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Abstract— We present quantum transport simulation results 
of stacked silicon nanosheet (SiNS) nFETs. Our simulations are 
based on the non-equilibrium Green’s function (NEGF) method 
which is capable of dealing with all major physical effects 
necessary for steady-state electron transport in the complex-
shaped devices. In order to help find optimal device design many 
split simulations for various geometry and process conditions 
were performed as a demonstration. 
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I. INTRODUCTION 
The FinFET technology is the most advanced node for 

commercial logic device fabrications nowadays. Its success 
was enabled mainly by the larger effective channel width and 
stronger gate controllability than previously used planar FETs. 
As long as we stick to the concept of field-effect transistor, a 
key technology requirement to boost the device performances 
will be to achieve better gate controllability. Hence, gate-all-
around FETs are being studied as an ultimate structure for 
future logic devices [1]. Stacked silicon nanosheet FETs are 
considered as one of the strong candidates which have 
potential to replace FinFETs [2]. Although the fabrication 
processes of SiNS FETs are more complex than those of 
FinFETs, the better gate controllability is more favorable to 
shorter channel length and better performance. An example of 
dual SiNS FET is shown in Fig. 1. The number of channel 
stacks can be more than two in reality. 

Considering the size and shape, the stacked SiNS FET is 
expected to have significant quantum and atomistic effects 
with its performance. Also, there are many design variables 
related to geometry dimensions or process conditions, which 
might not be optimized one by one because of their possible 
intercorrelations. In this case a tool which can accurately 
estimate the device performance to the changes of the design 
variables is required. We employ the self-consistent NEGF-
Poisson approach in this work because of its rigorous and 
general theoretical basis which does not depend on the design 
variables. 

In this paper we explain our simulation models and 
demonstrate how the NEGF simulation can be used for the 
optimization of the design of dual SiNS nFETs. 

Fig. 1. Structure of simulated dual SiNS nFET and physical models 
avalable in our in-house NEGF solver. Electron density and electric potential 
profiles at VG = 1 V and VD = 0.01 V are visualized from atomistic and 
continuum simulation domains, respectively. 

 

II. SIMULATION METHOD 
We use our in-house atomistic and quantum transport 

simulation tool. For device simulations the NEGF and the 
Poisson equations are solved self-consistently. The NEGF 
solver covers the silicon region for carrier transport while the 
Poisson solver covers the whole region for electrostatic 
potential. The NEGF solver is equipped with various models 
to take into account all the major physical phenomena as 
shown in Fig. 1. The following are explanations of the 
physical models: 

1) The bandstructure of the conduction band of silicon is 
modelled by the effective-mass approximation (EMA) [3, 4]. 
Each ellipsoidal valley is characterized by a mass tensor with 
nonparabolicity correction. The model parameters for each 
valley are calibrated against tight-binding simulation results to 
take into account the effects of quantum confinement and 
strain/stress more accurately [5, 6]. For the sake of numerical 
efficiency only three valleys out of six are considered without 
loss of accuracy. 

2) Electron-phonon scattering is modelled based on the 
deformation potential theory which can capture intra- and 
inter-valley scattering processes [7]. The basic parameters 
were calibrated to fit bulk mobility of silicon [8, 9]. To fit 
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experimentally observed mobility decrease in the strong 
inversion regime which could not be captured by the original 
scattering model, the deformation potential values are 
adjusted to be enhanced near the surface of the channel [10]. 

3) Atomistic doping model is used to consider the effects 
of dopant variation and impurity scattering explicitly in the 
NEGF simulations [11, 12]. Random and discrete point 
charges are generated from a given continuous doping profile 
according to Poisson statistics. 

4) Remote Coulomb scattering due to high-k dielectric 
layer can be modelled by putting static monopole or dipole 
charges into the source terms of the Poisson solver. 

5) Atomistic traps can be generated based on [13]. This 
effective trap model works well as long as the self-consistent 
Born approximation (SCBA) does not fail to converge due to 
any resonance states at the traps. 

6) Surface roughness on the channels is generated 
according to given sets of amplitude and correlation length 
[14]. Different roughness and random seeds can be applied to 
different channels. Although the quality of generated surface 
depends on the lattice constant of the simulation structure, the 
simulation results were not sensitive to the atomic-scale 
resolution. 

7) To consider the variability effect due to the gate metal 
phenomenologically, it is assumed that the gate metal consists 
of grains with random sizes and workfunction values [15]. 
Some parameters such as the distribution of the grain size and 
the distribution of workfunction values are necessary. 

8) In quantum transport simulations the gate contact is 
usually modelled as a Dirichlet boundary condition in the 
Poisson solver with the assumption that there is no current 
through the contact. To be more realistic, we can treat the 
contact as an open-boundary lead like the source/drain 
contacts and calculate the gate leakage current. In order to 
improve the numerical efficiency, we have improved the 
conventional recursive Green’s function (RGF) technique [16] 
to be able to simulate arbitrary-shaped devices [17]. 

9) Schottky contacts are attached on the source/drain 
epitaxial regions as shown in Fig. 1. In quantum transport 
simulations, it is usually assumed that a contact is a semi-
infinite extension of its connected part of the simulation 
domain [18, 19], which is not appropriate for realistic metal-
semiconductor interfaces. So, in this work the contact model 
was improved more realistically by two modifications. Firstly, 
virtual metals are introduced for contacts. Each type of metal 
requires three parameters under EMA model, i.e. effective 
mass, workfunction, and band edge. The workfunction 
parameter is used to give desired Schottky barrier height when 
a Dirichlet boundary condition is applied to the contact and 
the other parameters are calibrated to give desired I-V 
characteristic or Schottky resistance. Secondly, the new 
contact model assumes that each of the contact atoms is an 
independent reservoir of carriers and does not interact with the 
other contact atoms. By this assumption different incident 
directions can be set for different contact atoms so the shape 
of a contact can be an arbitrary curved surface. Another 
advantage is that the calculation of the contact self-energy 
function is much faster than that of conventional contact 
models because the function can be evaluated independently 
for each atom. 

 

Fig. 2. (TOP) Base simulation structure for the sensitivity analysis of dual 
SiNS nFETs. Silicon, oxide, and contact metal regions are represented in 
ivory, red, and orange colors, respectively. The space between the channels 
is not empty in real devices but filled with gate metal. This particular 
structure has two SiNSs as its channels and bulky epitaxial regions for source 
and drain. The dimensions of this base structure are 50 nm, 22 nm, and 24 
nm along x, y, and z directions, respectively. The channels are lightly doped 
with p-type and the source/drain regions are heavly doped with n-type. 
(BOTTOM) ID-VG characteristic of the base simulation structure. The lines 
are the case of continuum doping model without surface roughness in the 
channels or random workfunction of metal grains. For the simulations with 
atomistic dopant, surface roughness, and random workfunction models, only 
VG = 0 V and VG = 1 V were performed, which are are marked with dots 
according to different random configurations. The variation in IOFF and the 
degradation of ION are confirmed. 

 

III. SIMULATION RESULTS 
To show a demonstration how the design variables of 

stacked SiNS nFETs affect the device performance, we 
performed many split simulations by changing each design 
variable one by one from the base device shown in Fig. 2. 
Please note that the simulated device structures and conditions 
are not based on real devices but set for the demonstration of 
this simulation study. All the simulation results are obtained 
from self-consistent NEGF simulations with the models 
explained in the previous section. Here, some models like 
atomistic traps, dipole changes due to remote Coulomb 
scattering, and gate leakage were not activated because these 
require statistical analysis based on experimental data or have 
minor effects on the device performance. All the simulation 
parameters were calibrated to reproduce basic electrical 
properties of materials and the same set of parameters were 
used for all the simulations. The simulation is highly 
parallelized by MPI, OpenMP, and GPU. A typical simulation 
time for each bias condition is about 4~5 hours using 80 cores 
of Intel® Xeon® CPU E5-2699 v3 @ 2.30GHz. 
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TABLE I.  SENSIVIITY OF VTH, SS, AND ION TO THE CHANGES OF 
DESIGN VARIABLES (VDS = 0.01 V) 

variable 
change Δ Vth (mV) Δ SS / SS Δ Ion / Ion 

LG 
-14 % 

-54 15.9 % 4.8 % 
EOT 
20 % -17 4.6 % -2.8 % 
WCH 

-50 % 61.2 -9.8 % -42.1 % 
HCH 
33 % -71 18.5 % 19.1 % 
SSPC 
33 % 1.1 1.8 % 0.4 % 
LCT 

100 % -0.1 0.2 % 9.9 % 
HCT 

100 % 0.4 0.4 % 14.1 % 
LOVL 

0 Æ 0.4 nm -17 4.1 % 4.2 % 
LUDL 

0 Æ 0.4 nm 15.1 -4.7 % 1.1 % 
NCH 

1E17 Æ 0 /cm3 -0.8 0.1 % 2.1 % 

NS/D 
3E20 Æ 2E20 /cm3 9 -0.8 % -21.6 % 

 
Table I shows how much threshold voltage (VTH), 

subthreshold slope (SS), and on-current level (ION) are 
affected by the change of design variables. Although just 11 
design variables and 3 performance criteria were considered 
in this paper to find the steepest gradient for better device 
performance, in principle we can play with any geometry and 
simulation conditions. Since the model parameters of NEGF 
solver are only related to the properties of materials, we have 
high confidence of the accuracy of the simulation results 
within the limitation of the NEGF formalism itself. In reality, 
some practical considerations such as fabrication difficulty, 
cost, yield should be taken into account in the optimization 
process. 

 

IV. CONCLUSION 
In this paper we have shown a demonstration how the self-

consistent NEGF-Poisson method can be used to help 
optimize the design of stacked SiNS nFETs. We could 
evaluate the sensitivity of device performance to the changes 
of design variables such as geometry and process conditions. 
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