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Impact of gate edge roughness variability on
FinFET and gate-all-around nanowire FET

G. Espiñeira, D. Nagy, G. Indalecio, A. J. Garcı́a-Loureiro, K. Kalna and N. Seoane

Abstract—The effect of gate edge roughness (GER) in the sub-
threshold region is studied for two state-of-the-art architectures:
a 10.7 nm Si FinFET and a 10 nm Si gate-all-around (GAA)
nanowire (NW) FET using an in-house 3D quantum corrected
drift-diffusion simulation tool. The GER is applied to the device
gate using characteristic values of root mean square amplitude
(RMS) and correlation length (CL). The GER induced variability
results in a standard deviation (σ) for the threshold voltage
(VT) of 7 mV for the FinFET when CL/Gate Perimeter = 0.66
and RMS = 0.80 nm, which is 20% greater than that of the
GAA NW FET. GER is a less damaging source of variability
than metal grain granularity (MGG), line edge roughness (LER)
and random dopants (RD) for both devices. When compared
to LER variations, σVT due to the GER is 62% and 86%
lower for the FinFET and GAA NW FET, respectively. However,
although GER affects more the FinFET than the GAA NW FET,
the combined variability effect of GER, MGG, LER and RD
(σVT,comb) on the FinFET is 30 mV, a value approximately 50%
smaller than that of the GAA NW FET.

Index Terms—FinFET, Gate-all-around nanowire FET, Gate
Edge Roughness, Variability

I. INTRODUCTION

FinFETs are the preferred device architecture in industry
for the 10 nm technology node as they fulfill the requirements
for both gate control and suppression of short-channel effects
[1][2]. For future technology nodes, other multi-gate archi-
tectures need to be considered to be able to keep up with
industry requirements [3][4]. In this context, the GAA NW
FET presents itself as a viable substitute to previous archi-
tectures as its cylindrical geometry further improves the gate
control [5]. However, due to the progressive scaling of CMOS
technology, variability issues intensify, making a necessity to
develop means to minimize them [6]. During the transistor
fabrication, as a result of lithography and etching processes,
gate edge roughness (GER) might be a considerable source of
variability affecting device performance as it does not scale
down with technology [7]. Previous works covering the effect
of GER for bulk MOSFETs [8] and FinFETs [9] have been
presented but they lack a study comparing the effect of this
variability in state-of-the art FinFET and GAA NW FETs. In
this work, we present a comparative study of the impact of
GER variability on a 10.7 nm gate length Si FinFET and a 10
nm gate length Si GAA NW FET. Two of the main figures of
merit (FoM) describing the sub-threshold region, the threshold
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Table I
DEVICE DIMENSIONS AND MAIN FOM FOR THE 10.7 NM GATE LENGTH

FINFET AND THE 10 NM GATE LENGTH GAA NW FET.

Symbol FinFET GAA NW FET
10.7 nm 10 nm

Gate length (LG)[nm] 10.7 10.0

S/D length (LS/D)[nm] 10.7 14.0

Channel width (WCH)[nm] 5.8 5.7

Channel height (HCH)[nm] 15.0 7.17

Equivalent oxide thickness (EOT)[nm] 0.62 0.80

Channel p-type doping (NCH)[cm−3] 1015 1015

S/D n-type doping (NS/D)[cm−3] 1020 1020

S/D doping lateral straggle (σx) 3.45 3.23

S/D doping lateral peak (xp)[nm] 11.0 7.8

Channel perimeter [nm] 35.8 20.3

Gate perimeter [nm] 45.4 25.0

SS [mV/dec] 77 71

VT [V] 0.255 0.250

IOFF [µA/µm] 0.0341 0.0267

ION [µA/µm] 1774 1770

ION/IOFF (×104) 5.202 6.629

voltage (VT) and the OFF current (IOFF), have been studied
using an in-house-built 3D density gradient quantum corrected
drift-diffusion (DG-DD) simulator [10]. The obtained GER
results are compared to the some of the major variability
sources affecting these devices: MGG [11][12], LER [13][14]
and RD [15][16]. This information could help in the design
of fluctuation resistant architectures.

II. DEVICE STRUCTURE AND SIMULATION METHODOLOGY

The devices that have been used for this study are two
state-of-the-art transistors based on experimental data [17][18]
scaled down following the ITRS guidelines [19]. The main di-
mensions and doping values can be seen in Table I. The device
channel has been uniformly doped whereas the source/drain
(S/D) regions have a Gaussian doping. These Gaussian doping
profiles, reverse engineered from experimental data [20] and
scaled accordingly, are characterized by the S/D doping lateral
straggle (σx), that describes the slope of Gaussian profile, and
the S/D doping lateral peak (xp), that indicates the position
where the Gaussian decay starts measured from the middle
of the channel (see Table I). Our in-house-built 3D DG-
DD simulator is based on the finite element (FE) approach
that accurately describes complex three-dimensional geome-
tries [10]. The DG-DD includes the Caughney and Thomas
doping dependent low-field electron mobility model [21],
combined with lateral (saturation velocity) and perpendicular
(critical field) electric field models [22]. The DG quantum
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Table II
CALIBRATION PARAMETERS: vsat IS THE SATURATION VELOCITY, ECN IS
THE PERPENDICULAR CRITICAL ELECTRIC FIELD, mx AND my,z ARE THE

DG ELECTRON MASSES IN THE TRANSPORT AND CONFINEMENT
DIRECTIONS.

FinFET 10.7 nm GAA NW 10 nm
vsat [cm/s] 1.00× 109 1.30× 107

ECN[V/cm] 5.00× 104 9.95× 105

mx[m0] 0.25 0.50

my,z[m0] 0.10 0.10

Figure 1. DG-DD simulated ID-VG characteristics for: the FinFET (top)
and the GAA NW FET (bottom), compared against SCH-DD and to SCH-
MC simulations, at VD,sat = 0.70 V.

corrections use calibrated electron effective masses to account
for source-to-drain tunneling and quantum confinement [23].
All the calibration parameters are summarised in Table II.

The DG-DD ID-VG characteristics have been meticulously
calibrated (see Fig. 1) at a high drain bias (VD,sat) of 0.7
V. They have been matched to DD simulations including
anisotropic Schrödinger equation (SCH) based quantum cor-
rections (SCH-DD) in the sub-threshold region and to SCH
quantum-corrected Monte Carlo simulations (SCH-MC) [24]
in the on region, as the SCH-MC may produce noisy results at
very low gate voltages. In order to compare both architectures
from the performance point of view, Table I presents the main
FoM that characterize these benchmark devices. A constant
current criteria of IDCC = 32.6 [µA/µm] has been used to
obtain VT for both devices. ION has been extracted as the
drain current at VG = VT + VD,sat V. The sub-threshold
slope (SS) is slightly lower (≈ 8%) for the GAA NW
FET which translates to a faster switching speed than that
of the FinFET. The GAA NW FET shows lower IOFF (by
22%) and similar ION (<1% lower) compared to the values
yielded by the FinFET, resolving in less power leakage. As
a conclusion, the GAA NW FET outperforms the FinFET by
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Figure 2. FinFET [17] and GAA NW FET [18] showing a GER deformed
gate. A close-up view of the FE mesh used is also shown.

a 20% larger ION/IOFF ratio. After the ideal, non-deformed
device has been calibrated to produce sound results, the GER
is applied to the gate of the device. GER has been designed
similarly to the line edge roughness (LER) using the Fourier
synthesis methodology as previously explained in [7][25]. To
parametrize the GER, two variables have been defined: the
correlation length (CL), that models the width of the Gaussian
filter on the gate long edges, and the root mean square (RMS)
height that quantifies the variations in the width of the gate
in the transport direction. To properly capture the effect of
GER, different CL and RMS values were simulated which
were observed experimentally and also shown to produce the
greatest variability results [18][26][27]. For each set of CL
and RMS parameters, an ensemble of 300 simulations has been
performed to obtain a statistically significant prediction on the
behaviour of the device. Fig. 2 shows an example of the two
studied devices with their gates affected by GER.

III. GER VARIABILITY

In this section, we first study the effect of GER in the sub-
threshold region for the 10.7 nm gate length Si FinFET and
the 10 nm gate length Si GAA NW FET and later we present a
comparison between these results and other variability sources.
Fig. 3 (top) shows σVT and σlog10(IOFF) versus the CL for
a fixed RMS of 0.80 nm. The CL has been normalized by
the gate perimeter (see values in Table I), in order to perform
a fair comparison of the results. Note that, for both devices,
the variability increases linearly with the CL/Gate Perimeter.
Results show that, in the sub-threshold region, the GAA NW
FET is more resilient to GER than the FinFET. For instance,
when CL/Gate Perimeter = 0.66, σVT and σlog10(IOFF) are,
respectively, 20% and 11% larger for the FinFET than for
the GAA NW FET. A comparison of the GER variability
versus the RMS with a constant CL/Gate Perimeter of 0.44
for our benchmark devices can be seen in Fig. 3 (bottom).
As previously reported for LER [26], GER variability will
increase with the RMS. We obtain maximum variability values
at a RMS value of 1.0 nm, where σVT and σlog10(IOFF) are
34% and 18% larger for the FinFET than for the GAA NW
FET, respectively. A reason for the smaller variability yielded
by the GAA NW FET is that the GER profiles have to be
periodic as the device has a continuous gate whereas, for the
FinFET, the trigate structure does not require this boundary
condition. Similarly, a decrease in the MGG variability of
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Figure 3. GER variability as a function of: the CL/Gate Perimeter (top) and
RMS (bottom) for σVT (left) and σlog10(IOFF) (right) at VD,sat = 0.70 V.

GAA NW FETs was previously reported when using periodic
Voronoi patches [28].

Finally, we have compared the impact of GER
(CL/Gate Perimeter = 0.66, RMS = 0.80 nm) against
three of the major variability sources affecting multi-
gate devices: MGG, LER and RD. The results for
MGG (grain size = 5.0 nm) and LER (CL = 20 nm,
RMS ≈ 0.80 nm) are taken from previously published
DG-DD simulations [23][25], whereas the RD variability is
explicitly simulated for this study following the methodology
from [29]. Fig 4 shows the impact on σVT (top) and on
σlog10(IOFF) (bottom) of the aforementioned four sources of
variability and their combined effect for both the FinFET and
GAA NW FET. Comparatively, the GER is the least damaging
source of variability affecting σVT and σlog10(IOFF) for
both devices. σVT produced by GER is 49% and a 72%
smaller than the corresponding RD variations for the FinFET
and the GAA NW FET, respectively. The RD variation is
30% larger for the GAA NW FET than for the FinFET,
which partly due to the NW’s longer S/D regions and to
the different lateral peak positions of the Gaussian doping
profiles (see LS/D and xp in Table I). If LS/D for the GAA
NW FET is similar to the FinFET’s, there is a 13% decrease
in the RD variation. Moreover, xp is lower for the GAA NW
FET, implying that the Gaussian doping will penetrate further
into the channel leading to the aforementioned increase in
variability. The GER variability for σVT is around 62%
and 86% smaller for the FinFET and the GAA NW FET,
respectively, than the LER variations, which is the most
damaging source of variability. The LER variability is larger
for the GAA NW FET than the FinFET because of its smaller
channel height leading to a stronger confinement limiting the
device conductivity in the transport direction [25]. Moreover,
although the impact of GER on the FinFET is greater than

Figure 4. GER variability for σVT (top) and σlog10(IOFF) (bottom)
compared to other major sources of variability (MGG [25], LER [23][25]
and RD) and their combined effect (COMB) at VD,sat = 0.70 V.

on the GAA NW FET, the statistical combination of the four
sources shows that the FinFET device is more resilient to
the effect of variability (with a σVTcomb = 30 mV and a
σlog10(IOFFcomb) = 0.44), a value 46% lower for σVT and
56% lower for σlog10(IOFF) than that of the GAA NW FET.

IV. CONCLUSIONS

We have studied the impact of GER variability on
the performance of a 10.7 nm gate length Si FinFET
and a 10 nm gate length Si GAA NW FET using two
of the main FoM (VT, IOFF) in the sub-threshold re-
gion. The GER induces standard deviations of σVT =
7 mV and σlog10(IOFF) = 0.16 for the FinFET when
CL/Gate Perimeter = 0.66 and RMS = 0.80 nm, which are
around 20% and 11% greater than those of the GAA NW
FET. Moreover, we compared the GER variability versus
MGG, LER and RD, yielding up to 62% lower impact for the
FinFET and 86% for the GAA NW FET for σVT. Finally,
even though the GER impact is greater on the FinFET, this
device is more resilient to the combined effect of variability
with results approximately 50% lower (σVTcomb = 30 mV
and σlog10(IOFFcomb) = 0.44) compared to the ones obtained
from the GAA NW FET.
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Garcı́a-Loureiro, and D. Perić, “Quantum Corrections Based on the 2-D
Schrödinger Equation for 3-D Finite Element Monte Carlo Simulations
of Nanoscaled FinFETs,” IEEE Trans. Electron Devices, vol. 61, no. 2,
pp. 423–429, Feb. 2014. doi: 10.1109/TED.2013.2296209

[25] D. Nagy, G. Indalecio, A. J. Garca-Loureiro, M. A. Elmessary, K. Kalna,
and N. Seoane, “FinFET Versus Gate-All-Around Nanowire FET: Per-
formance, Scaling, and Variability,” IEEE J. Electron Devices Soc.,
vol. 6, pp. 332–340, Feb. 2018. doi: 10.1109/JEDS.2018.2804383

[26] N. Seoane, G. Indalecio, M. Aldegunde, D. Nagy, M. A. Elmessary, A. J.
Garcı́a-Loureiro, and K. Kalna, “Comparison of Fin-Edge Roughness
and Metal Grain Work Function Variability in InGaAs and Si FinFETs,”
IEEE Trans. Electron Devices, vol. 63, no. 3, pp. 1209–1216, Mar. 2016.
doi: 10.1109/TED.2016.2516921

[27] S. Bangsaruntip, G. M. Cohen, A. Majumdar, Y. Zhang, S. U. En-
gelmann, N. C. M. Fuller, L. M. Gignac, S. Mittal, J. S. Newbury,
M. Guillorn, T. Barwicz, L. Sekaric, M. M. Frank, and J. W. Sleight,
“High performance and highly uniform gate-all-around silicon nanowire
MOSFETs with wire size dependent scaling,” in Proc. IEEE Electron
Devices Meeting (IEDM), Dec. 2009. doi: 10.1109/IEDM.2009.5424364
pp. 297–300.

[28] D. Nagy, G. Indalecio, A. J. Garca-Loureiro, M. A. Elmessary, K. Kalna,
and N. Seoane, “Metal grain granularity study on a gate-all-around
nanowire fet,” IEEE Trans. Electron Devices, vol. 64, no. 12, pp. 5263–
5269, Dec 2017. doi: 10.1109/TED.2017.2764544

[29] N. Seoane, M. Aldegunde, A. Garcı́a-Loureiro, R. Valin, and K. Kalna,
“3D atomistic simulations of dopant induced variability in nanoscale
implant free In0.75Ga0.25As MOSFETs,” Solid State Electron., vol. 69,
pp. 43 – 49, 2012. doi: 0.1016/j.sse.2011.11.031

https://irds.ieee.org/roadmap-2017
http://www.itrs2.net/


5
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