5. High-Vt UTB SOI SRAM cell shows larger RSNM and smaller
σRSNM at high Vdd than the low-Vt one. Low-Vt UTB SOI SRAM cell shows
lower σRSNM and larger WSNM at low Vdd. (μRSNM: mean of RSNM;
σRSNM: standard deviation of RSNM.)

in Vread,0 and decrease in Vtrip will degrade the RSNM.
Vwrite,0 is determined by the voltage divider effect between
pull-up PFET and pass-gate transistors. Lower Vwrite,0 will
benefit the WSNM.

Fig. 4 shows the RSNM variations considering LER for
high-Vt and low-Vt UTB SOI SRAM cells. High-Vt and
low-Vt SOI MOSFETs with comparable Vt variations (Fig. 2)
show different impacts on RSNM variation at high Vdd and low
Vdd. Fig. 5 shows that for low-voltage SRAM cell operating
at low Vdd, UTB SOI SRAM cell with low-Vt design shows
smaller σRSNM, larger μRSNM/σRSNM and larger WSNM
than that with high-Vt design. However, for high-performance
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Fig. 6. At V dd = 0.4 V, high-Vt UTB SOI SRAM cell shows larger
σVread,0, σVtrip and σRSNM than the low-Vt one.

Fig. 7. At V dd = 1 V, low-Vt UTB SOI SRAM cell shows larger σVtrip and
larger Vread,0, therefore, larger σRSNM and smaller RSNM.

SRAM cell operating at high Vdd, UTB SOI SRAM cell
with high-Vt design shows larger RSNM, smaller σRSNM and
larger μRSNM/σRSNM than that with low-Vt design.

Fig. 6 illustrates why low-voltage SRAM cells (V dd =
0.4 V) show smaller variability with low-Vt design. For low-
voltage SRAM cells operating at low Vdd, low-Vt devices show
smaller drain current variation as its operation region moves
slightly into the super-threshold region [8]. Therefore, low-
voltage SRAM cells with low-Vt design show smaller σVread,
0, σVtrip, and σRSNM than that with high-Vt design.

In Fig. 7, for high-performance SRAM cells operating at
high Vdd (V dd = 1 V), SRAM cells with high-Vt design
show smaller Vread,0 and larger RSNM than that with low-Vt
design because the pass-gate transistor is very sensitive to Vt.
At V dd = 1 V, SRAM cells with low-Vt design show larger
σVtrip and σRSNM. As can be seen in Fig. 7 (top figure), the
Vtrip of low-Vt SRAM cells ranges from 0.44 to 0.51 V, while
the Vtrip of high-Vt SRAM cells ranges from 0.48 to 0.51 V.

Fig. 8. High-Vt UTB SOI SRAM cell shows lower cell leakage and larger
leakage variation than the low-Vt one.

Fig. 9. The “Cell” Read access time degradation of high-Vt UTB SOI SRAM
cell becomes smaller as Vdd increases. (64 cells/bit-line)

With balanced N/PFET(same |V t| for N/PFET), NFET is
stronger than PFET in the super-threshold region due to more
significant contribution of mobility to drain current, while their
strength would be comparable in the sub-threshold region.
Therefore, under the bias condition for determining Vtrip,
low-Vt pull-up and pull-down devices would operate more/
deeper into super-threshold region, resulting in smaller Vtrip
tail and larger σVtrip.

Fig. 8 shows that the high-Vt SOI SRAM cells show smaller
cell leakage and larger leakage variation at all Vdd than the
low-Vt SRAM cells. The OFF current (Ioff) of high-Vt SOI
MOSFETs goes more deep into the sub-threshold region com-
pared with that of low-Vt SOI MOSFETs. Therefore, the
high-Vt SOI MOSFETs exhibit larger Ioff variations than the
low-Vt SOI MOSFETs as shown in Fig. 2, and the high-Vt SOI
SRAM cells show larger cell leakage variations than the low-Vt
SOI SRAM cells.

Fig. 9 shows the “Cell” Read access time comparisons be-
tween high- and low-Vt SOI SRAM cells. “Cell” Read access
time is analyzed by connecting a column of 64 UTB SOI
SRAM cells (64 cells per bit-line). A capacitive load is added
onto each bit-line to account for the capacitance of wires and
the connected devices. “Cell” Read access time is defined as
the time required for developing 0.1 Vdd bit-line differential
voltage after the word-line is activated during a Read operation.
As can be seen that the high-Vt SOI SRAM cells show larger
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Fig. 10. InGaAs-OI/GeOI SRAM cell shows (a) larger RSNM and (b) larger
WSNM than the (same-) high-Vt SOI SRAM cells at high Vdd. (c) Ids–Vgs

characteristics of UTB InGaAs-OI, GeOI, and SOI MOSFETs with same
high-Vt design.

“Cell” Read access time than the low-Vt SOI SRAM cells,
and the “Cell” Read access time difference between high-Vt
and low-Vt SRAM cells becomes smaller as Vdd increases
as shown in the inset. The variability of “Cell” Read access
time becomes larger as Vdd decreases because the drive current
variations are larger in the sub-threshold region than in the
super-threshold region. High-Vt UTB SOI SRAM cells show
larger “Cell” Read access time variations than the low-Vt UTB
SOI SRAM cells. This is because at given Vdd, the drive current
variations of high-Vt UTB SOI MOSFETs are larger than that
of low-Vt SOI MOSFETs.

Compared with low-Vt design, UTB SOI SRAM cells with
high-Vt design show improvement in stability, variability, and
cell leakage at high Vdd while sacrificing the “Cell” Read
access time. In the following section, we show that the III-V
hetero-channel SRAM cells with high-Vt design exhibit signif-
icant improvement in “Cell” Read access time compared with
the (same-) high-Vt UTB SOI SRAM cells.

IV. InGaAs-OI(NFET)/GeOI(PFET) AND GeOI SRAM
CELLS WITH HIGH-Vt DESIGN

Fig. 10(a) and (b) show that the RSNM and WSNM compar-
isons between InGaAs-OI/GeOI SRAM cells and SOI SRAM
cells with (same-) high-Vt design. As can be seen, the InGaAs-
OI/GeOI SRAM cells show 15% and 18% improvements in
RSNM and WSNM at V dd = 1 V, respectively, compared with
the high-Vt SOI SRAM cells. The insets of Fig. 10(a) and 10(b)
show the improvement in RSNM and WSNM over SOI SRAM
cells by using InGaAs-OI/GeOI SRAM cells. Fig. 10(c) shows
the Ids-Vgs characteristics of UTB InGaAs-OI, GeOI and SOI

Fig. 11. (a) InGaAs-OI/GeOI SRAM cell shows 48% improvement in Read
time than the (same-) high-Vt SOI SRAMs at high Vdd. (b) InGaAs-OI/GeOI
SRAM cell shows larger cell leakage than the (same-) high-Vt SOI SRAMs due
to band-to-band tunneling.

Fig. 12. InGaAs-OI/GeOI SRAM cell shows larger WSNM, comparable
RSNM, smaller Read time, and cell leakage at high Vdd compared with the
GeOI SRAM cells.

MOSFETs with same high-Vt design. The InGaAs-OI NFET
shows around 80% improvement in Ion compared with the SOI
NFET. Therefore, the InGaAs-OI/GeOI SRAM cells have both
stronger pass-gate and pull-down NFET devices compared with
the SOI SRAM cells. For WSNM, the InGaAs-OI/GeOI SRAM
cells with stronger pass-gate NFET device [Fig. 10(c)] show
larger WSNM than the SOI SRAM cells at V dd = 1 V. For
RSNM, the InGaAs-OI/GeOI SRAM cells with stronger pull-
down NFET device [Fig. 10(c)] show smaller Read disturb
voltage (Vread,0) and larger RSNM at V dd = 1 V.

Fig. 11(a) shows the “Cell” Read access time comparisons
between InGaAs-OI/GeOI and SOI SRAM cells. The “Cell”
Read access time is analyzed for 64 cells per bit-line. Read
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Fig. 13. InGaAs-OI/GeOI SRAM cell and GeOI SRAM cell with high-Vt design show comparable σRSNM compared with the (same-) high-Vt SOI SRAM.
For LER: correlation length = 20 nm, rms amplitude = 1.5 nm [17].

TABLE I
DESIGN SUGGESTION FOR LOW-VOLTAGE AND HIGH-PERFORMANCE SRAM CELLS. (↑: IMPROVE, ↓: DEGRADE, −: COMPARABLE)

access time depends on the Read current through pass-gate
and pull-down transistors. The InGaAs-OI/GeOI SRAM cells
with stronger pass-gate and pull-down transistors exhibit 48%
improvement in “Cell” Read access time compared with the
(same) high-Vt SOI SRAM cells at V dd = 1 V. Due to smaller
band-gap, the Ioff of InGaAs-OI and GeOI MOSFETs dom-
inated by band-to-band tunneling is larger than that of SOI
MOSFETs as shown in Fig. 10(c). Therefore, the cell leakage
of InGaAs-OI/GeOI SRAM cells is larger than that of SOI
SRAM cells as shown in Fig. 11(b). As Vdd scales from 1 V
to 0.4 V, the cell leakage of InGaAs-OI/GeOI SRAM cells
shows larger reduction than that of SOI SRAM cells since the
band-to-band tunneling leakage is very sensitive to Vdd [18].
The band-to-band tunneling leakage may be reduced by using
underlap device design [19], [20]. Fig. 11(b) shows that the
InGaAs-OI/GeOI SRAM cells also exhibit smaller cell leakage
variations considering LER than the SOI SRAM cells because
the cell leakage of InGaAs-OI/GeOI SRAM cells dominated
by band-to-band tunneling leakage is less sensitive to LER
compared with the sub-threshold leakage [18].

Fig. 12 shows the RSNM, WSNM, “Cell” Read access
time and cell leakage comparisons between InGaAs-OI/GeOI
SRAMs and GeOI SRAMs with (same-) high-Vt design. (The
GeOI PFET is identical for these two scenarios.) Compared
with GeOI NFET, InGaAs-OI NFET shows larger drive current
(35% improvement) due to its higher mobility as shown in
Fig. 12(a) inset. As can be seen, the InGaAs-OI/GeOI SRAM
cells with stronger NFET show slightly larger RSNM (+2%),
larger WSNM (+16%) and smaller “Cell” Read access time
(−21%) at V dd = 1 V. In other words, InGaAs-OI/GeOI
SRAM cells with stronger NFET show larger improvement in

WSNM than in RSNM. InGaAs-OI NFET also shows smaller
band-to-band tunneling leakage due to its larger band-gap com-
pared with the GeOI NFET. Therefore, the InGaAs-OI/GeOI
SRAM cells show smaller cell leakage than the GeOI SRAMs
as shown in Fig. 12(d).

Fig. 13 shows that the σRSNM of InGaAs-OI/GeOI, GeOI,
and SOI SRAM cells with (same-) high-Vt design considering
LER at V dd = 1 V. It can be seen that InGaAs-OI/GeOI
and GeOI SRAM cells with high-Vt design show comparable
σRSNM compared with the (same-) high-Vt SOI SRAM cells
at V dd = 1 V. In other words, InGaAs-OI/GeOI SRAM cells
with high-Vt design improve the stability and performance
while maintaining comparable RSNM variations for high-
performance SRAM applications. Table I summarizes the de-
sign suggestions for low-voltage and high-performance SRAM
cells, respectively.

V. CONCLUSION

The stability, variability, performance, and cell leakage
of InGaAs-OI/GeOI and GeOI SRAM cells are analyzed
and compared with the SOI SRAM cells. For low-voltage
SRAM cells, low-Vt design shows smaller variability, larger
cell leakage and smaller “Cell” Read access time, and the
design tradeoff between performance and leakage should be
considered. For high-performance SRAM cells, SOI SRAM
cells with high-Vt design show smaller variability and degraded
performance. Using InGaAs-OI(NFET)/GeOI(PFET) SRAM
cell enables high-Vt design and improves the stability and
performance while maintaining comparable RSNM variations
for high-performance SRAM applications.
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