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ABSTRACT In this letter, a compact model for charge and drain current in molybdenum disulfide (MoS2)
field-effect transistors (FETs) is developed, which is valid from ballistic to quasi-ballistic to drift-diffusion
electronic transport regimes. Considering the influence of trap charges in MoS2 transistors, a physical-based
and analytical charge model is derived. Based on the virtual source model which applies to both ballistic
and quasi-ballistic transports, the carrier number density and current expressions are combined to yield
the current-voltage (I-V) characteristics. Furthermore, the presented model is validated by experimental
data as well as recently reported simulations for MoS2 FETs with different gate lengths. It shows that
our model is accurate, straight-forward, scalable and compatible for short- and long-channel devices.

INDEX TERMS Molybdenum disulfide (MoS2), charge model, current-voltage (I-V) characteristics.

I. INTRODUCTION
Recently, considerable attention has been paid to 2-D layered
transition metal dichalcogenide (TMD), for example, the
single-atomic-layer molybdenum disulfide (MoS2) because
of its excellent intrinsic carrier transport properties [1] and
transistor scalability [2]. Over the past five years, extremely
scaled MoS2 field-effect transistors (FETs) with gate lengths
of 1 nm [3] and 7.5 nm [4] have been experimentally
realized. In addition, relevant simulation devices at the
scale of sub-5-nm gate length were assessed by solving
nonequilibrium Green’s function (NEGF) transport equa-
tion self-consistently with Poisson’s equation [5]. To project
the ultimate scaling limit of monolayer MoS2 transistors,
ballistic quantum transport simulations solving by NEGF
were performed [1]. The previous researches show that
ballistic transport needs to be modeled for MoS2 tran-
sistor if its channel length (L) is smaller than the mean
free path (λ), i.e., L < λ. Besides, some complex digital
logic and high-frequency ac applications on MoS2 FETs
such as static random access memories and five-stage ring
oscillators have been observed experimentally [6]. Thus,

better understanding and modeling of the operation of a 2-D
FET are required at the new circuit-level applications.
Several physical-based analytical models [7]–[9] have

been proposed for current-voltage (I-V) characteristics
of TMD FETs based on the drift-diffusion picture,
without applicability to the ballistic and quasi-ballistic
regimes [10]–[12]. To perform the ballistic transport effect,
some compact models for short-channel devices [10], [11]
were proposed but only for the subthreshold region.
Furthermore, the work of [12] used an improved method
of traditional virtual source (VS) model [13] and made
the long-channel device models continue to work well
at the nanoscale. However, the charge expression in this
model was given by a conventional device equation Qtop =
COX(Vgs − VT) where VT is the threshold voltage, and used
a smoothing function to connect different regions. Therefore,
it provides a lower physical description.
To this end, in this paper, a physical-based charge expres-

sion of MoS2 FETs is deduced by taking the trap effect into
account. Combining with the charge formulation and con-
cerning MoS2’s characteristics, an I-V model is presented
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FIGURE 1. The plot of charge density as a function of Vgs at the source,
where VT is calculated by the condition Qfree = Qtrap.

which can be applied from drift-diffusion to ballistic carrier
transport regimes. Furthermore, the calculated drain current
is compared with available simulations and measurements
at different channel lengths (1.5 μm, 50 nm and 1 nm) to
ensure the model’s accuracy and scalability.

II. CHARGE MODEL
For MoS2 FETs, the density of states (DOS) is represented
as a function of the energy E [9]:

DOS2D(E) =
{
D0 above EC
NTexp

(
E−EC
kBT0

)
band tail below EC

(1)

where EC is the conduction band energy level; NT
[cm−2eV−1] denotes the total concentration of trap states;
kB is the Boltzmann constant; T0 is the disorder magnitude
parameter; and D0 [cm−2eV−1] is the constant DOS. Based
on (1) and Fermi-Dirac distribution, after integration, the
total carrier number density is given by the sum of the trap
(ntrap) and free (nfree) carrier number densities:

ntotal = ntrap + nfree = NTθt exp
(
(ϕs + φf0 − V)/E1

)
+ D0kBT exp

(
(ϕs + φf0 − V)/φth

)
(2)

where θt = πkBT/ sin(πT/T0); E1 = kBT0/q; ϕs is the
surface potential; φth is the thermal voltage; V is the quasi-
Fermi potential; and φf0 is the potential gap between EC
and the neutral Fermi level. Furthermore, using the prop-
erty of Gauss’s law [14], the charge density (Qtotal) can be
calculated by the implicit relation between the applied gate
voltage (Vgs) and surface potential:

Qtotal = COX
(
Vgf − ϕs

) = q
(
ntrap + nfree

)
(3)

where Vgf = Vgs−Vfb; Vfb is the flat-band voltage; and COX
is the unit-area gate oxide capacitance. To obtain Qtotal, an
explicit approximation of ϕs is needed. Consequently, the
regional approach is adopted here to derive the asymptotic
solutions.

TABLE 1. Parameters used for simulations in Fig. 1.

In the subthreshold region, ntrap dominates and nfree can be
ignored, and therefore, the surface potential only accounting
for the trap states (jsub) can be derived via the Lambert W
function (W0) [15]:

ϕsub = E1 ln

[
W0

(
A0

E1
exp

(
Vgf
E1

))(
E1

A0

)]
(4)

where A0 is (qNTθt/COX) · exp((φf0 − V)/E1).
In the above-threshold regime, opposite to the subthresh-

old region, ntrap is negligible and nfree becomes the dominant
term. Only considering the contribution of free charge in
Gauss’s law, we obtain the explicit solution of the surface
potential in the above-threshold region (jab) as

ϕab = φth ln

[
W0

(
A1

φth
exp

(
Vgf
φth

))(
φth

A1

)]
(5)

where A1 is (qφthD0/COX) · exp((φf0 − V)/φth).
Generally, the formula is required to be completely uni-

form, continuous and smooth across all regions. In order to
do that, a following smooth function [16] can be used to
obtain ϕs.

ϕs0 = ϕsub

1 + exp
(
m1
(
Vgs − VT

)) + ϕab

1 + exp
(
m1
(
VT − Vgs

))
(6)

where m1 is a fitting parameter.
With the explicit solution of ϕs, charge calculation in (3)

can be obtained. Figure 1 with parameters summarized in
Table 1 shows that the values of Qtrap are much larger than
Qfree below VT , and trap density incorporated in the model
also can better capture the real device behavior. On the other
hand, Qfree is dominated above VT . The solution of Qtotal
using (3) and (6) is consistent with the numerical results,
which also verifies the feasibility of the new charge model.

III. DRAIN CURRENT MODEL DESCRIPTION
For aggressively scaled MoS2 FETs, to gain a better under-
standing of this futuristic device and offer early evaluation
studies, the improved VS model [12] is employed. Under
a small drain-to-source voltage (Vds), the drain current in
linear region (Ids_lin) can be demonstrated by:

Ids_lin =
(
W

L

)
QtopμappVds (7)

μapp =
(
μ−1
B + μ−1

eff

)−1
(8)

where W and L are channel width and length, respectively.
The inversion charge (Qtop) at the top of the barrier

between the source and drain can be solved by (3) with
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V = 0, due to the point at the top of barrier is near or at
the source edge of channel [17]. It should be noted that,
compared to the traditional charge expression in VS model,
Qtop as a function of surface potential is single-piece with-
out using smoothing functions. As shown in Fig. 1, the
charge density is accurately described, which is exponentially
dependent on Vgs in the subthreshold region and varies lin-
early with Vgs in the above-threshold regime. It is clear that
this charge model is more straightforward and physics-based.
In Eq. (8), μapp is the apparent mobility [18] whose defini-

tion is based on the ballistic transistor theory. μeff and μB are
traditional and ballistic mobilities respectively, yielding [19]

μB = vBL/(2φth) (9)

where vB (i.e., vB = √
2kBT/πm∗) is the thermal velocity,

and m* is the effective mass of MoS2.
For long-channel MoS2 FETs, conduction mechanism is

variable-range hopping, and therefore, similar to [9], the
effective mobility μeff is written as

μeff = μ0 + μhop exp

(
ϕs − ϕst − (Etr/q)

φth

)
(10)

where μ0 is the channel mobility in the subthreshold region,
μhop is the hopping mobility, and Etr is the effective transport
energy most visited by charge carrier via localized states [9].
Herein, ϕst is the surface potential in (3) corresponding to
Vgs = VT . As a result, we can obtain:

ϕst = −φf0 + φth ln

⎡
⎣(D0kBT

NTθt

) T0
T−T0

⎤
⎦. (11)

It is not difficult to find that below VT , μ0 dominates
and above VT , the exponential term in (10) becomes the
dominant term.
According to (8), μapp is the smaller part of μeff and μB.

Since μB is proportional to the channel length, μapp is close
to μeff at long-channel devices and approaches μB at short-
channel devices.
Under a high Vds, the drain current in saturation (Ids_sat)

becomes:

Ids_sat = WQtopvinj (12)

vinj =
(
v−1
B +

(
Dn
l

)−1
)−1

(13)

where vinj is the injection velocity which is defined as the
mean velocity of carriers at the bottleneck point [17]. Dn
(i.e., Dn = μeffφth) and l are the diffusion coefficient and
critical length where an electron scattering in this regime
has a chance to return to the source. According to [20], l is
semi-empirically given by

l = L(1 − f2) + ξLf2 (14)

f2 = Vds/(θφth)[
1 + (Vds/(θφth))

β
]1/β

(15)

where ξ is the ratio of l in saturation and L, which is
a fitting parameter from calibration with experimental data.
Parameters θ and β are universally fitted which describe the
sharpness of the transition of l from L (linear region) to ξL
(saturation region).
Similarly, Eq. (13) shows the injection velocity is the

smaller part of the velocity at which electrons diffuse across
the critical region (Dn/l) and the velocity vB at which elec-
trons are thermionically emitted across the barrier into the
channel. When the critical length is extremely short, the
injection velocity reaches vB.
To acquire the full range of I-V characteristics, an empir-

ical function Fsat (Vds) is presented like VS model, so the
new I-V model can be expressed as

Ids0 = WQtopvinjFsat (16)

Fsat = Vds/Vdsat(
1 + (Vds/Vdsat)β

) 1
β

(17)

where Vdsat = αLvinj/μapp; and α is a saturation-transition-
region fitting parameter.
Although the new I-V model is similar to the VS model

in form, the detailed physical meanings contained in μapp

and vinj are the major improvements.
The drain induced barrier lowering effect (DIBL) can sig-

nificantly affect the subthreshold characteristics. To reflect
this effect, in surface potential calculation, we replace Vgf
by an effect gate voltage (Vgf -σVds) [16], where s is a fitting
parameter dependent on channel length.
Furthermore, considering the influence of non-saturation

characteristics [21], the drain current becomes Ids = (1 +
MVdeff )Ids0, where M is a fitting parameter, and Vdeff =
Vds − (ϕsd − ϕss) with ϕss and ϕsd as the surface potentials
in the source and drain ends, respectively.
Meantime, for MoS2 transistors, due to the forma-

tion of interfacial Schottky barriers at metal/semiconductor
interfaces, the efficient carrier transfer is blocked [22].
Therefore, contact resistance is an inevitable problem in the
I-V modelling of MoS2 FETs. In our work, similar to [23],
the expression for the contact resistances of Schottky barriers
which is Vgs dependent, can be empirically modelled:

Rcontact = Rm + R0 exp

(
− q

kBT

(
�1Vgs

))
(18)

where R0 and Rm are the contact resistances under low
and high voltage biases, respectively. �1 is voltage cou-
pling coefficient used as a fitting parameter here. Therefore,
to account for the voltage drop on contact resistance, we
replace Vgs and Vds with Vgsi and Vdsi in the I-V model
where Vgsi = Vgs − 1

2 IdsRcontact and Vdsi = Vds − IdsRcontact.
The value of corrected current can be obtained in the
iterative way.
All in all, the above I-V model applies to single-gate tran-

sistors. If the devices are symmetric double-gate transistors,
we can get a similar equation like single-gate transistors by
rewriting the relation between surface potential and Gauss’s
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FIGURE 2. Schematic representation of the PZT gated MoS2 transistor
with a 1.5µm channel length and 20µm nominal channel width.

law [8] as:

Qtotal = COX
(
Vfg − Vffb − ϕs

)+ CBOX
(
Vbg − Vbfb − ϕs

)
= COX

(
Vgeff − �ϕs

)
= q

[
NTθt exp

(
ϕs + φf0 − V

E1

)

+ D0kBT exp

(
ϕs + φf0 − V

φth

)]
(19)

where

Vgeff = Vfg + CBOX
COX

Vbg − Vto, and � = 1 + CBOX
COX

.

In (19), Vto = Vffb + (COX/CBOX)Vbfb; Vf /b,g are the front-
and back-gate voltages; Vf /b,fb are the flat-band voltages
corresponding to the front/back gate; COX and CBOX are
the front- and back-gate-oxide capacitances, respectively.
Therefore, the charge/current model of single-gate transis-
tors can be used in symmetric double-gate transistors after
Vgf is changed into Vgeff and ϕs in RHS of (3) into αϕs.

IV. RESULT AND DISCUSSION
To obtain experimental data, PZT (pb(Zr0.52Ti0.48)O3) gated
MoS2 transistors were fabricated [24]. As shown in Fig. 2,
on a 300nm SiO2/Si wafer, a layer of Pt/Ti (100nm/10nm)
was sputtered as the bottom gate material and also the seed
layer for PZT deposition. Afterwards by a radio frequency
sputtering method using a ceramic target, the ultra high-
k gate dielectric PZT was prepared (the PZT dielectric is
calculated to be in the range of 250-350). The source and
the drain locate the top side and channel material is a CVD
synthesized MoS2 atomic layer.
The proposed I-V model comparison with the experiment

data for the long channel device (L = 1.5 μm) is shown in
Fig. 3. The values of D0 and Nt come from the reported
literature for experimental MoS2 transistors [25], [26].
Compared with mean free path λ of MoS2 (∼15 nm), the
transport of this device belongs to the drift-diffusion model.
In addition, the values of (Dn/l) and μeff are respectively
obtained as 1.6 × 103 cm/s and ∼1 cm2/(V·s) in satura-
tion, which are much lower than μB and vB from (9).
Consequently, (Dn/l) and μeff dominate vinj and μapp

respectively, which also prove that the transport model is

FIGURE 3. Comparisons of (a) transfer and (b) output characteristics for
the device with L = 1.5µm.

FIGURE 4. Comparisons of (a) transfer and (b) output characteristics for
the device with L = 50nm.

FIGURE 5. Comparisons of (a) transfer and (b) output characteristics for
a symmetric double-gate device with L = 1nm.

drift-diffusion. Based on the experiments in [23] and [27],
it is found that R0 varies from 105μm to 106μm, and
Rm changes from 103μm to 104μm for Ti/Au contact
MoS2 devices. In the sample of Fig. 3 which also uses Ti/Au
contact, R0 = 1 × 105 μm and Rm = 1 × 103 μm are
used. Good agreements of model and experiment data show
that our improved model based on VS model can work well
at the microscale.
Moreover, MoS2 transistors in Figs. 4 and 5 are nano

devices with Lg of 50 and 1 nm, of which the I-V charac-
teristics are assessed by Monte Carlo simulation and NEGF
transport equation self-consistently with the Poisson’s equa-
tion, respectively. Since the channel lengths are close to or
even smaller than λ of MoS2, quasi-ballistic/ballistic trans-
port should be taken into account. Similar to the previous
discussion, we find that vB and μB gradually become the
dominant components of vinj and μapp. The transport form
is shifted from drift-diffusion to quasi-ballistic/ballistic trans-
port. Because simulation data in Figs. 4 and 5 was computed
from Monte Carlo or NEGF, the contact resistance is not
considered in our model.
All parameters are given in Table 2 for three groups of I-V

data. Corresponding to the 1.5 μm, 50 nm, 1 nm devices
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TABLE 2. Parameters used for simulations in Figs. 3-5.

in Figs. 3-5, the values of injection velocity are obtained
as 1.6 × 103, 5.9 × 106 and 7.1 × 106 cm/s, respectively.
As the channel length decreases, the trend that the injection
velocity reaches its ballistic limit vB clearly exits. Although
this new I-V model is similar to the VS model, the physical
meanings of μapp and vinj are explained clearly.

V. CONCLUSION
In this paper, the solution of Qtop uses a more physical
scheme instead of the original semi-empirical method in VS
model. Based on this charge expression including the trap
effect, a compact model perfectly depicts the I-V character-
istics of MoS2 FETs from drift-diffusion to ballistic carrier
transport regimes. The good results in Figs. 3-5 show that
our works is expected to be useful for MoS2 devices where
extreme scalability is required.
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