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Abstract— The need to enhance transistor performance below
22-nm node has brought in a change in transistor architecture
from planar bulk to either ultrathin-body SOI (UTB SOI) or 3-D
trigate transistors. Further improvement in transistor perfor-
mance at sub-7-nm node is likely to require replacement of silicon
channel with high-mobility compound semiconductor (III-V)
materials. This paper presents a numerical 3-D simulation study
of process variation and sidewall roughness/surface roughness
effects on 3-D trigate (tapered and rectangular cross sections)
on bulk and UTB SOI devices. We also investigate the effects
of variation on future III-V trigate transistors using the same
3-D TCAD scheme. The results show that the threshold voltage
variation value, A V7, in rectangular Si trigate and UTB SOI due
to all the variation sources are 13.1 and 24.6 mV, respectively.
Moreover, between Si and III-V compound semiconductors, the
Ing.53Gag 47As trigate shows 1.5 times lower total AV value
making it a promising candidate for Si replacement. A Monte
Carlo study of 6T SRAM cell with fin width or body thickness
variation show that the 3o value of read static noise margin
[30 (RSNM)] is least in SRAMs with rectangular Si trigate. This
paper also shows that a 6T SRAM cell at different Vo shows
that a Si trigate has Vccmin below 0.4 V.

Index Terms—III-V compound semiconductor, FinFET, line
edge roughness (LER), sidewall roughmness (SWR), SRAM,
surface roughness (SR), trigate, UTB SOI.

I. INTRODUCTION

HE technology node of 22 nm has witnessed the evolu-
tion of the traditional planar bulk silicon transistor archi-
tecture to trigate on bulk Si [1] as well as the ultrathin-body
planar SOI (UTB SOI) substrates [2]. With scaling, source
and drain come closer to each other and the control of gate
electrode on the channel weakens causing more short-channel
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effects (SCEs) in a planar transistor. In trigate transistors,
however, the gate control on the channel increases threefold.
Increase in the gate control and reduction in the SCEs are
the main motivation behind the switch to trigate on bulk
and UTB SOI devices [3], [4]. The improved electrostatics,
lower drain to source leakage and near ideal subthreshold
characteristics suppress the Vr variation in these devices
enabling the possibility of aggressive Vcc scaling suitable
for low-power mobile system-on-chip applications. Along
with trigate architecture, replacing silicon with high-mobility
compound (III-V) semiconductor is another big step toward
enhancing transistor performance [5], [6]. It is crucial to study
the variation effects on such promising future candidates of
semiconductor industry.

At the sub-22-nm technology node, due to the small feature
sizes these transistors will be highly sensitive to the process
variations. In addition to gate length, L, oxide thickness,
Tox, and random-dopant fluctuation (RDF) parameters, trigate
deals with fin width, Wgin, fin height, HrN, and fin tapering
angle, 6 variation parameters unlike planar devices. The fin
lithography and etching steps of trigate results in sidewall
roughness (SWR) of the fin. Moreover, in UTB SOI there
is surface roughness (SR) in the silicon body. Due to scaling,
the critical dimensions of the transistor like the fin width or
body thickness, WriN, are now becoming comparable with the
parameters of SWR/SR viz. root-mean-square (rms) amplitude
(A) and correlation length (A) [7], [8], [9]. Also, due to
the lower effective mass of electron in compound (III-V)
semiconductors than Si, the SWR/SR variation effect due to
quantum confinement in the fin will be more in the former.
With increased sources of variation and higher impact of
SWR/SR, it is essential to do a comparative variation study
on these devices.

In this paper, we present 3-D numerical simulation results to
study the effect of process variations on transistor architecture
and material. The circuit level impact of variations is illustrated
using the 6T SRAM cell. The simulation setup for silicon
trigate (with rectangular and tapered profiles) on bulk, UTB
SOI and Ings3Gaga7As trigate along with the calibration
results are discussed in Section II of this paper. Two different
architectures namely trigate and UTB SOI are studied in
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Section III. The material comparison between silicon and
Ing53Gag47As trigate is carried out in Section IV of this
paper. To see the impact of variation on circuits, we studied
6T SRAM cells with fin width variation as presented in
Section V.

II. SIMULATION METHODOLOGY

Fig. 1 shows the 3-D simulation structures of (a) planar bulk
Si nMOS, (b) Si trigate on bulk (rectangular and tapered pro-
files), (c) Si UTB SOI, and (d) Ing 53Gag 47As trigate devices.
Using Sentaurus 3-D TCAD simulator we first calibrate the
Si trigate [1], Si UTB SOI [2], and Ing 53Gag.47As trigate [5]
devices.

The calibrated Si trigate transistor has a gate length, Lg
of 26 nm, effective oxide thickness, EOT of 0.9 nm with
0.5 nm of SiO; sandwiched between HfO; and the fin, channel
doping, N of 1el6 cm—3, and S/D doping, Ngq of 1e20 cm™3
operating at 0.8 V Vcc. The width at the middle part of
the tapered trigate is 8 nm with tapering angle of 84°. The
calibrated UTB SOI has Lg of 22 nm, EOT of 0.85 nm,
Nep of lel6 cm™3, Ny of 2¢20 cm 3, and WeN of 5 nm
operating at 1 V Vcc. The calibrated Ing53Gag47As trigate
has Lg of 60 nm, EOT of 1.2 nm, N, of lel4d cm 3, Ngq
of 4e19 cm—3, and WFIN of 40 nm operating at 0.5 V Vcc.
3-D drift diffusion simulations are carried out using the field-
dependent mobility model (Caughey-Thomas) for transport
and density gradient model to capture quantization effect.
To calibrate these devices the mobility model is modified
based on its doping dependence, high field saturation effects
and normal field dependence. The normal field model takes
into account the carrier scattering due to surface roughness
at the semiconductor/insulator interface, particularly at high
gate bias regime. Fig. 2 shows the calibrated IpVs plots
for all the three devices. Simulation results show excellent
agreement with the experiment. The inset in Fig. 2(a) tabulates
the calibrated parameter values. It can be seen in Fig. 2(b)
that the simulated Ings3Gag47As trigate shows better SCEs
than the experimental. This is because we have assumed an
ideal gate to Ing 53Gag 47As fin interface with no interface state
density (Dj) in the simulation.

In this paper, we have compared the variation effects in all
these devices at 22-nm technology node with L of 26 nm
and EOT 0.9 nm using the calibrated models of Si trigate,
UTB SOI, and Ing 53Gag 47As trigate. An equivalent planar Si
nMOS device [Fig. 1(a)] is simulated for comparison purposes.
Also, an equivalent Si trigate of rectangular cross-sectional
profile with Wgy of 8 nm is simulated.

Table I summarizes the electrical parameters of planar Si,
Si trigate (rectangular and tapered profiles), UTB SOI, and
Ing.53Gaga7As trigate at fixed Iopr of 100 nA/um and Vcc
of 0.8 and 0.5 V. Because of weaker gate control on the
channel, planar Si transistors exhibit lower performance and
higher SCEs than the trigate or UTB SOI devices. Si trigate
with rectangular cross section performs better than tapered
cross-sectional trigate. Moreover, at 0.5 V V¢, Ing 53Gag.47As
trigate shows higher ON current than Si owing to the higher
effective velocity, vgg of electrons in the former [inset of
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Fig. 1. 3-D TCAD models of (a) planar silicon, (b) bulk silicon trigate,
(c) silicon UTB SOI, and (d) Ing 53Gag 47As trigate.
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Fig. 2. IpVg of calibrated 3-D models of Si trigate, UTB SOI, and
Ing 53Gag 47As trigate [1], [2], [5]. Inset in (a) tabulates the calibrated
parameter values for all the devices. Inset in (b) compares the effective electron
velocity, veff, along the channel region for all three devices.

Fig. 2(b)]. Also, the better electrostatics in Ings53Gag47As
trigate is because of the higher effective channel length, Lggr,
than Si trigate [10]. Lgg can be defined as the length over
which the gate modulates the channel electron density. Plotting
the electron density along the channel length in Fig. 3 at
increasing gate biases for Si and Ing 53Gag 47As trigates shows
that the Lggr is higher in the latter leading to better SCEs. This
increase in Lgg is because of the process limitation of lower
source/drain (S/D) doping in Ing53Gag47As trigates.
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TABLE 1
COMPARISON OF THE ELECTRICAL PARAMETERS AT FIXED /gpg OF 100 nA/um OF PLANAR Si, BULK Si TRIGATE (TAPERED AND RECTANGULAR
PROFILES), UTB SOI, AND Ing 53Gag 47As TRIGATE AT 0.8 V Ve AND 0.5 V Ve WITH L = 26 nm

nMOS VrSat Ipsat IpLin Ss DIBL
(mV) (mA/pm) (mA/pm) (mV/dec) (mV/V)
Vee=0.8V
Planar Si 185 0.678 0.104 105 128
Tapered Si Tri-Gate 165 1.068 0.198 75 52
Rectangular Si Tri-Gate 151 1.155 0.222 70 43
UTB SOI 186 1.196 0.202 97 89
Vee=0.5V
Planar Si 186 0.251 0.066 101 113
Tapered Si Tri-Gate 158 0.431 0.138 74 64
Rectangular Si Tri-Gate 151 0.472 0.150 70 53
UTB SOI 179 0.440 0.123 94 110
Ing 53Gag47As Tri-Gate 148 0.577 0.239 66 31
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Fig. 3. Electron density along the channel region in Si and Ing 53Gag 47As
trigate with increasing gate bias. Lgfr is defined as the length over which the
gate modulates the channel electron density. Lggr is higher in Ing 53Gag 47As
trigate than silicon.

The direct bandgap material, Ing 53Gag 47As, has low elec-
tron effective mass in the I" valley thus giving higher mobility
than silicon. By increasing the applied voltage, the conduction
of electrons in Ing 53Gag 47As transfers to heavier L valley that
lowers the electron mobility [11]. Thus Ing 53Gag.47As devices
are suitable for low voltages. In this paper, we study silicon

determined using the impedance field method [12]. Though
there is an increase in the number of variation sources in
trigate and UTB SOI structures yet they show lower overall
Vr variation than the planar transistor. Variation due to Hrn
in bulk Si trigate is much higher than Ing 53Gag 47As trigate.
This can be explained using the electrostatic potential contors
shown in Fig. 5. Below the S/D junction, the potential contor
spreading ends at the high barrier Ing 50 Alg 43 As buffer layer
in Ings53Gag47As trigate but the spreading continues in Si
bulk of Si trigate. With Hppn variation (assuming the S/D
doping profile to be constant), the channel sees more variation
in potential in Si trigate than in Ing 53Gag.47As trigate. Thus
leading to higher AVr in the former.
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Fig. 6. Sensitivity comparison of 3-D trigate with UTB SOI shows higher
variation in electrical parameters of UTB than Si trigate.

Further in this paper, we do not investigate the variation
effects in planar transistor because higher variation and weak
channel control makes it unsuitable for future technology
nodes. The current analysis (Fig. 4) does not include the
SWR/SR variations. SWR or SR causes local variations in the
fin or body thickness, Wy of trigate or UTB SOI. A Monte
Carlo simulation-based study of SWR/SR variations using full
3-D device simulation is presented in the next section.

III. TRANSISTOR ARCHITECTURE SWR/SR STUDY

In this section, we will study the effect of variation on
Si trigate and UTB SOI devices. In both these architecture,
increasing the gate control on the channel to reduce the
SCEs was the important motivation. Confining the electrons
in the channel by thinning WgN is the most effective method
to achieve this. But due to process variations, the devices
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Fig. 7. Monte Carlo simulation of SR in rectangular, tapered Si trigates
and UTB SOI. Reducing rms amplitude reduces 3o (V) for all the three
devices. With decreasing rms amplitude, mean of V7 increases for Si trigate
but decreases for UTB SOI because thicker regions dominated in trigate and
thinner in UTB SOI devices. Rectangular trigate gives least variation due
to SR.

become very sensitive to variations in Wgy. We performed
a sensitivity analysis by uniformly varying Wgn of trigate
and UTB SOI as shown at the top on Fig. 6. Fig. 6 plots
the Wgn sensitivity study of variations in ON current (/oN),
linear threshold voltage (VrLin), subthreshold slope (SS) and
DIBL of Si trigate and UTB SOI devices. It is seen that the
UTB SOI is more sensitive than the trigate transistor to Wgn
variation.

In today’s devices, the critical dimension of Wgny (8 nm
for trigate and 5 nm for UTB SOI) is comparable with the
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Vece- Ing 53Gag 47As trigate shows higher performance than Si because of its
higher injection velocity. Electrostatics is also better in the former owing the
higher effective channel length due to lower SD doping.

state-of-the-art SWR/SR parameters (A of 0.5-3 nm, A of
20 nm). To study the SWR/SR effect, we implemented a 1-D
Fourier synthesis of Gaussian autocorrelation function that is
used to generate random roughness on the sidewalls of trigate
Fin and the Si body of UTB SOI [8], [13]. The implementation
flow of developing SR on device structure is similar to [10].
A total of 100 3-D device samples with randomly generated
SWR and SR on Si trigate (rectangular and tapered fins) and
UTB SOI for A of 1, 2, and 3 nm and A of 20 nm were
simulated. We have also considered 0.47 nm A and 1.4 nm A
case for UTB SOI as reported in [13].

Fig. 7 shows the histogram of Vr variation of these ensem-
bles of devices. As the rms amplitude of SWR/SR increases,
we see that: 1) the 30 of V7 increases for all the three cases
since the local variation in Wgyy also increases and 2) the mean
value of Vr (1(V7)) decreases for trigate while it increases for
UTB SOI. This can be explained using Fig. 8 that shows an
example of SWR/SR in Si trigate and UTB SOI. With thinner
WEmN, Vr of the transistor increases due to the increase in
confinement (Fig. 6). With SWR/SR in a device, there will
always be regions that are thicker or thinner than the nominal
W in the channel. In 3-D trigate with SWR, the thicker
regions dominate the subthreshold characteristics by forming
a parallel path of conduction from source to drain and thus
reducing the mean of V7. In UTB SOI, these thicker regions
are electrically coupled in series with the thinner channel
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Fig. 10. WrIN  sensitivity analysis of Si and Ings3Gag47As trigate.
Ing 53Gag 47As trigate being a low mass system show higher quantization
effects giving higher V7 variation than Si trigate.

regions. So in UTB SOI, thinner channel regions dominate the
subthreshold characteristics and increase the mean of Vp. Si
trigate with rectangular cross section shows less 30 (Vr) than
the tapered cross section. In the next section, we present a
material comparison between Si and III-V trigates with SWR
variation.

IV. SILICON VERSUS III-V TRIGATE SWR STUDY

III-V compound semiconductors like Ings3Gaga7As are
expected to replace Si as channel material in CMOS tech-
nology in the near future because of its excellent trans-
port properties [6]. In this section, we will compare the
variation results between Si and Ing s53Gag.47As trigate (both
with rectangular fins) using the calibrated model presented
in Section II. Since the results in the previous section
indicate that rectangular cross-sectional fins are least sen-
sitive to SWR variation, we consider only rectangular fin
for Si and Ings3Gap47As trigates in this section. Fig. 9
shows the IpVg of both the trigates with Lg = 26 nm,
EOT = 09 nm, Wegy = 8 nm, and Hpiny = 34 nm
at Voc of 0.5 V and fixed Iopr of 100 nA/um. Because of
higher injection velocity and Lg¢r, Ing 53Gag 47As trigate gives
higher Ion and better electrostatics than Si trigate [inset of
Figs. 2(b) and 3].

As the transistor channel is confined further, the bands start
splitting into sub-bands. The separation between conduction
band and the first sub-band and also among sub-bands is
inversely proportional to the electron effective mass, m},
and (WFIN)Z. Ing53Gap47As being a lower effective mass
system than Si has higher quantum confinement effect. Fig. 10
plots the variation in the electrical parameters due to WgN
fluctuation in Si and Ings53Gag47As trigates. Due to higher
quantum confinement, variation in Ion and VLi, is more in
Ing 53Gag 47As trigate. The variation in SS and DIBL is less
in Ing 53Gag 47As trigate because of the better electrostatics as
discussed in Section II (Fig. 3).

Using the same algorithm scheme as shown in [10], we sim-
ulate an ensemble of 100 variant Si and Ing 53Gag 47As devices
with SWR at Ve of 0.5 V. SWR with rms amplitude, A, of
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TABLE 11
SUMMARY OF A Vy DUE TO ALL THE SOURCES OF VARIATION IN RECTANGULAR Si TRIGATE,

TAPERED Si TRIGATE, UTB SOI, AND Ing 53Gag 47As TRIGATE

Source Rectangular Si Tri-Gate Tapered Si Tri-Gate Ing53Gag47As Tri-Gate H UTB SOI

Al} Others except AWpgN 116 116 33 73

(Fig 4)

SWR/SR (A=1nm, A=20nm) 6 6.5 7.8 23.5

Total AVy(mV) 13.1 13.3 8.5 24.6
TABLE III

SUMMARY OF 36 RSNM (mV) OF 6T SRAM CELLS WITH RECTANGULAR Si TRIGATE, TAPERED Si TRIGATE, In( 53Gag 47As TRIGATE,
AND UTB SOI DEVICES AT 0.5 V V¢, Lg = 34 nm, AND Igpp = 10 nA/um

Wrpin variation (A) Rectangular Si Tri-Gate Tapered Si Tri-Gate Ings53Gag47As Tri-Gate H UTB SOI
Inm 12.9 15.6 31.1 22.1
2nm 26.2 25.4 60.1 24.5
3nm 39.4 40.5 91.8 40.9

1, 2, and 3 nm and correlation length, A, of 20 nm give 30 (Vr)
of 5.5, 8.2, and 12.7 mV in Si trigate, respectively. Whereas
the 30 (V7) values for SWR with A of 1, 2, and 3 nm in
Ing 53Gag 47As trigate are 7.8, 15, and 15.3 mV, respectively.
Because of the higher quantum confinement effect, the 30 (Vr)
of Ing 53Gag.47As is higher than that of Si and also it progres-
sively increases with the rms amplitude.

Table II summarizes variation study done for all the devices
in this paper. Assuming all the sources of variation are
uncorrelated, the overall Vr variation is given by the rms
of AVr due to individual sources [14] as given by (1).
Ing.53Gag 47As trigate shows the least total variation effect than
Si trigate while the total AVr of UTB SOl is 28.3 mV. Higher
performance and better electrostatics of Ing 53Gag 47As trigate
makes it a promising replacement of Si with greater control
in SWR of Ings53Gag47As fins

AVr(mV)
= JAVI)? + (AVI2 + -+ GoViswrisr) (1)

V. SRAM VARIATION STUDY

In this section, we will discuss the Monte Carlo study of
fin width variation impact on circuits with 6T SRAM cells
using the small signal variation model presented in [15]. The
targeted SRAM devices at 22 nm technology node must have
an Iorr of 10 nA/um with gate length of 34 nm [1]. Using the
calibrated devices of Section II, we simulated nominal devices
with the SRAM target specifications for Si trigate (rectangular
and tapered fins), UTB SOI, and Ing53Gag47As trigate. An
ensemble of 6T SRAM cells with increasing rms amplitude of
fin width variation in Si trigate (rectangular and tapered fins),
Ing.53Gag 47As trigate, and UTB SOI were simulated at Ve of
0.5 V. Table IIT summarizes the 3¢ of read static noise margin
(RSNM) values for all the devices at the three rms amplitude
conditions. Si rectangular trigate SRAM cell gives least 3¢

Probability of Failure

=
4
*
o
\
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;’ —O—Tapered Tri-Gate
= In Ga As Tri-Gate
a 0.53 " 0.47
—V—uTB S0l
10'33 1 1 1 1 )
0.2 0.4 0.6 0.8 1.0
VCC [mV]

Fig. 11. Read failure probability versus supply voltage, Vcc for Si trigate
(tapered and rectangular), UTB SOI, and Ing 53Gag 47As trigate SRAM cells.
WEIN variation of rms amplitude. 1 nm is considered for all cases. Rectangular
Si trigate gives Vcocmin below 0.4 V.

RSNM. UTB SOI SRAM cell gives comparable 306 RSNM
with Si trigate.

Read failure probability of an SRAM cell can be defined as
the probability at which the RSNM is less than two times the
thermal noise, i.e., 2 kT = 52 mV ((2) [16])

Priead—failure = Pr(RSNM < 2KkT). 2)

We generated 200 Monte Carlo samples of variant SRAM
cells with fin width variation of A = 1 nm at different supply
voltages. Using the mean and sigma values of each of the fitted
gaussian curves for RSNM we calculate the Prread—failure- The
probability that one in a billion SRAM cell will fail, i.e.,
Prread—failure = 1e-9 gives the Vocmin of the SRAM cell.
Fig. 11 shows the Prread—failure versus Vcc for Si trigate
(tapered and rectangular), Ings53Gag47As trigate, and UTB
SOI 6T SRAM cells. Among all the devices considered, Si
trigate is the most suitable candidate for 6T SRAM cell to
give Voemin below 0.4 V. From Fig. 11, we can conclude that
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six transistors are not enough to form a stable SRAM circuit
with UTB SOI or Ings3Gap47As trigate to operate below
0.4 V. We need higher transistor count SRAM architecture (8T
or 10T) as presented in [15] to overcome this shortcoming.

VI. CONCLUSION

To investigate the impact of process variations, we did
a 3-D numerical simulation study on Si trigate (rectangular
and tapered cross section), UTB SOI, and Ings53Gag47As
trigate. Rectangular Si trigate shows a total AVr of
13.1 mV while UTB SOI shows 24.6 mV. Between Si and
III-V semiconductors, Ing 53Gag 47As trigate shows 1.5 times
less AV than Si trigate. Higher performance with controlled
SWR makes Ing 53Gag.47As trigates promising replacement for
Si. 30 RSNM for 6T SRAM cell with fin width variation is
the least in Si rectangular trigate. In terms of Vocmin of a 6T
SRAM cell, Si trigate is the suitable candidate with Vcomin
below 0.4 V. To build a variation tolerant SRAM cell with
UTB SOI and Ing 53Gag 47As trigate, we need higher transistor
count SRAM architecture.
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