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ABSTRACT This work proposes a comprehensive analytical model for two-dimensional molybdenum
disulfide (MoS2) field-effect transistors (FETs). This model incorporates single-particle and transport
relaxation times intended to investigate the dominant scattering mechanism in these devices. Our results
show that in MoS2 FETs with a short channel length, there is a shift in short-range scattering from anisotropy
mediated by the tunneling mechanism toward isotropy due to thermionic emission when the gate voltage is
increased, which is in line with density functional theory (DFT). Meanwhile, long-range scattering by the
interface traps electrons responsible for carrier transport in long-channel MoS2 FETs. We validate the model
against experimental data on Id -Vd and Id -Vg characteristics, includingmobility. The validations indicate that
our model can accurately capture negative differential resistance (NDR) phenomenon and interface traps in
MoS2 FETs. Therefore, our model is suitable to gain detailed insight into the dominant scattering mechanism
directly from the current-voltage characteristics curve, minimizing the need for complex measurements and
simulations.

INDEX TERMS Dominant scattering mechanism, MoS2 FETs, negative drain resistance, interface traps,
quantum relaxation time, transport relaxation time.

I. INTRODUCTION
Understanding MoS2 transistor drain current performance at
the nanoscale remains one of the most challenging aspects of
experimental work in this field. Therefore, using theoretical
studies to uncover the scattering mechanisms influencing
performance can support device development. Das Sarma and
colleagues have conducted several studies to distinguish the
characteristic single-particle and transport relaxation times,
denoted τq and τt , respectively [1], [2]. The single-particle
relaxation time or quantum lifetime, which determines the
quantum level broadening 0 ≡ h̄/2τq, is a measure of the
time for which electrons remain in momentum eigenstates
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before scattering. Meanwhile, the transport relaxation time
is related to conductivity, σ ∝ τt . Observing characteristic
times is valuable for identifying or analyzing the dominant
scattering.

Theoretical simulations have been conducted for quantum-
based scattering dominance, such as using Green’s func-
tion to examine magnon existence influence [3], [4] and
applying the first-principle method for electron-phonon
interactions in two-dimensional materials [5], [6]. These
methods have commonly applied the Boltzmann transport
equation (BTE) to determine characteristic times, which
can drive complex calculations, especially first-principle
simulations of a few femtoseconds. Alternatively, several
recent numerical approaches have studied this characteristic
to understand the Anderson localization effect in doped
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semiconductors [7], the failure of the Wiedemann-Franz law
in graphene [8], and Weyl nodes due to residual disorder
in WTe2 [9]. Regarding monolayer MoS2, a theoretical
model has been developed for the operational characteristic
of a transition-metal dichalcogenide thin-film transistor by
considering trapped charges near the channel interface [10].
This model applies relaxation time approximation and the
Fourier-transformed Coulomb potential due to the charge
to describe the Coulomb scattering mechanism in solving
the BTE. Compared with other methods, this model does not
require complex quantum calculations and is consistent with
experimental data. Nevertheless, this study explains the tran-
sistor I-V characteristic model using a traditional quadratic
equation for the applied. However, the quadratic equation
cannot capture the negative differential resistance (NDR)
phenomenon commonly encountered in two-dimensional
MoS2 materials [11], [12], [13]. The study that combined
Green’s function and the first-principle method shows that
the NDR phenomenon on two-dimensional materials makes
that the ballistic limit model cannot be used for this
material [14].

Numerous efforts have been made to improve the small
transistor model by incorporating small amounts of scattering
effects into a quasi-ballistic model to fit experimental data.
The models commonly use a critical distance concept in
the transmission function to account for scattering effects
on the drain current performance of the device [15],
[16], [17], [18]. Critical distance allows for the region
consideration where a dominant scattering occurs in the
transistor channel. Studies have developed models based
on the Landauer-Buttiker formula assuming the Wentzel-
Kramers-Brillouin (WKB) approximation to the transmission
function [19], [20], [21], [22]. Due to different paradigms, the
WKBapproximation does not workwell with small scattering
mechanisms, especially scattering on carriers with energies
above barrier potential. Small scattering works when the
barrier potential is small enough compared with the energy
of the particle [23], whereas WKB is valid if the potential is
a smooth function of the coordinates [24]. These paradigms
are also one of the reasons the ballistic series model requires
further development to capture the NDR phenomenon in
MoS2 transistors.

Here, we present a comprehensive analytical transport
model to describe the drain current performance of a
two-dimensional MoS2 nanoscale transistor with the NDR
phenomenon and interface traps. Our model differs from
other nanoscale transistor transport models that depend on
critical distances. The model aims to identify the dominant
scattering mechanism of the device by calculating the ratio
between single-particle and transport relaxation times in
the framework of the Landauer-Buttiker formula extension.
Our approach to this extension is to modify the WKB
approximation in the transmission formula to have the same
order of magnitude as small scattering. In this manner,
we can obtain a relationship between the relaxation time
ratio and transmission. To support our work, we use data

from a monolayer MoS2 FET to measure the accuracy and
compare it with statistical measures. Another advantage is
that our model consistently captures the drain-induced barrier
lowering (DIBL) phenomenon. Using our model analysis,
we found that the scattering mechanism of a monolayer
MoS2 FET agrees with DFT and Monte Carlo simulation
results. Therefore, our model is beneficial in gaining detailed
insight into the scattering mechanism directly from the
current-voltage characteristics curve, leading to cost savings
for complex measurements and simulations.

II. THEORETICAL MODEL
To model a two-dimensional MoS2 FET drain current with
characteristic times embedded in transmission, we consider
a general nanoscale metal-oxide-semiconductor field-effect
transistor (MOSFET) in which carrier transport occurs along
the channel length. A step-like potential profile confines car-
riers along the channel width. A sharp triangle-like potential
confines carriers at the metal-oxide-semiconductor (MOS)
interface and contains discrete band energy levels for
electronic states along the depth. For a double-gate (DG)
MOSFET, the interface layer construction modifies the band
energy profile. We express the drain current model with the
Landauer-Büttiker formula as follows [25], [26], [27], [28]:

Id =
q

π h̄

∑
v,ny,nz

∫
(fs(E) − fd (E))T (E)dE . (1)

Here,

f(s/d)(E) =

(
1 + exp

(
E − EF(s/d)

kBTe

))−1

is the Fermi distribution function of the source (drain). Te0,
kB, T (E), EF , ny, and nz represent temperature, Boltzmann
constant, transmission coefficient in the channel at energy E ,
Fermi energy, and quantum numbers for channel confinement
in the width and depth directions, respectively. Our approach
to resolving the paradigm is to express the carrier reflection
as follows, such that the WKB approximation has the same
order of magnitude as small scattering [29]:

R =
r2

4

∣∣∣∣∫ k0L

0
U (εξ )e2iξdξ

∣∣∣∣2 , (2)

where r =
Enz (xmax )
E−Eny

, ε = (k0L)−1, ξ = k0x, k0 =

h−1
√
2mx

(
E − Eny

)
, and U (εξ ) =

Enz
Enz (xmax )

. Enz represents
the energy level associated with the nz-th mode in the
channel depth direction as a function of position along
the channel length, x. Meanwhile, Enz (xmax) refers to the
highest barrier at xmax . Eny , mx , and L are energy levels
associated with the ny-th mode in channel width, conductivity
effective mass, and channel length, respectively. The integral
in Eq. (2) is challenging due to the dependency of the
barrier profile on carrier distribution in the channel. For
simplicity, we make two assumptions: the barrier profile
decreases slowly to the drain and only considers scattering
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around the barrier potential peak, so r ∼ 1 and Enz =

Enz (xmax) δ (ε (ξ − ξmax)), where ξmax = k0xmax . The
formula for Enz used in this study is unsophisticated because
it only accounts for the dominant scattering event at the peak
of the barrier inside the nanotransistor channel. With these

assumptions, the reflection is R ≈
2mxL2

(
E−Eny

)
4h̄2

. According
to T = 1 − R, the transmission has the following formula:

T = 1 −
2mxL2

(
E − Eny

)
4h̄2

. (3)

With Eq. (3), we extend the Landauer-Buttiker formula of
Eq. (1) to include a small scattering mechanism. The model
becomes:

Id =
q

π h̄

∑
v,ny,nz

∫
(fs(E) − fd (E)) dE

−
1
4
q

π h̄
2mxL2

h̄2
∑
v,ny,nz

∫
(fs(E) − fd (E))

(
E − Eny

)
dE .

(4)

The first term in Eq. (4) represents the ballistic current,
and the integration result is similar to the Natori model [28].
The second term is a correction due to small scattering
when the carrier crosses the channel. Similar to the work
of Natori, we replace the ny summation by multiply-
ing the integration over energy with the one-dimensional
density of the state function and

∑
v,nz with Mv for

the single sub-band approximation, which represents the
carriers population fraction at the lowest level. Integrating
Eq. (4) yields:

Id = WI0
(
F1/2(u) − F1/2(u− ud )

)
− ζ

2mxL2

h̄
kBTe
h̄

2
3
WI0

(
F3/2(u) − F3/2(u− ud )

)
, (5)

where parameters W is channel width, ud =
qVd
kBTe

1, I0 =

I0tMv, Qinv = Cox
(
Vg − Vth + θVd

)
, ρ = αρ0, ρ0 =

Qinv
Q0Mv

,
and

u = ln
[√

(1 + eud )2 + 4eud (eρ − 1) −
(
1 + eud

)]
− ln 2.

Here, we add the dimensionless parameter, ζ , to Eq. (5) to
anticipate the numerical approach to the final integration.
This parameter has the physical meaning of a small scattering
correction. When ζ is zero then the small scattering
disappears. I0t and Q0 depend on the material properties of
the transistor and the temperature. ρ0 represents the average
charge carrier density at the lowest level in a dimensionless
unit. Furthermore, we use the strong inversion assumption
on Qinv to simplify the current study. 1 is a parameter that
determines the physical properties of the body factor, m,
using 1 = 1/m. We note the 1 in this study as the
body factor inverse. The θ parameter represents the DIBL to
account for the short-channel effect (SCE). According to the
experimental results, the oxide capacitance tends to increase

for large MOSFETs [30]. This condition naturally causes
our model calculations of carrier densities and characteristic
times to deviate significantly from experiments. In particular,
for transistors whose carrier movement has more than one
dimension, such as those based on two-dimensional materials
with one layer or multilayer. Therefore, we apply the
α parameter to address the problem. If α = 1, the device
will closely approximate the one-dimensional transport
condition. The Fj function is the complete Fermi-Dirac
integral of order j. To accommodate transport containing
many scattering events, it is convenient to write Eq. (5)
as follows:

Id = TWI0
(
F1/2(u) − F1/2(u− ud )

)
, (6)

where

T = cos2
(√

τt

ατq

)
τt =

2mxL2

h̄
ζ

τq =
3h̄

2kBTe

F1/2(u) − F1/2(u− ud )
F3/2(u) − F3/2(u− ud )

after using the Taylor expansion of cos x = 1 −
x2
2 .

By considering simple forms of conductivity, conductance,
and mobility, i.e., σ = nqµ, G =

σA
L , and µ =

qτt
mx

,
we demonstrate that τt represents the transport relaxation
time. n and A are density and cross-sectional area, respec-
tively. After assuming that G ≈

2q2

h̄ and n =
1
AL , and some

algebraic rearrangement, τt ≈
2mxL2
h̄ , which is similar to τt in

Eq. (6). Furthermore, when the MOSFET reaches saturation
conditions, the Fermi-Dirac integral can be simplified with
F1/2(u) ≈

2
3 u3/2 and F3/2(u) ≈

4
15u

5/2 for ρ ≫ 1,
then τq ≈ h̄/20 represents the quantum relaxation time,
with 0 = 8qρ0Qinv/15h̄CeffMv defining the quantum level
broadening. Eq. (6) states that the transmission depends
on the relaxation time ratio, τt/τq, as a function of the
voltages applied. In addition, when we apply a high voltage
to our model, the quantum relaxation time can be greater
than τc, the time required for the carrier to migrate from
source to drain, leading to a non-physical meaning. To solve
this problem, Eq. (6) should be valid under the following
condition:

lim
(Vd ,Vg)→(∞,∞)

τq − τc = 0, (7)

where τc =
LQinv
Id

. Eq. (7) implies that 1, ζ , θ , and Mv
depends on the Vg and Vd applied, such that it can be
determined with a self-consistent iteration (SCI) procedure
and fitting method. Furthermore, the transport and quantum
relaxation times ratio in this study has another form,
as follows:

τt

τq
=
L2

λ2
, (8)

where λ is the mean free path (MFP). In addition,
Eq. (6) suggests that it is impracticable to fabricate ballistic
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nanotransistors because the material must have zero effective
mass to achieve maximum transmission. Thus, this condition
may become the reason for modern transistor limits in
nanoscale fabrication.

III. METHODOLOGY
To validate our work experimentally, we selected the
monolayer MoS2 FET from the work of Sebastian et.al [31].
The device has a bottom gate with Al2O3 as an oxide
layer, with an effective oxide thickness (EOT) of 22 nm
and a channel width of 5 µm. The gate electrode was
made from a p++-Si/TiN/Pt stack. Two monolayer MoS2
FETs with channel lengths of 100 nm and 5 µm were
analyzed. This study obtained the final parameters from non-
linear least-squares fitting after the SCI procedure for Mv
against the experimental data, Id -Vd or Id -Vg characteristics.
Meanwhile, we solved Eq. (7) using the following numerical
formula:

Mv(new) = Mv(old) + ω

(
τq(lowest) − τc

τq(lowest)

)
(9)

where τq(lowest) − τc is the smallest difference within
an acceptable tolerance, and ω is a damping factor that
can accelerate the convergence. The simulation accepted
convergence when the dimensionless error

∣∣∣ τq(lowest)−τc
τq(lowest)

∣∣∣ was
below the tolerance, and the R-squared was above the target
tolerance. The SCI procedure steps are as follows: first select
an initial guess forMv, ζ , 1, and θ . Then, implement a fitting
process to update ζ , 1, and θ . Next, use these updates to
calculate the error and R-squared. If the error and R-squared
do not reach the allowed tolerance, update Mv using Eq. (9)
and reupdate for ζ , 1, and θ with the fitting process. These
steps are repeated until tolerance is reached.

The present study started with α = 1 and increased
incrementally in steps of 0.01, then performed SCI until
convergence occurs. We take I0t =

√
2q(kBTe)3/2

π2h̄2
√
mt and

Q0 =
qkBTemd
2π h̄2

as the variables for each device, where mt
and md represent the transverse and density of state (DOS)
effective masses, respectively. Although these variables
contain different quantum constant multipliers for different
materials, they can compensate with Mv without changing
the physical meaning of I0 and ρ0. We used 0.541m0 for
all effective mass types of the monolayer MoS2 device [50].
Here, m0 is the rest mass of the electron. According to
Sebastian et.al’s experiment [31], the threshold voltages of
the devices have a median of 2.9 V and a mean of 2.8 V, with
a standard deviation of 0.8 V, meaning they can vary by up
to 3.6 V. Thus, in this study, the threshold voltage was set
at 2.9 V in the Qinv formula and the gate voltage domain at
Vg ≥ 3.7 V in the Id -Vg characteristics to ensure our work is
valid under strong inversion. The temperature was assumed
to be 300 K. Further, this study set the oxide capacitance to
1.6 × 10−3 F/m2 following the Sebastian et.al report. The
error tolerance was accepted below 10−3 and an R-squared
above 0.995.

IV. RESULTS AND DISCUSSION
Before discussing the dominant scatteringmechanism in two-
dimensional MoS2 FETs, the drain current model accuracy
in Eq. (6) was validated against the device data from
Sebastian et.al. The validation included current charac-
teristics, velocity saturation, field-effect mobility, DIBL,
and body factors to show the advantages and limitations
of our model. Figures 1(a) and (b) represent the SCI
procedure results for the Id -Vd characteristics of devices
with 100-nm and 5-µm channel lengths. In Fig. 1(a), the
model prediction for a 100-nm channel length had an
R-squared from 0.9995 to 0.9998 for each gate voltage,
except for 12 V, which gave around 0.9992. Furthermore,
Fig. 1(b) shows that the model accuracy for a 5-µm
channel length increased from 0.99998 to 0.9999, only
at a gate voltage of 4 V gave around 0.9976. The data
from a device with a 100-nm channel length exhibited
NDR current characteristics. When the gate voltage is
high, the behavior becomes more evident as the gate
voltage increases. However, the 5-µm channel length did
not show this behavior. The R-squared results confirmed
that this model is capable of capturing NDR behavior.
In addition, we benchmarked our present model against
another ballistic limit model built without considering
the paradigm solution between WKB approximation and
small scattering for adequacy reasons [32]. This bench-
mark model is summarized in Supplementary Note 1.
Supplementary Figure 1 indicates that it fails to capture
the NDR phenomenon of the Id -Vd characteristics for a
channel length of 100 nm, consistent with a first-principles
study for a two-dimensional MoS2 transistor [14]. For the
5-µm channel length, the benchmark model demonstrates
improved outcomes but remains less accurate than our
model. Thus, the paradigm overlap between the WKB
approximation and small scattering has a meaningful solu-
tion for the ballistic series model applied to the devices.
A damping parameter equal to one was used for all
SCI procedures. This damping can speed up SCI proce-
dures without significantly affectingMv. To demonstrate
this statement, we performed 100-nm channel length SCI
procedures for Id -Vd characteristics at a 6 V gate voltage
with different dampings to plot Mv and the progressive
error, as presented in Fig. 1(c). In the figure, increasing
the damping decreases the number of SCI iterations while
maintaining Mv. However, although this damping allowed
the procedure to accelerate, it also increased the error rate
and may have triggered divergence conditions. Therefore,
some experiments with initial values under bulk and small
scale transistor physics intuitions are needed to test these
conditions. In addition, lower and upper bound predictions
of the non-linear least-square fitting during SCI are also
required to ensure safe initial parameters for use in this
model. Meanwhile, Fig. 1(d) depicts the parameters for
each gate voltage extracted from the SCI procedure for the
Id -Vd characteristics. Here, the alpha parameter for 100-nm
and 5-µm channel lengths is 2.8 and 43.3, respectively.
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FIGURE 1. Validation results for monolayer MoS2 FET Id -Vd characteristics with (a) 100-nm and (b) 5-µm channel lengths. The solid line and open circle
represent the model result and experiment data, respectively. (c) Damping variation effect on 10-nm channel length SCI procedures for Id -Vd
characteristics at 6 V gate voltage. The solid and dashed lines represent the dimensionless error and Mv , respectively. (d) Model parameters for each
gate voltage extracted from the SCI procedure for the Id -Vd characteristic of 100-nm and 5-µm channel lengths.

The alpha of this device indicates that the character-
istic current originates from non-one-dimensional carrier
transport.

Further, the parameters in Fig. 1(d) were used to calculate
the carrier velocity using the formula v = Id/Qinv and com-
pared to statistical measures from the experimental work.
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FIGURE 2. (a) Velocity calculation from the present model for a 100-nm channel. The solid and dashed
lines represent the calculation with and without the DIBL phenomenon, respectively. (b) The statistical
population of saturation velocities from the experiment [31].

For an adequate comparison, two velocity calculations
were performed with and without the DIBL of charge
inversion. This was done because the experiment ignored
the DIBL while collecting the saturation velocity, vsat .
Figure 2(a) shows the velocities for the 100-nm channel.
The figure implies that the saturation velocity calculations
of 0.75 × 106 to 0.95 × 106 cm/s are close to the best
results in the experiment. When considering the DIBL
phenomenon, the calculated saturation velocity was about
0.3 × 106 to 0.6 × 106 cm/s, which is in the most populous
range according to the experimental data, as confirmed
in Fig. 2(b).

Furthermore, we show our model validation for the Id -Vg
characteristics, field-effect mobility, and statistical body fac-
tors extracted from the experimental data. Figures 3(a) and (b)
demonstrate the Id -Vg and transfer characteristics. From the
figures, the model accuracy for a 100-nm channel is generally
stable at around 0.9999 R-squared value, especially at a lower
drain voltage. However, the accuracy decreased exponentially
from 0.9981 to 0.9957 with increasing drain voltage for a
5-µm channel. This decrease in accuracy probably arises
from the strong inversion assumption used in this model.
This assumption prevents this model from accounting for
small currents flowing in a weak inversion zone. Figure 3(c)
displays the parameters for each drain voltage extracted
from the SCI procedure for Id -Vg characteristics. The same
α values were used as for the Id -Vd characteristic SCI
procedure.

Strong inversion also emphasized errors when the
field-effect mobility and body factor were analyzed. Here,
the formula µgm = (L/WCoxVd )

(
dId/dVg

)
was used to

calculate the mobility with parameters taken from Fig. 3(c).
Figures 4(a) and (b) show the mobility results for 100-nm
and 5-µm channel monolayer MoS2 FETs, respectively.
Generally, this model follows the experimental data trend in
the strong inversion zone for each drain voltage. It is close

to the mobility curve peak in the case of a short channel,
especially at low drain voltages, but the prediction deviates
significantly from the experimental data if used for the long-
channel devices. When considering the 100-nm channel,
Fig. 3(c) shows exponential growth in1. Based on the model
predictions, the body factor decreased exponentially for each
increase in drain voltage from 806.6 to 112.6. However, this
model predicts 416.4 on average, which is 4.1% away from
the maximum experimental results, as shown in Fig. 4(c).
In contrast to these results, this model predicted a body
factor beyond the experimental data for a 5-µm channel. The
average prediction was 174 times the maximum statistical
value. These results provide information on the limited
accuracy of this work: the field-effect mobility and body
factor for the long channel cannot be calculated accurately
with this model under the strong inversion assumption.

Next, the prediction of the dominant scattering mecha-
nisms of two-dimensional monolayer MoS2 FETs with our
model is discussed. For this purpose, the model parameters
in Fig. 1 were used to calculate the single-particle and
transport relaxation times ratio, MFP, and transmission.
These parameters were used to explore the carrier scattering
mechanism interpreted from the Id -Vd characteristic data.
Further, these calculations are presented against ρ0 to identify
the dominant scattering. Figure 5 shows the results for
100-nm and 5-µm channel lengths.

Figure 5(a) shows that the 100-nm channel length mono-
layer MoS2 FET has a low relaxation time ratio, which
indicates that short-range scattering controls carrier trans-
port [33]. The figure shows that the charge carrier density
dependence decreases when the relaxation time ratio is high,
suggesting that the carriers undergo small-angle scattering
relative to the incident direction, which is anisotropic in
character. When the ratio decreases and the density grows,
the dependence strengthens, indicating an increase in the
angle associated with isotropic scattering. Thus, scattering
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FIGURE 3. Validation results for monolayer MoS2 FET Id -Vg characteristics with (a) 100-nm and (b) 5-µm channel lengths. The open circles and solid
lines represent experimental data and the present model, respectively. The orange and yellow colors represent the transfer of the Id -Vg characteristics
into the log scale. The gray background represents a weak inversion zone. (c) Model parameters for each drain voltage extracted from the SCI procedure
of the Id -Vg characteristics for the 100-nm and 5-µm channel lengths.

within the device experiences a mechanism transition from
anisotropy to isotropy as the gate voltage increases. It seems
surface roughness controlled the mechanism at low gate
and drain voltages, while impurities dominated at high volt-
ages. This mechanism differs from silicon-based nanoscale

FETs, in which the surface roughness effect becomes more
significant at high voltages [34]. The difference in surface
roughness character may result from the polycrystalline
Pt in the gate electrode stack of monolayer MoS2 FETs.
Sebastian et. al. reported that Pt usage reduced hysteresis
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FIGURE 4. Validation results for monolayer MoS2 FET field-effect mobility
for (a) 100-nm and (b) 5-µm channel lengths. The solid and dashed lines
represent the experimental results and the present model, respectively.
The gray background represents the area beyond the gate voltage domain
in the Id -Vg characteristic SCI procedure. (c) The body factor statistics
were extracted from the experimental data [31].

and trap state effects [31]. The polycrystalline Pt introduces
little surface roughness to the final Al2O3 surface, with
a root mean square roughness of 0.7 nm. As a result,

surface roughness is insignificant at high voltages for
monolayer MoS2 FET. The surface roughness produced a
barrier potential for carriers at the four lowest subband
energies, leading to tunnel scattering. Only carriers with
three narrow band energies remained trapped while the
others continued toward the drain to produce an NDR
phenomenon at high voltages, according to a first-principle
study [14]. Due to the two-dimensional structure of the
device, the impurities encouraged carrier transport to undergo
a thermionic emission mechanism [35]. This interpretation
is explained because tunnel scattering is inherently more
anisotropic than thermionic emission. The figure reveals that
only a few carrier densities contribute to tunnel scattering
due to the surface roughness of the small device. Because
this model was developed based on a single subband, the
carrier density calculations yielded small predictions for
anisotropy, especially at low gate voltages. Therefore, the
model in this work requires further development for a better
interpretation. Other simulation studies have reported that
surface roughness and impurities can significantly influence
drain current device performance [36], [37]. However,
the model in the current work showed a shift in the
scattering mechanism from surface roughness to impurities
with increasing gate voltage, providing a physical insight
beyond those studies and experimental results. In addition,
the MFP length expanded until it reached a maximum of
no more than 60 nm due to the isotropic state at high gate
voltages. As a result, carrier transmission in this device also
appeared to stop rising at 0.3 for high gate voltages, as shown
in Fig. 5(b).

Meanwhile, Fig. 5(c) shows the relaxation time ratio
results for the monolayer MoS2 FET with a 5-µm chan-
nel length. The ratio is large, indicating that long-range
scattering controls carrier transport. Coulomb scattering
through the interface-trapped electron mechanism becomes
more possible than when impurities are present. The body
factor exceeded the one calculated from our model, and
the experimental data confirmed that interface traps were
present between the monolayer and the dielectric. Structural
defects, such as sulfur vacancies, photoresist residue from
lithography, and the wet transfer process likely caused
this interface. These calculations indicate that long-range
scattering on the device caused many collisions on the carrier,
reducing the MFP length to less than half of the channel
length. This situation affected low carrier transmission
below 0.04, as shown in Fig. 5(d). The carrier density of the
device was approximately 0.075 lower than that of a 100-nm
channel device. This low density contributed to the small
drain current produced by the device.

Generally, the monolayer MoS2 FETs with both channel
lengths had a carrier density-dependent relaxation time ratio.
This dependence indicates that the drain current produced
in these devices depends on mobility and does not originate
from ballistic transport. In addition, the experimental data
did not display the phonon effect in monolayer MoS2 FETs,
whereas Monte Carlo and first principles simulations have
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FIGURE 5. The MFP, τt /τq ratio, and transmission calculation results as a function of ρ0. (a), (b) and (c), (d) are for 100-nm and
5-µm channel lengths, respectively. The solid and dashed lines in (a) and (c) represent the calculations for MFP and τt /τq, respectively.

shown that scattering due to phonons also affects carrier
transport [5], [14], [36], [38], [39], [40]. However, the current
model developed in this study did not account for phonon
effects on the relaxation time ratio due to the simple form
of the potential U (εξ ).

V. CONCLUSION
This work developed a comprehensive analytical model for
two-dimensional MoS2 FET with embedded single-particle
and transport relaxation times. The relaxation time ratio
was used to investigate the dominant scattering mechanism
of carrier transport. The model has five parameters that
depend on the applied gate and drain voltages obtained
through the SCI procedure and fitting process. Experimental
data from monolayer MoS2 FETs was used to support
our model. As a result, our model accurately captures the

NDR phenomenon and interface traps of the device, which
cannot be explained with the conventional ballistic model.
There was a shift in the short-range scattering mechanism
from anisotropy toward isotropy for the short-channel length
device as the gate voltage increased. The anisotropy and
isotropy mechanisms are mediated by tunnel scattering
and thermionic emission, respectively, in agreement with
DFT and Monte Carlo simulation studies. In contrast,
long-range scattering through the interface trap electrons
limited carrier transport in long-channel devices. Thus,
our model can reveal the dominant scattering mechanisms
that restrict the performance of two-dimensional MoS2
FETs primarily due to the NDR phenomenon and inter-
face traps directly from the current-voltage characteristics
curve, reducing the need for complex measurements and
simulations.
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