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A fundamental understanding of the charge transport mechanism in two-dimensional semiconductors
(e.g., M0S,) is crucial for fully exploring their potential in electronic and optoelectronic devices. By using
monolayer graphene as the barrier-free contact to MoS,, we show that the field-modulated conductivity
can be used to probe the electronic structure of the localized states. A series of regularly distributed pla-
teaus were observed in the gate-dependent transfer curves. Calculations based on the variable-range
hopping theory indicate that such plateaus can be attributed to the discrete localized states near mobility
edge. This method provides an effective approach to directly profiling the localized states in conduction
channel with an ultrahigh resolution up to 1 meV.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Two-dimensional layered materials (2DLMs) represent an excit-
ing class of materials with intriguing properties such as metal-
insulator transition [1], superconductivity [2], and Shubnikov-de
Haas oscillations [3]. Among these materials, molybdenum disul-
fide (MoS,) is the most investigated n-type semiconductor with a
direct bandgap of 1.8 eV for monolayers and an indirect bandgap
of 1.2 eV for multilayers [4-6]. The atomically thin geometry of
2D semiconductors may promise lower power dissipation elec-
tronic devices [7-13], and have also generated considerable inter-
est for diverse optoelectronic applications [14-18]. However, the
attained experimental field-effect mobility of MoS, supported on
SiO, substrate is still considerably lower than the theoretical value
[1,19-21], which is largely attributed to the scattering by disorders
[22-24].

Recent studies have demonstrated that encapsulation of MoS,
in the high-k dielectrics and passivation by the boron nitride could
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suppress the disorders, therefore leading to high mobility [1,3,20].
Additionally, the suppression of disorders contributes to a
transition into metallic states at a lower carrier concentration
[19]. In the metallic regime, the electronic transport is mainly
dominated by the extended states. But in the insulating regime,
the electronic transport shows the characteristics of variable-
range hopping (VRH) at cryogenic temperature, indicating the pres-
ence of localized states [25-27]. Recent studies suggest that the
structural disorders are the primary sources of localized states
while the charge trap at the SiO,/MoS, interface also contributes
[19]. Transmission electron microscopy (TEM) [28], scanning tun-
neling microscopy (STM) [29] and the capacitance measurements
[30,31] have been utilized to investigate the localized states with
their own merits and drawbacks. For instance, it is impossible to
obtain the electronic structure of localized states with TEM, while
the STM is merely able to resolve the electronic structure on the
upper surface of MoS,. Capacitance measurement can resolve the
density of states (DOS) of localized states, but it is incapable of
excluding the capacitance of the localized states away from the
multilayer MoS,/SiO, interface. Moreover, the localized states
capacitance is rather small compared to the total capacitance, thus
greatly degrading the DOS resolution [31]. Overall, these techniques
are insufficient to offer direct information on the conduction along
the interface [29-31], which is important for the charge transport
behavior and potential applications of atomically thin MoS,.
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Here we report a field-effect approach to directly probe the
localized states in monolayer MoS,. Distinct from the previous
indirect studies, the field-effect transport offers a robust approach
to tune the carrier concentration and unambiguously probe the
electronic states in conduction channel of MoS,. By applying a gate
voltage, the Fermi level can be readily tuned throughout the band-
gap of MoS,, thus the transport properties of each state in the
vicinity of the Fermi level can be probed. Furthermore, this method
can effectively avoid altering the intrinsic properties of MoS,. For
2D electron gas systems, such technique has been widely utilized
to study their transport phase diagram [32]. Particularly, Marré
and co-workers [33] have studied the localized states at the inter-
face of LaAlO5/SrTiO5; and observed thermal power oscillation with
varying gate voltage, which is attributed to multiple discrete local-
ized states. Nonetheless, Marré’s study was unable to observe the
theoretically predicated periodic conductivity plateaus due to the
non-Ohmic contacts.

In this research, we for first time discovered the conductivity
plateaus induced by the localized states of MoS, without magnetic
field. Distinct from the conventional MoS, field effect transistor
(FET) with metal contacts, the MoS, samples are contacted with
monolayer graphene as electrodes, enabling barrier-free contacts
and direct probing the localized states with small excitation volt-
age (Vy4s < 0.5 mV). By combining the experiments and algorithms
based on VRH model, we achieve a very high resolution (up to
1 meV) profiling localized states in MoS,. The findings provide
important insights into the fundamental transport properties of
MoS, and potentially offer the strategy to improve the perfor-
mances of MoS, devices.

2. Device fabrication

To investigate the transport properties of MoS,, field effect tran-
sistors (FET) were constructed on a 300 nm SiO,/Si substrate using
monolayer MoS, as the semiconducting channel and two strips of
monolayer graphene underneath the MoS, as the source/drain
electrodes (Fig. 1a, inset of Fig. 1b). The graphene contact to
MoS, has been demonstrated as a barrier-free transparent contact
[20]. The transistors were measured in dark from 1.9 to 300 K. The
monolayer MoS, FETs show perfect linear current-voltage (Igs-Vqs)
behavior with different gate voltages at 1.9 K (Fig. 1b), suggesting
Ohmic contacts, which are further confirmed by the positive slope
in Arrhenius plot (Fig. ST online) [20,34].
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3. Results
3.1. Device measurements

Fig. 2a illustrates the gate voltage dependence of MoS, sheet
conductivity measured up to back gate voltage Vi, =80V at vari-
ous temperatures. The use of back gate allows effective tuning of
accumulated carrier concentration up to 4.72 x 10'?/cm? with
applied gate voltage up to 60V at room temperature, according
to gate capacitance model n = Coy(Vpg — Vin) [35], where n is the
accumulated carrier concentration, Cox is 12 nF/cm? for the capac-
itance of 300 nm SiO,, Vy,g is the gate voltage, and Vi, is the thresh-
old gate voltage. In the high carrier concentration regime
(Vbg> 60 V), the sheet conductivity increases with decreasing tem-
perature, suggesting a metallic behavior of MoS,. This metallic
behavior is related to the interplay of the electron-electron interac-
tion and the disorders [26,32,36]. In the metallic regime, the disor-
ders are suppressed and the metallic state can be stabilized by the
Coulomb interaction between electrons. When the gate voltage is
below a critical value (Vyg < 40 V), the conductivity decreases with
decreasing temperature in range of 210 and 1.9 K, indicating a typ-
ical semiconductor behavior which is also conventionally referred
as “insulating state”. The conductivity divergent point between
metallic state and insulating state (~e?/h) [1], was also observed.
In the insulating regime, the disorders, including extrinsic charge
impurities at the MoS,/SiO, interface and the intrinsic defects such
as sulfur vacancies, prevail and dominate the electron transport at
low temperatures [22].

The existence of the disorders can also be proved by the tem-
perature dependence of mobility. Fig. 2b shows the mobility as a
function of gate voltage and temperature. The field-effect mobility
is evaluated by u=dlys/dV4g x (L/W)/(Cox x Vas), where L is the
channel length and W is the channel width. Above 90 K, the mobil-
ity at all gate voltages keeps increasing with lowering temperature
and can be fitted using p ~ T~", where v ~ 0.49 ~ 0.76, which is in
agreement with previous studies of phonon scattering governed
transport in 2D electron systems [21,37-39]. The phonon scatter-
ing is expected to be suppressed in the cryogenic regime, where
the dominant scattering mechanisms are long-range charged
impurity scattering and short-range neutral impurity scattering.
Indeed, the mobility at a lower gate voltage (Vpg < 30 V) decreases
with decreasing temperature from 90 to 1.9 K (Fig. 2b). This drop
indicates that the impurity scattering begins to play a more

(b)

I (WA)

20 20 0 20 40

Vas (MV)

Fig. 1. (Color online) The schematic and the I4s-Vq4s output of monolayer MoS, device at 1.9 K. (a) Schematic of a monolayer MoS, FET with monolayer graphene contacts. The
drain and source graphene contacts are connected to Ti/Au (50 nm/50 nm) electrodes. (b) The I4s-Vgs curves of MoS, FET with different back gate voltage V},¢ at 1.9 K. The inset
shows an optical image of a monolayer MoS, device. The graphene electrodes are marked by dashed lines. Scale bar, 5 pm.
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Fig. 2. (Color online) Transfer curves and temperature-dependent transport properties of MoS, FET. (a) The transfer curves of MoS, FET from 300 to 1.9 K. (b) The mobility of
MoS; as a function of temperature at different gate voltages from 0 to 60 V. (c) The Arrhenius plot of the sheet conductivity ¢ of monolayer MoS; in the insulating regime

(Vg <60 V). (d) The activation energy E, as a function of V.

important role at low temperature [1,40]. However, the mobility at
a higher gate voltage (Vp,g > 30 V) does not exhibit the similar trend
below 90 K. Instead, it keeps increasing and finally saturates as the
temperature approaches 1.9 K. The absence of the mobility decline
with decreasing temperature is attributed to the more efficient
screening of Coulomb scattering with larger carrier concentration
[40].

Fig. 2b also reveals that the mobility exhibits saturation with
increasing gate voltage, which is consistent with previous reports
[3,22]. In the cryogenic temperature regime (1.9 K < T <90 K), the
screening of long-range Coulomb scattering leads to the enhance-
ment of mobility when Vg <30V. When V,>30V, the long-
range Coulomb scattering is gradually eliminated and leaving car-
rier concentration-independent short-range scattering as the pri-
mary mobility limiting factor, which has been well-studied in
graphene [41]. When T > 90 K, a similar mobility saturation at high
gate voltage is also observed. With higher Vg, the enhanced
screening of impurity scattering increases the mobility. Mean-
while, phonon-electron scattering also increases because of stron-
ger Frohlich interaction [42-44].

3.2. Carrier transport

To gain a further insight into the transport, the Arrhenius plot of
sheet conductivity obtained at V45 = 0.1 V is shown in Fig. 2c. In the
high temperature regime (T > 30K), the sheet conductivity ¢ of
MoS, can be described as thermal-activated transport [1]. In this
band-like transport, carriers are thermally activated to the delocal-
ized extended states above the mobility edge and can be freely dri-

ven by the electric field. Therefore, the sheet conductivity depends
mainly on the carrier concentration at extended states and can be
fitted with ¢ = gpexp(—E./kT), where gy is the prefactor of sheet
conductivity, E, is the thermal activation energy. Using this equa-
tion, E, is found to decrease with increasing carrier concentration
because the Fermi level is moving closer to the mobility edge
[45]. As shown in the Fig. 2d, with higher Vi, E, keeps decreasing
from 10.4 to 0 mV, indicating electrons becomes more delocalized,
consistent with the percolation model [31].

Upon further decreasing temperature below 30K, the thermal
activation of electron is barely possible and electrons mostly
occupy the localized states below the mobility edge rather than
the extended states above the mobility edge. Therefore, the depen-
dence of sheet conductivity on the temperature is weakened. The
dominating transport behavior in this regime is attributed to the
VRH and can be described as ¢ = ooexp[—(To/T)"/ "], where o is
the sheet conductivity prefactor, Ty is the correlation energy scale,
T is the temperature and d is the dimension of the system
[23,25,46]. Previous study suggests that the VRH at low tempera-
ture originates from the midgap intrinsic defect states in the
MoS, samples and trap states at the MoS,/SiO, interface [19].

3.3. Conductivity plateaus

To further examine the localized states in MoS,, small bias volt-
age on the order of 0.1 mV was applied. Distinct from the 0.1 V bias
voltage applied in Fig. 2a, a small bias would not excite the
electrons to the extended states above the mobility edge, therefore
the electrons migrate at the states near the Fermi level. Fig. 3a
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Fig. 3. (Color online) The temperature-dependent and bias voltage-independent sheet conductivity plateaus. (a) The sheet conductivity ¢ as a function of V},¢ at 2, 5, and 30 K
with Vgs=0.5 mV. The dashed lines indicate the width of the conductivity plateaus. The conductivity plateaus can be clearly observed in the 2 K curves and gradually
disappear when temperature increases. (b) The current plateaus at 5 K with different V..

shows the transfer curves with V4= 0.5 mV respectively at 2, 5,
and 30 K. Importantly, these transfer curves show dramatically dif-
ferent features from those at high bias voltage (Vgs = 0.1 V) with
notable conductivity plateaus. Several conductivity plateaus,
marked with dashed lines, can be observed in the transfer curves
of Fig. 3a. The plateau at lowest gate voltage spans from 22 to
32V along the Vpg-axis, but as Vi increases, the width of conduc-
tivity plateau gradually reduces to 5 V. Besides, the plateaus are
reproducible and robust when the Vj,, is measured back and forth
(Fig. S2 online). Additionally, the universal conductance fluctuation
(UCF) patterns are also found to superimpose those plateaus. In
contrast to the wide conductivity plateaus, the universal conduc-
tance fluctuation patterns are a set of randomly distributed peaks
with full width at half maximum around 1 V. The signatures of
the universal conductance fluctuation are consistent with those
found in other 2D electron gas systems with disorders, such as Si
and graphene [47,48].

When the temperature is above 5K, the UCF patterns almost
vanish while the conductivity plateaus still exist. When the
temperature further rises to 30K, the conductivity plateaus
disappear as well. The reasons for divergent characteristics of
two patterns lie in the different nature of the two transport
processes. UCF is a coherent transport that is more sensitive to
temperature than the phonon assisted hopping. Typically, UCF
requires a large resonant density of states to be built up, whose
process usually takes ~0.01 s in a 2D electron gas system, with-
out destructively incoherent scattering [48,49]. Nevertheless, the
hopping is a diffusive transport. Therefore, the disappearance of
plateaus is caused by thermal broadening of carrier distribution
near the Fermi level. Fig. 3b illustrates the transfer curve at
5K with different bias voltages and the positions of plateaus
are independent of bias voltage. As the bias voltage determines
the electrons momentum, the plateaus positions are supposed
to shift with different bias voltages if the transport was coherent
[50]. In contrast, the independence of plateau with bias voltage
in our measurements indicates that the transport is dominated
by the incoherent hopping process, where different conductive
paths do not interfere.

4. Discussion and conclusions

We have qualitatively investigated the localized-state induced
conductivity plateaus, which are observed for the first time in
the 2D systems as far as we know. We attribute this discovery to

the barrier-free graphene contact. The existence of Schottky barrier
in conventional MoS; FETs requires a large bias voltage to turn on
the devices. When the excitation voltage exceeds a certain value,
the carrier would be pumped to the extended states, making the
localized electrons transport less significant. Another reason is that
the voltage excitation also broadens the conduction energy level in
the same mechanism as temperature does [51]. Thus, when the
bandwidth of conduction energy level exceeds that of discrete
localized states, the signatures would disappear. In order to eluci-
date the effect of the contact on the observation of conductivity
plateaus, MoS, FETs with 5 nm/50 nm Cr/Au contacts were also
fabricated. In a negligible number of devices with undetectable
Schottky barrier through the Arrhenius plot method, the similar
behavior was also observed (Fig. S3 online). However, most devices
exhibit imperfect contacts with no conductivity plateaus observed,
confirming the indispensable role of barrier-free contact.

4.1. Simulations

To confirm the hypothesis of plateaus’ origin, the sheet conduc-
tivity of MoS, was simulated quantitatively using a VRH model
including a series of discrete localized states. This model can repro-
duce the conductivity plateaus and the plateau evolution as a func-
tion of temperature. Two types of states, the localized states and
extended states, are included in this model and the mobility edge
acts as the boundary separating those two kinds of states. Below
the mobility edge, the electrons hop to the most probable localized
states with the assistance of a phonon; while for the transport of
extended states above the mobility edge, the electrons behave as
free electrons in a band-like transport. Therefore, the transport in
this model is a combination of two mechanisms, which have been
proved before [30]. For the electrons in the extended states, the
theoretical band mobility was used [43]. In addition, as previously
described, the positions of localized states in the band diagram
were estimated by the activation energy fitted from the
experimental data in the thermal transport regime (T > 30 K) with
0 = goexp(—E,/kT).

The net hopping conductivity can be calculated by the integra-
tion of the differential sheet conductivity of each states contribut-
ing to the conduction [52]. Furthermore, the differential sheet
conductivity is a complicated function of the distribution of local-
ized states. Therefore, the distribution of localized states can be
obtained. Specifically, the DOS of the localized states were
calculated by minimizing the deviation between theoretical and
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Fig. 4. (Color online) Simulation of localized states and MoS, FET transfer curves. (a) The DOS of localized states obtained with VRH model. 0 meV is the mobility edge. (b) The
simulated transfer curves at 2 and 30 K with the localized states in Fig. 4a and the corresponding experimental transfer curves.

experimental transfer curves below 30 K. The profile of the discrete
localized states was shown in the Fig. 4a. The mobility edge is
0 meV in this diagram and the localized states are distributed in
the range of —12 to —2 meV, which is close to the range estimated
from the experiment (Fig. 2d). Additionally, by integrating the DOS,
the total concentration of localized states is estimated to be
4.52 x 10'2/cm?, consistent with the concentration of atomic
defects in previous TEM study [28]. It indicates that the localized
states are normally resulted from the intrinsic surface states or
fabrication induced defects states. At last, we would like to note
that the profile of those localized states is enveloped in an expo-
nential decaying function that was widely used to describe the
localized states distribution [30]. Together with this approach,
the precision of electronic structure can be pushed up to the limit
of 1 meV.

The simulated transfer curves at 2 and 30K are illustrated in
Fig. 4b. The key features in the experimental data are reproduced
in the simulated curves. In the experiments, the width of conduc-
tivity plateau observed becomes narrower with higher gate volt-
age. In our model, the reason is that the uplifted Fermi level
would be closer to the mobility edge with higher V;,¢, making more
electrons occupy the extended states. Therefore, the growing num-
ber of delocalized electrons covers up the features of VRH. Addi-
tionally, the disappearance of plateau at higher temperature can
also be interpreted. The bandwidth of conduction energy level
approximately equals to 4kT [53,54]. Once the width of conduction
energy level exceeds that of a localized state as temperature
increases, the corresponding plateau would vanish as the results
of “thermal smearing”. In our case, the width of localized states
is approximately 2 mV. Hence as the temperature reaches 6K,
the conduction energy level starts to “smear” the adjacent local-
ized states. Therefore, the adjacent localized states near the Fermi
level contribute to the conduction and become irresolvable, mak-
ing the plateaus vanish. When the temperature exceeds 30 K, the
conduction energy level is wider than that of the localized states
region, leading to the complete disappearance of conduction
plateaus.

To further verify that the conductive plateaus are induced by
the localized states, a multilayer MoS, device was also measured
and simulated with the same procedures (Figs. S4-S6 online).
The simulation results confirm the DOS of localized states in mono-
layer MoS, is higher than that in multilayer MoS,, suggesting the
monolayer MoS, is a more disordered system. This trend is consis-
tent with capacitance measurements [31].

4.2. Conclusions

In conclusion, we have measured the transport properties of
MoS, with graphene as barrier-free contacts. The sheet conductiv-
ity and mobility versus temperature relationships reveal that the
VRH dominates the transport property below 30 K. In the hopping
transport dominated temperature range, the transfer curves with
low bias voltage (Vys < 0.5 mV) display a series of conductivity pla-
teaus, which are induced by the discrete localized states in the
MOSz.

This behaviour was unprecedented in the previous literatures
due to the non-Ohmic contact to the MoS,. With graphene con-
tacts, we firstly observed this behaviour and the electronic struc-
ture of the localized states can be resolved within the framework
of VRH model. The electronic structure of localized states is
directly characterized and the resolution of the localized states
can be achieved up to 1 meV, which is beyond the limit of the con-
ventional techniques. In this regard, our method offers a general
approach for directly probing the localized states and a direct evi-
dence of the hopping transport origin.
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