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Abstract

This work presents a physics-based SPICE compatible model
for Nanosheet FETs, which provides explicit expressions for
the drain current, terminal charges and intrinsic capacitances.
The drain current model is based on the drift-diffusion for-
malism for carrier transport. The terminal charge and intrin-
sic capacitance models are calculated by adopting the Ward—
Dutton linear charge partition scheme that guarantees charge
conservation. The model uses the novel bottom-up approach
to calculate the terminal charges, uses very few empirical pa-
rameters and is accurate across device dimensions and bias
conditions.
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Introduction
The Nanosheet FET (NSFET) is the leading architecture for
extending CMOS technology scaling beyond the 5 nm node.
It offers superior gate electrostatics with negligible short-
channel effects [1]-[2]. Fig. 1 shows the schematic diagram
of a NSFET with extremely thin body (H) and width (W). For
such a system, the Quantum Mechanical Confinement
(QMC) induced effects significantly impact device perfor-
mance [3], results in the formation of sub-bands, thereby af-
fecting the density of states (DOS). This phenomenon also
affects the inversion charge density and is more pronounced
in thin and narrow NsFETs. Therefore, to accurately. repro-
duce NSFET Current-\Voltage (I-V) and Capacitance-Voltage
(C-V) characteristics, it is essential‘to calculate and incorpo-
rate accurate sub-band energy<levels within' the compact
model. Recently, a few compact models addressing electro-
statics and transport in NSFETSs have been proposed [4]-[6].
For instance, a recent/extension of Berkeley Short-channel
IGFET Model (BSIM) introduced a model that incorporated
sub-band information using empirical equations with several
fitting parameters; which makes the -model prone to conver-
gence issues and also. leses its physical insight [4]. The au-
thors.in [5] had proposed a Lambert function-based electron
density model with additional sets of empirical equations and
also assumed an effective 3D DOS, thereby neglecting the
effect of QMC. The authors in [6] introduced a surface po-
tential model with some correction factors, which may in-
crease the complexity of the model. Note that, the models
proposed-in [4]-[5] were orientation independent, however
due to the non-planar nature of NSFET channel, the different
crystallographic orientation of NSFET sidewalls leads to var-
ying impact on device performance [7]. Recently, a bottom-
up compact model was developed, which modified the sub-
band energy calculation of an infinite potential well to cap-
ture the wave-function penetration in an explicit manner [8].
This allowed accurate calculation of any number of sub-
bands without use of fitting parameters for the entire range of

narrow/thin to wide/thick geometry in a computationally ef-
ficient manner. The model also accounts for surface orienta-
tion, width scaling and thickness scaling by using effective
mass as a function of channel orientation and transport direc-
tion [7]. Aterminal charge model is also required for dynamic
behavior calculations, enabling AC and transient circuit sim-
ulations for NsFET. In this work, the bottom-up core compact
model [8] is extended to compute the terminal charges and
intrinsic capacitances analytically. using the Ward-Dutton
scheme without using any additional fitting parameters or ap-
proximations. The proposed large signal model is verified us-
ing the experimentally calibrated TCAD simulations and is
shown to be valid for.a wide range of H.and W, accurately
capturing the QMC induced effects within the NsFET.

Simulation Set-up

The simulation setup in Global TCAD Solutions (GTS)
framework [9], well calibrated with experimental data as
shown in'Fig.2, is used for validation of developed compact
model. The effective oxide thickness (EOT), width (W) and
substrate doping (N,) of the calibrated device are 1 nm, 20
nm and 10 cm respectively. The calibrated TCAD deck is
then used to simulate the NsFETs with gate length (L) of 500
nm and different H, W.

Model
A. Drain Current

The carrier transport in the NsFET is modeled using drift-
diffusion (DD) formalism which offers several advantages
including accuracy for short length (L) devices [10]. The
drain current is expressed as follows,

Ips = —HQny o + ucp, (1)
Here, u is the transverse field dependent mobility, Q;, IS
the inversion charge density, ¢, is the center potential as de-
scribed in [8] and ¢, is the thermal potential. The Qg,, Iin

above equation can be written as [8],

Qiny = _ZCinseff(VG - ¢’ms_¢C) +gN,WH 2
In (2), Cinserr is the effective insulator capacitance, V; is
the applied gate voltage. Since the drain current is continuous

along the z direction, integrating (1) along z from source to
drain, the final expression for Ips can be expressed as,

Ips = M [(VG - ¢’ms)(¢C(VD)_¢C(VS)) -

(LR IECN | oLt g, WH (e (Vo) —be (V) +
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Here, u.ss is the effective electron mobility which is de-
rived by utilizing the method in [11]. It can be expressed as,

Ho (4)

Herr = 1-(%) (@B+1Qunw)



Here, u, is the low transverse field mobility, « is an em-
pirical parameter, €g is the permittivity of the semiconduc-
tor, Qz and Q,,, isthe average body and inversion charges
respectively. In (3), Ips is single unified equation which is ex-
pressed as an explicit function of the source terminal voltage
(Vs) and drain terminal voltage (Vp) without using any addi-
tional approximations.

B. Terminal Charges

For NsFETSs, there are three terminal charges associated with
gate (Qa), source (Qs) and drain (Qp). The Qg can be evalu-
ated as an integral of the total semiconductor charge density

(Qs),

Qo =—Jy Qsdz (5)
Using dz from Ips, the final expression for Qg can be calcu-
lated as

He
Q =106 (V) = Qo2 (V)= Qe (]2 ©)
Where,
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To determine Qp and Qs, the widely accepted WD linear
charge partition is used which guarantees charge conserva-
tion. The Qp therefore can be evaluated as,

Lz
QD = fO ZQinv dz (7)
Using z and dz from (1), the final expression for Qp can be
written as,

2
H 1%
Qp = L;gg [Qp1 (V) + Qp (V) + QD3(V)]V? (8)
Where,
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The Qs.can be obtained by charge conservation and is calcu-
lated as,

Qs = —(Q¢ +Q@p + Qp) ©)
Note that, the developed intrinsic device charge model is an-
alytical, free from any additional empirical parameters and
possess scalability without compromising its computational
efficiency. The intrinsic capacitance in NSFET are modeled
as,

| 1o
C, = 6,,°% "I i=gds  (10)

use u={1 2
Here, C;; represents the change in charges at terminal i in
response to the varying voltage applied at terminal j, while
keeping the voltage at other terminals constant. The intrinsic
device capacitances are evaluated analytically, by utilizing

the derived terminal charge expressions.

Results

Fig. 3a shows the model and simulated transfer characteris-
tics for Vps of 50 mV and 700 mV. As shown, the model
agrees very well with the simulation data. Fig. 3b shows the
output characteristics of the device for different Vgs. As
shown, the model accurately captures the device output char-
acteristics for a wide range of Vgs. To further demonstrate the
model capability, Fig. 4 shows the transfer and the output
characteristics of NSFETs with W = 20 nm _but varying H.
The good agreement of the model with the.simulation data in
Fig. 4 clearly shows that the proposed‘model can be seam-
lessly scaled from thick to thin NsFETSs using purely physical
and analytical expressions. Fig. 5 shows the gate (Cg),
source-gate (Csg), and drain-gate.(Cqg) terminal capacitances
for Vps of 10 mV. For this particular bias condition, the
NSFET is always in the linear region, such that both Cs and
Cyg are equal to oneshalf of Cgg, which is reflected in the
model and simulation data. Fig. 6 plots.the Cqy, Csg and Cqgq
for two different Vps (350 mV and 700 mV/). These plots val-
idates the model accuracy across different bias conditions
(linear to the saturation region of operation). Fig. 7 shows the
gate=drain (Cgqq), drain (Cqq) and source-drain (Csq) capaci-
tances as a function of Vpg for different Vgs. As shown, the
model is inexcellent agreement with the simulation data. The
model captures the behaviour of all the terminal capacitances
of NsFET without using any additional fitting parameters.
Fig. 8a shows the modeled and the simulated Cyg for NSFETS
with W =20 nm and varying H. The model accurately cap-
tures the shift in threshold voltage as well as the variation of
Cgg With H. Fig. 8b plots the Cgyq as a function of H for W =
20 nm at a fixed gate to source overdrive voltage (Vov) of
400 mV. The plot shows that Cgg improves with reduction in
the sheet thickness due to improved gate electrostatics. Fig.
9 plots Cgyq as a function of Vps for 20 nm wide NSFET with
different H, at Vgs of 500 mV. As shown the model accurately
captures the variation of Qg with Vps for different device di-
mensions. The figures 8 and 9 also show that the proposed
equations efficiently model the NsFET behaviour across dif-
ferent device dimensions and bias conditions.

Conclusion
The focus of this work is to develop a core terminal charges
and drain current model for NsFETSs, with highest accuracy,
at the same time capturing inherent physics with minimum
empirical parameters. Following that, a physics-based scala-
ble model was presented. The drain current model includes
transverse electric field-dependent mobility and derived us-
ing drift-diffusion formalism. While the terminal charges
model were derived using the WD charge partition scheme
without using any additional empirical parameters. The de-
veloped model results were validated with calibrated TCAD
simulation data and shown to be accurate across various bias
conditions and device dimensions, thus ensuring scalability.
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Fig. 2: Transfer characteristics of the NsFET with three
sheets and W (nm) x H (nm) = 20 x 5, gate length = 12
nm for Vps = 50 and 700 mV. Symbols represent the ex-

perimental data [2] and solid lines represent the TCAD

Fig. 1: Cross-sectional
view of a NsFET confined
in the x-y direction (z is
the transport direction). W
and H are width and thick-
ness of the NSFET respec-
tively. The vertical and
horizontal sidewalls of
channel has different crys-
tallographic orientations.

Fig. 3: Drain current (lps) for NsFETs with W (nm) x H (hm) =20.x 5 and L = 500 nm as a
function of, (a) Vs for various values of Vps and (b).Vps for various values of Vss. The model
agrees very well with the simulationdata.
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Fig. 4: Drain current (Ips) for NsFETs with W = 20 nm and L = 500 nm for different H
as a function of (a) Vs for a fixed Vps = 700 mV and (b) Vps for a fixed Vs = 700 mV.
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Fig. 6:Different terminal capacitances of the NsSFET with W (nm) x H
(nm) =20 x5 and L =500 hm as a function of Vgs for, (a) Vps = 350
mV and (b) Vps = 700 mV. The model predicts the simulation data

during transition from linear to saturation region.
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Fig. 8: Cgq for NsFETs with W = 20 nm and L = 500 nm (&) for different H as a function
of Vgs and (b) as a function of H at Voy = 400 mV. The model is able to capture the
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Fig. 7: Different terminal capacitances of the NSFET with W (nm) x H
(nm) =20 x 5 and L =500 nm as a function of Vps for, (a) Ves = 500 mV
(b) Vs = 700 mV. The model agrees well with the simulation data.
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Fig. 9: Cyq for NsFETs with W =20 nm and L = 500 nm
as a function of Vps for varying H at Vgs = 500 mV.
The model captures the thickness variation very well.



