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A SPICE Compact Model for Ambipolar
2D-Material FETs aiming at Circuit Design

Abstract—We report a charge-based analytic and explicit

compact model for field effect transistors (FETs) based on

two-dimensional materials (2DMs), for the simulation of 2DM-

based analog and digital circuits. The device electrostatics is

handled by invoking 2D density of states and Fermi-Dirac

statistics, that are later combined with Lambert-W function and

Halley’s correction, so to eventually obtain explicit expressions

for the electron and hole charges, which are exploited in the

calculation of drift-diffusion currents for both carriers. Further,

the charge model is extended to obtain characteristics of 2DM-

based negative capacitance FETs. The model is benchmarked

against experimental MoS2 FET measurements, and experi-

mental ambipolar characteristics of narrow band-gap materials

such as black phophorous. Its soundness for SPICE circuit-level

simulations is also demonstrated.

Index Terms—2D Materials, field effect transistor, circuit and

compact modeling, SPICE, Verilog-A

I. INTRODUCTION

I
N the quest for extending Moore’s law, the past decade and
a half has seen tremendous research efforts in nanotech-

nology towards field effect transistors (FETs) based on two-
dimensional materials (2DMs). Some of them as graphene,
transition metal dichalcogenides, black phosphorus, silicene
or germanene have already been employed in FETs [1–6] and
are currently investigated as potential alternatives to silicon
and III-V technologies [7].
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ria dell’Informazione, Università di Pisa, Pisa, Italy, e-mail: martaperuc-
chini@me.com, gfiori@mercurio.iet.unipi.it

D. K. Polyushkin and T. Mueller are with the Vienna Univer-
sity of Technology, Institute of Photonics, Vienna, Austria, e-mail:
thomas.mueller@tuwien.ac.at

However, in order to bring 2DMs into electronics circuits
[8], [9] and, therefore, to eventually achieve industrial applica-
tions, circuit designers need Process Design Kits built around
device compact models. These core models must essentially
be fast, accurate, robust and, more importantly, must preserve
the underlying physics of device operation, so to better predict
and rationalize the experimental device characteristics [10]. In
order to attain this objective, several models for 2DM-FETs
have been proposed in the literature, both in the ballistic and
in diffusive regimes.

In the former case, most of the works [11–13] rely on
Landauer’s formalism for calculating the device current [14].
However, by employing Landauer’s integral function, they
only obtain a closed-form expression for the current under
near-equilibrium conditions and have, therefore, a limited bias
validity. Moreover, these models are appropriate for ultra-
short transistors (where the channel length is smaller than the
scattering mean-free-path), but the state-of-the-art in 2DMs
synthesis is still far from this regime, and 2DM-based transis-
tors are still better explained in a drift-diffusive approximation.

In this latter regime, the works in Refs. [15–17] are relevant
in terms of being either explicit or SPICE compatible. How-
ever, they are funded on the Boltzmann approximation (so to
simplify the model derivation) and neglect Fermi-Dirac (FD)
statistics, essential for handling the electrostatics in 2DMs.
Another set of 2DM-FETs models proposed in Refs. [18–
25] do consider FD statistics, but they are either implicit
or iterative in nature [18–22] or they lack the capability
of dealing with ambipolar current characteristics [21–26].
Elsewhere, of the two SPICE compatible ambipolar 2DM-
FET models in Refs. [27], [28], the model discussed in
Ref. [27] is phenomenological in nature, whereas Ref. [28]
uses variable range hopping and trap-release mechanisms for
modeling carrier transport.

In this work, which leverages the results presented by some
of the authors in Ref. [29], we build an ambipolar 2DM-FET
compact model, with explicit expressions for electron and hole
charges and currents, suitable for SPICE circuit simulation
and including also negative capacitance (NC) effects; we
compare and validate it against in-house experimental results
of a monolayer MoS2 FET, and also with MoTe2 and black-
phosphorous results from the literature. The model while being
suitable for long-channel devices, handles 2DM-based devices
with drift-diffusive transport and can work for channel lengths
as short as 100 nm since most of 2DMs e.g MoS2, black
phosphorus etc. have mean free paths of the order of few tens
of nanometers [23], [30], thereby making drift diffusion as the
appropriate approach to describe carrier transport.
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Fig. 1: Schematic representation of the 2DM-FET and band-diagram taken along the
gate/insulator/2DM direction at any point x in the channel for an applied gate-to-channel
potential Vg�ch. �m is the gate metal work function, �s the 2DM electron affinity,
that together with donor/acceptor impurity density N+/�

d/a
, define the threshold voltage

VT = �m/q � �s/q � qN+/�
d/a

/Cox, Ef is the Fermi level, and Ec/Ev is the
conduction band bottom / valence band top in the 2DM channel. Shown at the top-
left is the scanning electron microscope image of an in-house fabricated MoS2 device
employed for the experimental comparison.

The remainder of the article is organized as follows: first the
model electrostatics and explicit ambipolar charge calculation
are discussed, followed by the derivation of the drift-diffusion
ambipolar current and by the development of the 2DM-NC-
FET model. Next, the model is validated against experimental
results, and circuit quality checks and a circuit simulation
exemplifying its use is performed. Finally, conclusions are
drawn.

II. MODEL ELECTROSTATICS

In first place, we deal with the formulation of the elec-
trostatics by analysing a vertical cross section of the 2DM-
based FET. Figure 1(a) shows a schematic of the device with
source / drain contacts patterned at the top of 2DM ultra-thin
layer, which is separated from the metallic back-gate through
a dielectric.

The band diagram for the structure along the z direction (at
any position x) is sketched in Fig. 1(b) where the equation for
to the potential (that includes both the electron (n) and hole
(p) charge densities) reads [29]

q2

Cox
(n� p) + Ef � Ec = qVgs � qVT (1)

where n and p are, indeed, determined by the
2DM density of states for electron/holes (Dn and
Dp, respectively) and by Fermi-Dirac statistics, so
that: n = DnkT ln [1 + exp ((Ef � Ec)/kT )] and
p = DpkT ln [1 + exp ((Ev � Ef )/kT )]; k is the Boltzmann
constant, T the temperature, Ef the Fermi level, Ec/Ev

the conduction band bottom/valence band top in the 2DM
channel, and VT the threshold voltage.

It must be noted that for a non-equilibrium scenario, the
quantities n, p, Ec, Ev and Ef become functions of position
along the channel. Moreover, the Fermi level splits into quasi-
Fermi levels for electrons and holes (Efn and Efp). Thus,
from the carrier statistics of electron and holes the following
relations for the position-dependent non-equilibrium pseudo-
Fermi levels and band edges can be obtained:

Efn(x)� Ec(x) = kT ln

"
exp

✓
n(x)

DnkT

◆
� 1

#
(4)

Ev(x)� Efp(x) = kT ln

"
exp

✓
p(x)

DpkT

◆
� 1

#
(5)

After some algebra and summing up the former expres-
sions we reach the charge-control equation out-of-equilibrium
including both types of carriers:

e(Efn(x)�Efp(x)�Eg)/kT =
�
en(x)/DnkT �1

��
ep(x)/DpkT �1

�

(6)
which relates n and p with the semiconductor bandgap, Eg ,
and the electron-hole quasi-Fermi-level splitting, Efn � Efp.
Together, Eqs. (2-6) can be used to express n in terms of p,
and vice versa, as:

n(x) = DnkT ln

 
1 +

e(Efn(x)�Efp(x)�Eg)/kT

ep(x)/DpkT � 1

!
, (7)

p(x) = DpkT ln

 
1 +

e(Efn(x)�Efp(x)�Eg)/kT

en(x)/DnkT � 1

!
. (8)

For the non-equilibrium scenario a corresponding change
in the original potential balance expression in Eq (1) needs
to be made by replacing Vgs by Vg�ch, where the latter
represents the gate-to-channel potential. Indeed, Vg�ch =
qVg�s � qVch�s, where qVch�s = Efn(p)(x) � Ef,s and
the source Fermi-level, Ef,s, is unique for electron and holes
(assuming ideal contacts) and can be taken as reference for
energies, i.e Ef,s = 0. Using the above updates for non-
equilibrium along the channel, together with Eqs. (1), (7), and
(8) results in the pair of charge control equations for electrons
and holes given in (2) and (3) at the bottom of this page,
where the position dependent argument (x) has been omitted
here for the sake of clarity.

It can be observed that Eqs. (2) and (3) are transcendental
in nature and have to be solved self-consistently for each
bias point, therefore turning the model in computationally
expensive. In order to make it explicit, fast and compatible

q2

Cox

"
n�DpkT ln

 
1 +

e(Efn�Efp�Eg)/kT

en/DnkT � 1

!#
+ kT ln

✓
en/DnkT � 1

◆
= q (Vgs � VT ) + Efn, (2)

�q2

Cox

"
p�DnkT ln

 
1 +

e(Efn�Efp�Eg)/kT

ep/DpkT � 1

!#
� kT ln

✓
ep/DpkT � 1

◆
= q (Vgs � VT ) + Efp + Eg (3)



3

with circuit-level simulations, we explore the possibility to
rewrite electron and hole charges in the form y = zez to arrive
at a solution z = W (y) where W represents the Lambert-W
function [31], [32], which can further be used to calculate
the drift-diffusion current. The zez form can be achieved by
making the following approximations in Eqs. (2) and (3): i)
neglect the second term due to the strong negative exponential
dependence on Eg , ii) Taylor expanding en/nq (ep/pq ) as
1+n/nq (1+p/pq) under low carrier concentration conditions
in the channel. This facilitates the initial guess calculation for
electron (n0) and hole (p0) charges as:

n0 = nb ⇥W

✓
nq

nb
e(Vgs�VT+Efn)/�th

◆
(9)

p0 = pb ⇥W

✓
pq
pb

e�(Vgs�VT+Efp+Eg)/�th

◆
(10)

where we have introduced the following characteristic carrier
concentrations: nq/pq = Dn/pkT and nb = pb = Cox�th/q
that are associated to the 2DM and oxide properties, respec-
tively.

In order to minimize the error introduced by Taylor ex-
pansion, and extend the validity of this initial guess under a
broad range of bias conditions, we refine it using the Halley’s
method [33], [34] (later checked in Section 6(d)) so that
n = n0 +�n and p = p0 +�p where:

�n(p) = �
rn(p)
r
0

n(p)

0

@1 +
0.5rn(p)r

00

n(p)

r
0

n(p)
2

1

A (11)

Here, r
0

n(p) and r
00

n(p) denote the first and second derivatives
of rn(p) respectively with respect to the initial guess n0 (p0),
gathered at the bottom of the page in (12) and (13).

III. AMBIPOLAR DRIFT-DIFFUSION CURRENT MODEL

Next, we discuss the device current characteristics. Within
the drift-diffusion formalism, the ambipolar current density
can be expressed as:

I

W
= J = Jn + Jp = �µnn

dEfn

dx
� µpp

dEfp

dx

= �µnn
dEfn

dn

dn

dx
� µpp

dEfp

dp

dp

dx
(14)

where µn/p denotes the electron/hole mobility. Invoking cur-
rent continuity the above equation can be integrated along the
channel length. The limits x = 0 at source and x = L at
drain, are translated into ns/ps and nd/pd for electron/hole
concentrations at the source and drain, so that:

I

W
L = �µn

Z nd

ns

✓
n
dEfn

dn

◆
dn� µp

Z pd

ps

✓
p
dEfp

dp

◆
dp

(15)
For the calculation of Jn one can differentiate Eq. (2) with

respect to n, while making the approximation Efn(x) ⇡
Efp(x) [18], so that dEfn/dn as:

dEfn

dn
=

kT

nb
+

kT

nq

en/nq

en/nq � 1

+
kT

nb

pq
nq

"
en/nq

en/nq � 1
⇥ 1

1 + eEg/kT
�
en/nq � 1

�
#

(16)

Using the change of variable u = n/nq , Jn is written as:

Jn = �µn
n2
qkT

L

Z ud

us

"
u

nb
+

u

nq

eu

eu � 1

+
u

nb

pq
nq

 
eu

eu � 1
⇥ 1

1 + eEg/kT (eu � 1)

!#
du (17)

that can be processed following a similar procedure as detailed
in Ref. [29], yielding:

Jn = �µn
n2
qkT

L

"✓
u2

2nb

◆
+

1

nq

✓
1 +

pq
nb

◆
[u ln (eu � 1)]

� pq
nqnb

h
u ln

⇣
1 + eEg/kT (eu � 1)

⌘i

� 1

nq

✓
1 +

pq
nb

◆✓
u2

2
+ e�u

◆

+
pq

nqnb

Z
ln
⇣
1 + eEg/kT (eu � 1)

⌘
du

#ud

us

(18)

The same set of steps could be followed to obtain Jp,
resulting in:

Jp = µp
p2qkT

L

"✓
v2

2nb

◆
+

1

pq

✓
1 +

nq

nb

◆
[v ln (ev � 1)]

� nq

pqnb

h
v ln

⇣
1 + eEg/kT (ev � 1)

⌘i

� 1

pq

✓
1 +

nq

nb

◆✓
v2

2
+ e�v

◆

+
nq

pqnb

Z
ln
⇣
1 + eEg/kT (ev � 1)

⌘
dv

#vd

vs

(19)

rn =
Cox

q

✓
Vgs � VT +

Efn

q

◆
� n0 + pq ln

 
1 +

e�Eg/kT

en0/nq � 1

!
� nb ln

 
en0/nq � 1

!
(12)

rp =
Cox

q

✓
Vgs � VT +

Efp

q

◆
+ p0 � nq ln

 
1 +

e�Eg/kT

ep0/pq � 1

!
+ pb

"
ln

 
ep0/pq � 1

!
+

Eg

kT

#
(13)
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where v = p/pq .
Equations (18) and (19) represent the exact charge-based

expressions for electron and hole contributions to the drift-
diffusion current and can be further simplified by making the
following approximations: i) for u � 1, u ln(eu � 1) ⇡ u2

and ii) for u ! 0, u ⌧ 1, u ln(eu � 1) ⇡ e�u. Similar
approximations can be made for terms involving v, to yield a
more compact total current expression:

I

W
= µp

p2qkT

L

"✓
v2

2nb

◆
+

1

pq

✓
v2

2
� e�v

◆#vd

vs

� µn
n2
qkT

L

"✓
u2

2nb

◆
+

1

nq

✓
u2

2
� e�u

◆#ud

us

(20)

This expression together with the explicit charge equations
obtained in the previous section, constitute the core of the
compact circuit model for 2DM-based FETs proposed here.

We can further extend the model with non-ideality factors
in order to account for non-ideal effects at the contacts such
as thermally assisted tunneling or Schottky-barrier lowering by
using a modified thermal voltage for electron and holes: kT e =
kT ⇥ (1 + ⌘e) and kTh = kT ⇥ (1 + ⌘h). This also facilitates
a better handling of the sub-threshold characteristics as it is
implemented in Ref. [18]. Furthermore, a velocity saturation
model in a fashion similar to [27] can also be included for
high lateral electric field conditions so to account for current
limited by drift saturation velocity as it has been discussed
in detail in [35]. The model is, in the following, augmented
including the possibility to consider a negative capacitance
effect.

IV. NEGATIVE CAPACITANCE EFFECT

The negative capacitance (NC) effect [36], which results
from the insertion of a ferro-electric (FE) material into the
gate-oxide stack, has over the last decade been touted as an
encouraging option for low-power electronics [37]. In order to
model 2DM-based NC-FETs, the main objective is to obtain
the voltage across the FE layer (VFE) for a given applied Vgs.
Considering the device electrostatic capacitance behaviour one
can relate VFE and Vgs as: Vgs = VFE+Vbg where Vbg is the
back gate voltage. We can further use the Landau-Khalatnikov
equation to find VFE in terms of the charge density Q across
the FE layer as [38]

VFE = 2tFE↵0Q+ 4tFE�0Q
3 + 6tFE�0Q

5 (21)

where tFE denotes the FE thickness, and ↵0, �0 and �0
represent the Landau parameters. Q can be calculated in
terms of the total gate charge as: Q = q

L

R L
0 (p� n) dx, and

using the expression previously introduced. In particular, if
the 2DM-based NC-FET is of unipolar nature, with only the
electron branch, this integral can be transformed by integrating
with respect to n and by expressing dx in terms of dn as,
dx = (�µnnW/In) (dEfn/dn) dn. We can further plug in
dEfn/dn from Eq. (16) and Taylor expand the exponential
terms before performing the integral to finally yield:

Model
Experimental data

Vds = 0.1 to 5.1V step 1.0V

(b)

10 -2

10 -1

10 0

10 1

10 2

I ds
 ( 

 A
)

10 -3

Vgs (V)
0 2 4 6

Fig. 2: Comparison of experimental and modelled electrical characteristics for a MoS2

FET for: Ids - Vgs in (a) linear and (b) semi-logarithmic scales, (c) Ids - Vds and (d)
gm - Vgs. The methods are described in detail in [9].

Q = qkTµn
W

L

✓
1

nb
+

1

nq

◆
n3

3
+

n2

2

�nd

ns

⇥ 1

In
. (22)

which is the gate charge needed to determine the ferroelectric
voltage.

V. RESULTS AND DISCUSSION

In order to check the predictive capabilities of the 2DM-FET
model, we compared the model results with I-V characteristic
of an experimental MoS2-based FET. The details of the
fabrication process are provided in the methods of Ref. [9].
In particular, in Figure 2 we show the transfer characteristic,
i.e. Ids vs. Vgs, in the (a) linear and the (b) logarithmic
scale, as well as the transconductance (gm), and the output
characteristics, i.e. Ids vs. Vds for the theoretical (symbols)
and experimental (lines) results.

The parameters employed for the comparison are sum-
marized in Table I. The device geometrical parameters are
extracted from the experiments and the material constants
such as the bandgap, carrier and density of state effective
masses, etc., are taken from the literature. Thereafter N+

d ,
�m and �s are considered as the parameters to match the
model against the experimental data in the semi-logarithmic
transfer characteristics. Finally, the mobility is adjusted from
the transconductance characteristics for near-equilibrium Vds

values. As can be seen, the model is able to capture the
electrical response of the experimental device in all regimes
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TABLE I: List of parameters used for experimental validation

Parameter MoS2 MoTe2 BP Parameter MoS2 MoTe2 BP
L (µm) 5 1 0.6 W (µm) 20 2 4
✏ox(✏0) 9 22 22 tox (nm) 30 1 15
Dn (1014/eVcm2) 2.29 2.65 6.25 Dp (1014/eVcm2) - 3.17 5.84
�m (eV) 4.33 3.2 3.75 �s (eV) 4.31 3.19 3.5
N+

d ⇥1012 /cm2 0.001 0.1 0.1 Eg (eV) 1.8 1.39 0.8
µe (cm2/Vs) 2 11.5 81 µh (cm2/Vs) - 24 870
⌘e - 1.5 1.4 ⌘h - 0.6 3.5
Dielectric Al2O3 HfO2 HfO2

Fig. 3: Comparison of experimental and modeled characteristics for a MoTe2 FET for:
Ids - Vgs in (a) linear and (b) semi-logarithmic scales, (c) Ids - Vds and (d) gm -
Vgs. The experimental data has been taken from [40].

of operation, over four orders of drain current magnitudes,
showing a very good agreement for all considered biases.

To further analyse the soundness of the model in an ambipo-
lar scenario, we have also considered the experimental current-
voltage characteristics of MoTe2 and black-phosphorous (BP)
FETs reported in the literature[40–42]. The modelled and
experimental characteristics for MoTe2 and BP devices are
shown in Figs. 3 and 4. A very good agreement is achieved
not only for transfer (a, b) and output (c) characteristics, but
also for the transconductance (d). The physical dimensions
of these devices along with the extracted model parameters
are detailed in Table I, also including the non-ideality factors
⌘e and ⌘h, that are empirical in nature, and are tuned so to
properly reproduce the sub-threshold characteristics.

As can be seen, the model captures in detail the ambipolar
current both in the transfer and in the output characteristics
and also predicts smooth and continuous transconductance.
It slightly overestimates the current for the BP device, par-

Fig. 4: Comparison of experimental and modeled characteristics for a black-phosphorus
FET for: Ids - Vgs in (a) linear and (b) semi-logarithmic scales, (c) Ids - Vds and (d)
gm - Vgs. The experimental data has been taken from [41], [42].

ticularly for the electron branch in the subthreshold region.
This could possibly be due to i) trapping of carriers at the
interface between the dielectric and the BP channel, not
considered in the model, ii) degradation of the experimental
carrier mobility as a result of ionized impurity or phonon
scattering, also not taken into account in the model. Both
effects can, nevertheless, be included into the model, however,
at the expense of numerical calculations and ad-hoc fitting
models.

We also check the applicability of the model after incorpo-
rating the NC effect. In particular, Figure 5 shows the transfer
characteristic of a MoS2-NC-FET where a Hf0.5Zr0.5O2 FE
layer with tFE = 20nm is included in the gate stack [39]. The
model is in good agreement with the experimental realization
as shown in the (a) linear and (b) semi-logarithmic scales. The
Landau parameters used in model fitting are taken from [37].

Finally, for a compact model to be qualified as appropriate
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Fig. 5: Comparison of measured and modeled characteristics of a 2D-NC-FET for: (a)
Ids - Vgs (logarithmic) (b) Ids - Vgs (linear). The experimental data has been taken
from [39].

for circuit simulations, certain checks are essential in terms
of validation against experimental data. One of such model
quality benchmark tests is the well-known Gummel symmetry
test [43], that is essential to ensure that the model does not lead
to any singularity at Vds = 0 V for the I-V characteristics and
its higher order derivatives. In circuit applications, where the
Vds switches through 0 V its presence may lead to incorrect
results. Since we aim to deploy the SPICE model presented in
this work for 2D material based circuit design, a well behavior
in the Gummel test becomes essential.

Figure 6 shows the results as produced by our model, where
highly symmetric, smooth and continuous characteristics are
observed for multiple derivatives. After syntactically coding
the model in Verilog-A, it is possible to evaluate its circuit-
level behaviour for analogue and digital 2DM-based electron-
ics. To exemplify it, a SPICE simulation for an inverter is
shown in Fig. 6(d) the model is used for both the p-type and
n-type transistors. The model card used is the same as that
extracted for the MoS2 FET in Table I.

VI. CONCLUSION

A SPICE-compatible charge-based model for 2DM-FETs is
presented. It takes into consideration Fermi-Dirac distribution
for carrier statistics while handling the electrostatics and uses
drift-diffusion for transport. The explicit charge calculation is
accomplished by invoking the Lambert-W function along with
the Halley’s correction. Additionally, the negative capacitance
effect is incorporated. It is consistent and predictive when
checked with experimental results from fabricated unipolar
MoS2 FET, and ambipolar MoTe2 and black phosphorus
transistors from literature, illustrating its usability across 2D-
material technologies while preserving a meaningful parameter
set. The model does not employ any iterative loops or self-
consistent solutions, and is analytic yet simple in nature with
only a handful of parameters. As such, it is easily deployed in
a Verilog-A framework for a quick SPICE circuit simulation
while also qualifying the Gummel symmetry test.

ACKNOWLEDGEMENTS

Authors gratefully acknowledge the support from Science
and Engineering Research Board through Startup Research

Fig. 6: Gummel Symmetry plots shown for multiple bias conditions for: (a) Gummel
current (b) Current First derivative (c) Current Second derivative, highlighting smooth
and symmetric characteristics. (d) SPICE simulation for an inverter using the model card
extracted for device I in Table I. The model produces well behaved inverter characteristics,
thereby advocating the SPICE compatibility of the Verilog-A coded model.

Grant (Grant no. SRG/2019/001122), European Commission
through the Graphene Flagship Core 3 (contract no. 881603)
and through the ORIGENAL H2020 Project (contract n.
863258). E.G. Marin also acknowledges Juan de la Cierva
Incorporación IJCI-2017-32297 (MINECO/AEI).

APPENDIX I - MOS2 FET FABRICATION METHODS

The MoS2 device is fabricated by means of the electron-
beam lithography (Raith e-LINE system) using the resist AR-
P 679.04 from Allresist. Metal deposition is carried out in a
Leybold electron-beam evaporation system at a pressure of <
5⇥ 107 mbar. The first metal layer defines the gate electrodes
and consists of 3nm/30 nm Ti/Au. A 30-nm-thick Al2O3 gate
dielectric is then deposited using atomic layer deposition from
trimethylaluminium and water at 200� C. The MoS2 films is
CVD grown on sapphire substrate and then transferred using
a polystyrene (PS) carrier film onto the target substrate in a
dry-air glovebox (the PS is subsequently dissolved in toluene).
We use Ar/SF6 plasma etching in an Oxford Cobra reactive
ion etching system to define the actual transistor channels and
electron-beam lithography (Raith e-LINE system). In a final
step, we deposit 30 nm of Au to define the source and drain
electrode.

From the perspective of electronic circuits, hysteresis is a
major obstacle that needs to be overcome in order to imple-
ment reliable and operative digital and analog applications.
For this reason, in the prediction of the operation of complex
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Fig. 7: Relative errors in (a, c) electron and (b, d) hole current components calculated
using the explicit charge expressions, with respect to currents obtained from numerical
solutions of (2) and (3). Linear plots are shown in (a, b) whereas (c, d) highlight the
relative error in logarithmic scale, for multiple bias conditions.

electronic circuits in a consolidated technology, which is the
purpose of compact modeling, it is mainly considered as a
spoiling effect that will be relegated with the advancement of
the experimental state of the art and it is typically ignored.
In our in-house device case, we achieved a reasonably small
hysteresis by taking care of the processing and the materials,
whereas the data taken from literature exhibit significantly
small hysteresis [40] or no hysteresis at all [41], [42]. The
measurements for all the three devices were carried out under
vacuum probe stations [9], [40], [42].

APPENDIX II - EXPLICIT SPICE MODEL ACCURACY

The accuracy of the explicit expressions for charge, obtained
using the Lambert-W function, and its impact on the accuracy
of the calculation of the 2DM-FET current is discussed in
Fig. 7. A comparison is made against relative error in electron
and hole currents, computed using numerical solutions of (2)
and (3), and their explicit counterparts, for a wide range of
Vgs over multiple Vds values. The maximum relative error of
the order of 10�4 to 10�3 indicates a reasonably good match
between the two approaches.

In Fig. 8, the relative error for electron and hole currents is
plotted against multiple temperature and bias conditions with
relative error of the order of 10�6 evidencing the robustness of
the approach. In Fig. 9, we have considered different scenarios
for the oxide and quantum capacitances. A relative error of
the order of 10�6 to 10�5 is observed for electron and hole
currents when Cq dominates Cox and this error order changes

Fig. 8: Relative error in (a) electron and (b) hole current components calculated using the
explicit charge expressions, with respect to currents obtained from numerical solutions
of (2) and (3) for different temperatures.

Fig. 9: Relative error in (a) electron and (b) hole current components calculated using the
explicit charge expressions, with respect to currents obtained from numerical solutions
of (2) and (3) for two different Cox cases, at multiple bias conditions. Cqn and Cqp

denote the degenerate quantum capacitances for electron and hole cases respectively.

to 10�4 to 10�3 when Cox dominates Cq . We have further ob-
served a range of Cox for which permissible accuracy between
the explicit and numerical approaches is obtained. The allowed
range obtained is approximately Cq/25 < Cox < 5Cq for both
electron and hole cases, where Cq is the quantum capacitance.
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