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We propose a model that describes the operation characteristics of a two-dimensional electron gas
(2DEG) in a monolayer transition-metal dichalcogenide thin-film transistor (TFT) having trapped charges
near the channel interface. We calculate the drift mobility of the carriers scattered by charged defects
located in the channel or near the channel interfaces. The calculated drift mobility is a function of the 2DEG
areal density of interface traps. Finally, we calculate the model transfer (I, — V) and output (I, — Vp)
characteristics and verify them by comparing with the experimental results performed with monolayer
MoS, TFTs. We find the modeled results to be excellently consistent with the experiments. This proposed
model can be utilized for measuring the interface-trapped charge and trap site densities from the measured
transfer curves directly, avoiding more complicated and expensive measurement methods.
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I. INTRODUCTION

In recent years, two-dimensional (2D) layered materials
typified by graphene have attracted much attention due to
their carrier mobilities, higher than that of silicon, origi-
nating from the lower effective masses of carriers. This high
mobility property makes them suitable for substituting
silicon in high-performance electronic devices. In addition
to high carrier mobilities, 2D layered materials have
advantages in transparency and in physical flexibility to
expand their application range. Among 2D layered materi-
als, transition-metal dichalcogenides (TMDCs) have also
gained much interest owing to their relatively high carrier
mobilities, finite band gaps (1-2 eV), which are normally
not provided by a sheet of graphene, and high thermal
stability required for applying them in high-performance
field-effect transistors [ 1-10] or thin-film transistors (TFTs)
[11,12]. Apart from the other advantages, high mobilities
of TMDCs, e.g., up to 500 cmZ/Vs for bulk MoS, [13],
make them increasingly attractive for use in TFTs, as
the polysilicon- and oxide-based TFTs performances are
limited by their carrier mobilities that are lower than
approximately 100 cm?/V's.

Monolayer TMDCs are considered to be more appro-
priate candidates among layered TMDCs for use in high-
performance electronics because the effective masses of the
carriers in monolayer TMDCs are smaller than those in
multilayered TMDCs. Monolayer TMDCs are unique
because of their nearly perfect two-dimensional nature.
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Therefore, the conventional transistor operation model [14]
with either constant or field-dependent mobility cannot be
applied. In the case of their application in TFTs as channel
materials, carrier transport cannot be assumed ballistic
for simplicity [1,15] due to the TFT channel lengths
(a few micrometers) being much larger than a normal
mean free path.

The key features of two-dimensional carrier transport in
monolayer TMDC TFTs arise from the fact that the con-
ducting carrier layer thickness is almost zero. This also
makes the field-dependent mobility insignificant because the
field effect results in narrowing the carrier layer thickness that
affects scattering by charged traps near the channel bounda-
ries and by roughness of the channel surface. Moreover,
carrier scattering through these interface-related scattering
mechanisms is maximized due to the proximity between the
carriers and trapped charges near the interface that result in
severe degradation of the carrier mobility. Several studies of
the operational model of a TMDC metal-oxide-semiconduc-
tor field-effect transistor (MOSFET) with an ultrashort
channel length that enables us to assume ballistic transport
of carriers have been reported [1,15]. However, a model that
can explain the transfer-curve characteristics of monolayer
TMDC TFTs has not been reported so far.

In this paper, we present a theoretical model that
describes the operational characteristics of monolayer
TMDC TFTs with trapped charges near the channel inter-
face which results in severe Coulomb scattering of carriers.
This model aims to obtain the two-dimensional electron gas
(2DEG) drift mobility through calculating the momentum
relaxation rate of carriers in the frame of the Thomas-Fermi
approximation [16] in the semiquantum Boltzmann trans-
port formalism [17]. From the drift mobility, we can obtain
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the drain current as a function of the gate bias (Vyg). In
order to verify our model, we fabricate a TFT with a
channel made up of monolayer MoS,, which is the most
widely used TMDC. Then we compare the experimentally
measured transfer curves with the calculated results.

II. MODELING

To calculate the rate at which carriers are slowed down
by the Coulomb field of the trapped charges toward the
channel direction, we need to calculate the electric field
produced by the trapped charges. First, we suppose a
trapped charge is located at z from the 2DEG plane. Then,
the Fourier-transformed Coulomb potential V(g) due to the
charge is given by [18]
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V(g) (1)
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Here, ¢ is the absolute value of the difference between the
wave vector just before scattering and that after scattering, e
is the unit charge of an electron, & = (&4, + €ygs,)/2 is the
averaged electrical permittivity of the channel and of the
gate oxide, e is the absolute value of the unit charge, and ¢,
is the 2D screening parameter obtained using the 2D
Thomas-Fermi screening theory that is a dimension of
reciprocal length written as [18]
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where n,p is the 2DEG areal density, p is the Fermi
potential, g is the degeneracy of the conduction-band
minimum, which equals 2 for monolayer MoS, [19], mx
is the effective mass of electrons at the conduction-band
minimum (K valley for monolayer MoS, [13]), kp is the
Boltzmann constant, and 7 is the absolute temperature.

Meanwhile, the momentum relaxation rate (the inverse
of the momentum relaxation time) of 2DEG scattered by
the interface-trapped charges located at distance z from the
channel with density n; is obtained by integrating over all
the possible scattering events with weights of 1 —cos#,
where @ is the angle between the incident and scattered
electrons as follows [20]
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where 771 is the momentum relaxation time, nyy is the areal
density of charged interface traps, and k. is the Fermi wave
vector for 2DEG which equals +/2zn,p/g [18]. Inserting
Eq. (1) into Eq. (3) and assuming z is small and ¢ < ¢, we
obtain the momentum relaxation rate as
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Trapped charges near the interface appear in various
forms such as interface charges between the channel and its
surroundings, oxide-trapped charges near the interface, and
charges trapped by defects of the TMDC monolayer
[19,21,22]. Thus, we define the effective thickness of the
layer of trapped charges near the interface as the variable #,
and then all these contributions should be taken into
account in the calculation of momentum relaxation rate
by integrating Eq. (4) in the z direction for the effective
thickness of ¢ as follows:
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To evaluate the average electron velocity in the channel
direction, each electron velocity should be weighted using
its distribution function. However, owing to the finite
electric field in the channel direction due to the drain bias,
electrons do not follow the Fermi-Dirac distribution func-
tion. Instead, the modified distribution function should be
calculated to obtain the average carrier velocity. By solving
Boltzmann’s transport equation using the relaxation-
time approximation for a weak electric field [17,23], the
distribution function can be written as
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where f(k) is the equilibrium distribution function, E, is
the electric field in the channel (x) direction, and z(k) is the
mean free time between scatterings.

Then, the average electron velocity can be calculated by
assuming that the incident electrons flow in the x direction
(k ~ k,) and taking kr as the representative wave vector for
the differential distribution function as follows [23]:
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Inserting Eq. (5) into Eq. (7), we obtain the averaged
carrier velocity in terms of the material and device
parameters
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where p45 1s the drift mobility assuming that electrons are
scattered by the interface-trapped charges only.

Actually, electrons can be scattered by various kinds of
scattering sources such as (acoustic or optical) phonon
scatterings, piezoelectric scattering, and surface roughness
scattering, etc. If we set y as the mobility calculated for all
scattering sources (including the source and drain contact
resistances) other than the interface-trapped charge scatter-
ing, then the electron drift mobility (u,) is determined
using Matthiessen’s rule (1/p, = 1/py + 1/ pgrig)- Thus, if
the interface-trap scattering rate is much greater than the
rates of other scattering processes, it determines the carrier
transport in the TFT. It certainly is the case as compared
with the lattice-scattering rate (ideal limit) in monolayer
MoS, that shows a mobility of around 200 cm?/V's [8].
For the surface roughness scattering, although it depends
on detailed processes, the mobility that is controlled by it is
usually greater than approximately 100cm?/V's [24].
Thus, we assume that if the drift mobility determined by
the interface-trap scattering is much smaller than
100 cm?/V's, it will solely determine the carrier transport
regardless of the other scattering sources. At this stage, let
us keep this assumption uncertain and confirm it by
comparing the calculated and experimental results later
in this paper.

III. RESULTS AND DISCUSSION

The drift mobilities calculated using Eq. (8) for different
interface-trap densities are shown in Fig. 1. Except for
the designed or given parameters, unknown parameters (7
and r) are selected to match the measured transfer curves
that are fitted by the least-squares method, which we show
later in this paper (Fig. 4). The 2DEG density range
[(5 x 10'°)—(2 x 10'?) cm™2] corresponds to the calcu-
lated densities that equal (Vgg— Viy)Coy/e (Cox is the
capacitance per unit area, which is the oxide permittivity
per gate oxide thickness of €., /d, and Vy, is the threshold
voltage) for the experimentally used gate overdrive range of
0-25 V. As can be seen in the figure, the drift mobility is
proportional to the areal density of the carriers and
inversely proportional to the interface-trap density. It is
much smaller than the ideal mobility of monolayer MoS,
(approximately 200 cm?/V s) or the assumed criterion of
100 cm? /V's. Thus, for these simulation parameters, we
can safely assume that the drift mobility calculated from the
scattering rates with interface-trapped charges represents
the total drift mobility of electrons.

Finally, from the obtained relation of the carrier density
and the average velocity [Eq. (8)], the drain current model
that holds for both the linear and saturation regions can be
expressed as [25]
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FIG. 1. The calculated drift mobility as a function of the 2DEG
density for different interface-trapped charge densities.

where W and L are the width and the length of the channel,
respectively, and Vg, is the voltage bias between the source
and the drain. By inserting p4; in Eq. (8) into Eq. (9), we
can finally obtain the drain current form in terms of detailed
material and device properties.

To verify our model by comparing the calculated and
experimental results, we fabricate a monolayer TMDC
TFT, whose channel is monolayer MoS,, and its schematic
structure is shown in Fig. 2. A monolayer of MoS, is
exfoliated from commercially available crystals of molyb-
denite (graphene market moly disulfide) using the Scotch-
tape micromechanical cleavage technique pioneered for the
production of graphene. A highly doped p-type silicon
substrate is used for the gate electrode and to make the TFT
channel. After Ti/Au contact deposition on top of the
MoS, channels and the gate oxides, the devices are
annealed in air. Next, for obtaining a passivating layer
using a TEOS-based precursor, silicon oxide is prepared
using sol-gel spin coating and the drying process at 85 °C.
The microscopic top view of the fabricated TFT before the
sol-gel passivation process is shown in Fig. 3. The inset of
the figure is the Raman spectrum of the MoS, thin-
film channel showing Eég and A;, peaks of monolayer

MoS, [26]. The transfer-curve measurement scheme of the
fabricated MoS, TFT is as follows. While the source (the
voltage is 0 V) and the drain (the voltage is 1 or 10 V)
biases are constant, the gate bias voltage changes from —30
to 30 V and back to —30 V. The transfer curves for the two
voltage-sweep directions (from —30 to 30 V and from 30 to
—30 V) differ due to the path dependence on charging
effects. We choose the transfer curves of decreasing gate
biases as the experimental curves for verifying the

lonolayer Mo

S b

e
Ti/Au source

R
Ti/Au drain

SiO, gate oxide

FIG. 2. Schematics of the monolayer MoS, thin-film transistor
structure.
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FIG. 3. Microscopic top view of the fabricated monolayer

MoS, thin-film transistor before the sol-gel passivation process.
The inset shows the Raman spectrum of isolated monolayer
MoS, measured using a laser beam with a wavelength of 532 nm.
The difference between the E,, and A, peaks is 18 cm™" that
corresponds to monolayer MoS, [26].

calculated parameters because the channel interface and
the gate oxide are nearly fully trapped with electrons on the
application of large positive bias (approximately 30 V),
resulting in nearly fully charged interfaces and gate oxide.
This full charging minimizes the threshold-voltage shift
effect caused by charging in the gate oxide during the
measurements. We assume that the trapped charge density
near the channel interfaces, oxide-trapped charge density,
and threshold voltage (approximately 5 V) are maintained
constant during the measurement.

The transfer curves measured at room temperature for
different Vg (1 and 10 V) and the corresponding calcu-
lated results as functions of the gate overdrive (Vg — Vi)
are shown in Fig. 4(a). Here, V, is determined by the gate
voltage at which the drain currentis 10~!2 A. The modeling
parameters are the same as in Fig. 2 (Table ). Generally, the
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I T Vep=1V < 10°f g
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10™ i ----Constantft, .. 10M
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FIG. 4. (a) Experimental and calculated transfer curves as

functions of the gate overdrive (Vg — Vy,) for Vgp =1 and
10 V. The model parameters are the same as in Table I. The dotted
lines are plotted to show the inability of the constant mobility
model to explain the measured transfer curves. (b) Transfer-curve
comparisons between the models and experiments for different
channel widths (W) and lengths (L) at Vgp = 1 V. The model
parameters are the same as in Fig. 4(a).

TABLE 1. Parameters for the model.

W (um) L (um) d (nm) & (Si05) nyy (em~2) £ (nm) g m [13]
5.4 9.0 300 39¢p  6x10% 0.8 2 0.483m,

nyr is obtained by means of a relatively accurate interface-
trap measurements such as charge pumping, but for the
monolayer MoS, channel case, because of the nature of
the MoS, channel close to two dimensions, we cannot use
the charge-pumping method that requires channel inversion
or accumulation conversion, so we use the swing of the
transfer curve in Fig. 4(a) to estimate the value of interface-
trap density (ny7). In general, the swing of the transfer curve
has the following relationship [27]

kT
Swing = In IOC— (Cep + Cip), (10)

0X

where C,,, C,, and Cyr are the gate oxide capacitance per
unit area (=e¢/d), channel capacitance per unit area
(obtained by the permittivity and thickness ratio of the
monolayer MoS, channel), and capacitance by interface
traps per unit area (=enyy) respectively. From the transfer
curve, we can see that the swing is about 1000 mV /decade,
which means that Cip is much larger than Cg,, and nyr
should have order of 10" (cm™2) that is consistent with the
value used in the calculation (Table I).

As can be seen in Fig. 4(a), the experimental and
calculated results are consistent even for different Vg
and for a wide range of I, up to the order of 107 (from
107'2 to 107> A). For comparison, we also plot the transfer
curves with the constant drift mobility (0.1 cm/V s) show-
ing huge deviations from the experimental curves. This
result shows that in the monolayer TMDC TFT, because the
rates of the carrier scattering by interface-trapped charges
are maximized due to the proximity between the carriers
and the trapped charges, the transfer-curve characteristics
cannot be described using the conventional MOSFET
model with either constant or field-dependent mobility.
Thus, we conclude that in the case of severe interface-
charge scattering in the TMDC TFT, the drift mobility
should be considered as a function of the carrier (gate bias)
and effective interface-trapped charge densities. Then it is
possible that the interface-trapped charge densities are
extracted from conventional transfer curves instead of
much more complicated and expensive interface-trap-
density measurement methods such as charge-pumping,
capacitance-voltage, high-frequency measurements, and so
forth [27]. In Fig. 4(b), we further show comparisons
with experimental transfer curves for an additional two
width and length pairs (7.1 and 4.8, and 6.2 and 2.6) at
Vsp =1V measured at room temperature. The overall
consistency can be noticed in this figure with some minute
deviations for different widths and lengths other than the
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FIG. 5. Output curve comparisons between the models and
experiments for Vg = 6, 8, and 10 V. The model parameters are
the same as in Table L.

previously matched width and length combination (5.4 and
9.0), which we can postulate might mainly originate from
the nyp variance among the devices.

As can be noticed in Fig. 4, the experimental results
show larger subthreshold swings than the model at lower
V. This is probably because some portion of the electrons
are captured to partially fill the interface traps. As Vg
increases, all the traps become completely filled to a
constant trap density and then appear to be the model
assumption.

We also validate our model for output curve responses
for several V5g’s as shown in Fig. 5. For the model results,
the data after the saturation point [Vgp ~ (Vs — Vi, )] are
plotted as constant lines, and the model parameters are the
same as in Table I. As can be seen in the figure, although
there are some discrepancies in the saturation region, the
model and the experimental results have good agreement
with each other, which, again, confirms the validity of the
model. Throughout this paper, we ignore the contact
resistance of the source and drain in analyzing the TFT
experimental results. The reason is that the resistance levels
of the channel shown in Figs. 4 and 5 are larger than 1 MQ,
while the typical TFT contact resistances are much smaller
than this.

IV. CONCLUSION

In summary, we propose an operation model of a
monolayer TMDC TFT with a high density of interface-
trapped charges. Calculating the rate of carrier scattering by
trapped charges near the channel interfaces, we obtain the
drift mobility and the I, — V 55 curve model. The proposed
model is consistent with the experimental results of transfer
and output characteristics, which cannot be explained using
the conventional MOSFET operation model. We hope that
the characteristics of any monolayer TMDC TFT can be
calculated using this model for any kind of transition metal
or chalcogenide if the simulation parameters are selected
appropriately corresponding to the adopted materials and
device designs.
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