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Dear editor,

Gate-all-around (GAA) nanosheet transistor (NST) is one
of the most promising candidates to replace FInFET as the
next generation because of its best electrostatic integrity and
gate control over the channel [1]. However, statistical vari-
ability induced by traditional statistical variation sources in-
cluding random discrete dopants (RDD), line edge roughness
(LER), metal gate granularity (MGQG), and strong quantum
confinement effect has severely limited the performance im-
provement of NST, which requires a comprehensive study.
Although the technology computer-aided design (TCAD)-
based studies of global variation and statistical variability
and their interplay in advanced semiconductor devices in-
cluding bulk HKMG MOSFET [2] and FinFET [3] have been
reported, there are no corresponding studies considering the
interplay between quantum confinement effect and statisti-
cal variability.

In this study, a sub-5 nm NST TCAD simulation plat-
form is at first developed and calibrated against the industry
technology structure, experimental data of electrical charac-
teristics, and 2D Poisson-Schrodinger (PS) quantum simu-
lations. Based on the well-calibrated nominal device, the
key figures of merit including SS, DIBL across the whole de-
sign of experiment (DoE) space are presented and analyzed.
At last, we study and analyze the statistical variability in-
troduced by RDD generated in source/drain and extension
regions, nanosheet edge roughness (SER), and MGG com-
bined with quantum confinement effect.

Dewvice design. The structure of the simulated NST,
which consisted of three horizontally stacked nanosheets, is
schematically illustrated in Figure 1(a). The key design pa-
rameters of three stacked sub-5 nm technology NSTs are
based on experimental data [1,4] (see Appendix A for the
detailed structure description). In this study, all simulations
are carried out with 3D Sentaurus TCAD tools, ‘atomistic’
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simulator GARAND, and 2D PS simulator.

Device calibration. Firstly, the 3D horizontally stacked
n-channel NST is established in the 3D Sentaurus TCAD
simulation platform. To improve the computational effi-
ciency and accurately capture the quantum confinement
effect, drift diffusion (DD) model coupled with the den-
sity gradient (DG) quantum correction strictly calibrated
against 2D PS simulation is employed in TCAD simula-
tion [5]. 1D charge distributions along the vertical direction
(‘z’ direction) in the left corner for different thick nanosheets
compared between TCAD and 2D PS simulations at Vi =
0.7 V and low drain voltage are presented in Figure 1(b). It
states more clearly that the DG quantum correction solution
is strictly calibrated by 2D PS simulation in a wide range of
NST channel thickness. Finally, the device I4s-Vgs charac-
teristics by TCAD simulation are compared with the IBM
experimental data [1] presented in Figure 1(c), illustrating
an excellent agreement.

Process induced global variation. To cover the process
parameter variation, the 30 process-induced long-range vari-
ations of ALg = +2 nm and ATy, = £2 nm are assumed
to form a 5 X 5 = 25 node Cartesian product space. The
2D maps of SS and DIBL across the whole DoE space by
TCAD simulations are presented in Figure 1(d) and (e), re-
spectively. It is clearly found that the key figures of merit
are the best for about 4 nm thick NSTs and if the nanosheet
thickness reduces further, the device performance parame-
ters will drop sharply and even be unacceptable up to 3 nm
because the electrons are firmly confined to the vertical cen-
ter of nanosheet (as shown in Figure 1(b)).

Statistical variability. Owing to the un-doped channel,
RDD is mainly generated in the source, drain, and exten-
sion regions. For SER [4], we only consider the top and
bottom surface roughness of three stacked nanosheets mod-
eled by using the 2-D autocorrelation function (ACF) [6]
parameterized with a correlation length (A) of 20 nm and
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(Color online) (a) Schematic view of the 3D NST in this study; (b) 1D charge distribution along the vertical direction

in the left corner for different thick nanosheets compared between TCAD and PS simulation at Vy; = 0.7 V and low drain voltage;
(c) Ias-Vgs characteristics of NST compared between TCAD simulations and experimental data [1]; 2D map of SS (d) and DIBL
(e) across the whole DoE space by TCAD simulation; (f) full electrical transfer characteristics simulation of NSTs with the 12 nm
gate length and 5 nm thick channel including RDD, SER with RMS = 0.45 nm and A = 20 nm and MGG with average TiN metal
grain diameter of 5 nm at Vg = 0.05 V; (g) gate length dependence of oV for 4 m thick NSTs with different statistical variability
sources; (h) oVr dependence of Vi variability respectively on MGG average grain diameter (top graph), SER correlation length
(A) (middle graph) and SER RMS (A) (bottom graph) for the NSTs at three nodes of DoE space.

root mean square (RMS) of 0.45 nm [4]. For simplicity,
we assume that there is no correlation between the edge
roughness lines along z- and y- directions. TiN gate metal
grains with an average diameter of 5 nm are assumed and
MGG is modeled with two possible work functions spanning
0.2 eV occupying 40% probability for (111) grain and 60%
probability for (200) grain of occurrence [2]. The statistical
impedance field method (sIFM) is carried out to investi-
gate the variation of the device characteristics. Figure 1(f)
shows the I4s-Vgs characteristics of the uniform NST and
1000 microscopically different atomistic samples with the
combination of three statistical variability sources.

The gate length dependence of oV for 4 nm thick NSTs
is shown in Figure 1(g). Owing to the low RMS of 0.45 nm
for the 4 nm thick nominal NST and the range of gate length
varying close to the correlation length of 20 nm, Figure 1(g)
shows that the SER-induced oV slowly decreases with the
gate length gradually increasing. The dependence of oV
on MGG average grain diameter, SER correlation length
(A) and SER RMS (A) for the NSTs at three corner nodes
of DoE space is presented in Figure 1(h), respectively. The
SER with larger A and RMS all brings obviously more Vp
fluctuations, but SER-induced variability is more sensitive
to RMS. Meanwhile it seems that oV is linearly propor-
tional to the RMS of SER but is saturated for large A.

Conclusion. The comprehensive studies aimed at the
interplay between the quantum confinement effect and de-
vice statistical variability among process design of experi-
ments for sub-5 nm NST's have been presented and analyzed
through strictly calibrated TCAD simulation platform for
the first time. The impact of quantum confinement varia-
tion on the key performance parameters of NSTs with dif-
ferent channel geometry structures also have been studied.
It is found that the NSTs with the optimized nanosheet
thickness of approximate 4 nm have the best key figures of
merit. After considering the interplay between the quantum
confinement and statistical variability, MGG as the domi-
nant statistical variability source brings the largest threshold
voltage fluctuation and the MGG-induced variability can be

suppressed with the average grain size reduction, but SER
can also cause the comparable threshold voltage variation for
3 nm thick NST's mainly due to the strong quantum confine-
ment variation. Meanwhile the SER-induced variability can
also be suppressed by the uniform smooth nanosheet edges.
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