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ABSTRACT
We report the low-temperature characterization of back-gated multilayer molybdenum disulﬁde (MoS2) thin-ﬁlm transistors (TFTs) based on
mechanically exfoliated natural MoS2 crystals. Although all the tested MoS2 TFTs are fabricated with the same processes and materials, the
current-voltage characteristics of MoS2 TFTs between 77 K and 300 K indicate the existence of two distinct transport behaviors in MoS2 TFTs.
One group with a negligible Schottky barrier shows temperature-independent large ﬁeld-effect mobility, whereas the other group with a high
Schottky barrier exhibits signiﬁcantly lower mobility with a large dependence on temperature variation. We have revealed that the temperature
dependence originates from the different carrier injection mechanisms at the source-channel junction, where the intrinsic variation of electronic
properties of natural MoS2 crystals can strongly inﬂuence the Schottky barrier. Given that sample-to-sample variations are commonly observed
in MoS2 TFTs, the metal-semiconductor junction of the as-fabricated device is of paramount importance, and so the low-temperature measurement of current-voltage characteristics of a multilayer MoS2 transistor can be a practical means to investigate the contact properties of natural
MoS2 TFTs. Our comprehensive study advances the fundamental knowledge of the transport mechanisms particularly through the metal-MoS2
interface, which will be a critical step toward high-performance electronics based on 2D semiconductors.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5099380

There has been great interest in transition metal dichalcogenides
(TMDs) with the formula of MX2 (M ¼ Mo, W; X ¼ S, Se, Te) due to
their intriguing electronic and optical properties.1,2 Among many
TMDs, molybdenum disulﬁde (MoS2) is one of the most extensively
investigated materials for the application of thin-ﬁlm transistors
(TFTs). Single or multilayer MoS2 TFTs exhibit attractive material and
device characteristics such as the desired bandgap (Eg ¼ 1.2–1.9 eV),
high ﬁeld-effect mobility (leff ) at room temperature (RT) (leff
100 cm2 V–1 s–1), small subthreshold swing (SS 70 mV decade–1),
and the absence of dangling bonds.3–6 However, high performance
MoS2 TFTs require the formation of low contact resistance of the
metal-MoS2 junction. As electron transport at metal-semiconductor
(M/S) interfaces occurs by tunneling and/or by thermionic emission
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through Schottky barriers (UB ),7,8 nonideal electric barriers can fundamentally hamper further engineering practices to improve device performance. Furthermore, as device scaling continues and the contact
area decreases, the effect of the contact resistance through the barrier
can be more inﬂuential in characterizing the devices. Currently, most
MoS2 TFTs are fabricated by using mechanically exfoliated MoS2
ﬂakes from natural crystals and metal electrodes like titanium/gold
(Ti/Au). Various approaches have been reported to form low contact
resistance contacts in MoS2 TFTs. For few-layer MoS2, the contact
resistance depends on the thickness and the highest performance was
observed at the thickness of around 10 nm.9 Low Schottky barriers at
the MoS2-Ti/Au junctions can be formed by Fermi level pinning close
to the conduction band of MoS2.10 Moreover, the use of a tunneling
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layer like h-BN11 or MgO,12 the doping of MoS2,13 and the use of electrode materials such as scandium,10 molybdenum oxide (MoOx),14
or 1T-MoS215 have been suggested to reduce contact resistance.
Nonetheless, the variation of the electronic properties of natural MoS2
is inevitable,16 and therefore, the understanding of the contact properties of MoS2 TFTs is still an ongoing challenge for the realization of
high performance MoS2 TFTs. In practice, the TFTs based on natural
MoS2 mainly exhibit n-type conduction, but they can also show p-type
or even ambipolar behavior.14,17 Signiﬁcant variations in contact resistance between Ti/Au and MoS2 were observed among samples and
across a sample.18–20 Furthermore, variations in intrinsic defects of
MoS2 dominate the contact resistance regardless of the metal work
function.16 Therefore, it is of great importance to understand the variation of the contact properties of natural MoS2 TFTs.
Here, we investigate the contact properties of back-gated MoS2
TFTs based on natural MoS2 crystals by means of the low-temperature
measurement on current-voltage characteristics. We classify the fabricated devices into two groups based on their distinct characteristics:
one group of MoS2 TFTs shows a high ﬁeld-effect-mobility (leff) consistently for a wide range of temperature variations, which indicates a
negligible Schottky barrier; another group of MoS2 TFTs exhibit a relatively low leff along with a signiﬁcant temperature dependence, which
implies the existence of a high Schottky barrier (UB ) between MoS2
and the Ti/Au electrode. As UB has a signiﬁcant effect on contact resistance and current in both the thermionic and the tunneling regime,
we focus on the energy barriers of electrical contacts rather than contact resistance.
Mechanically exfoliated multilayer MoS2 ﬂakes were transferred
onto the high-k aluminum oxide (Al2O3) dielectric layer with a thickness
of 50 nm, which was atomic-layer-deposited (ALD) on p-type doped silicon wafers. Then, source/drain (S/D) electrodes were patterned through
the electron-beam evaporation of Ti/Au (20/100 nm), photolithography,
and etching techniques. The MoS2 TFTs were thermally annealed at
300  C for 30 min for enhancing contact properties between the active
channel and S/D electrodes. More details of fabricating conditions were
reported earlier.6,21 X-ray diffraction (XRD) patterns was measured by
using a Bruker D8 Discover diffractometer with Cu-Ka radiation.
Raman spectra were obtained using a high-resolution Renishaw Raman
microscope with an excitation wavelength (kex) of 514 nm. The X-ray
photoelectron spectroscopy (XPS) experiments were performed by using
a Thermo: Electron X-ray photoelectron spectrometer. The current–voltage characteristic curves at RT were investigated using a Keithley-4200
Semiconductor Characterization System with a probe station in atmospheric environments. During the low-temperature measurement of
transport properties, temperature was controlled using a variable temperature cryogenic probe system (LakeShore, TTPX) in vacuum.
Figure 1(a) shows a three-dimensional schematic structure of
back-gated multilayer MoS2 TFT. The thickness of multilayer MoS2
ﬂakes, mechanically exfoliated from bulk MoS2 crystals, is in the range
of 20–80 nm. We characterized the crystallinity of all the natural MoS2
used for exfoliation by XRD. The representative XRD pattern depicted
in Fig. 1(b) shows the family of (00l) reﬂections only, revealing its single crystal nature. We also characterized exfoliated MoS2 ﬂakes by
Raman spectroscopy. All the tested MoS2 ﬂakes exhibit two signature
1
(at 381.4 cm–1) and A1g (at 407 cm–1) as
Raman-active modes: E2g
shown in Fig. 1(c). The distance between the two modes (25.6 cm–1) is
consistent with that of bulk crystals,22 indicating the multilayer
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FIG. 1. (a) 3D schematic illustration of a back-gated multilayer MoS2 TFT with a
50-nm-thick ALD Al2O3 gate insulator. (b) A representative XRD pattern of natural
MoS2. (c) A representative Raman spectroscopy measurement on natural MoS2.
(d) A representative XPS measurement on natural MoS2.

structure of the exfoliated MoS2 crystals. We further characterized
exfoliated MoS2 ﬂakes by XPS. Figure 1(d) shows the existence of
Mo4þ (3d3/2 and 3d5/2) and S2– (2p1/2 and 2p3/2). Within the given
conditions, the overall XPS results indicate negligible differences
among the natural MoS2 samples.
We have measured the characteristics of TFTs based on the natural
MoS2 as shown above using the established fabrication processes.
Among the tens of MoS2 TFTs that we measured at room temperature,
we consistently observe two distinct groups of device performance. To
understand the difference between the two groups of devices, we select a
representative device in each group and measured its low temperature
transport behavior. Figure 2 shows the output characteristics (Ids–Vds)
of two multilayer MoS2 TFTs (Device A and Device B) measured at
77 K and 300 K, where dissimilar device characteristics are observed.
Device A with 34-nm-thick MoS2 exhibits the linear Ids–Vds characteristic at low drain voltages at 300 K [Fig. 2(a)], but it shows a nonlinear
behavior at 77 K [Fig. 2(b)] in the same Vds range, which indicates that a
signiﬁcant Schottky barrier exists although it is often referred to as an
Ohmic contact in the literature by simply showing the linear response
only at RT. However, in Figs. 2(c) and 2(d), Device B with 42-nm-thick
MoS2 shows clear linearity under low Vds at both 300 K and 77 K, which
implies a negligible Schottky barrier or an actual Ohmic contact. From
the perspective of the charge transport mechanism, thermionic emission
over the Schottky barrier is more affected by temperature than tunneling. Thus, the difference in contact resistance of the two devices at low
temperature is mainly attributed to thermionic emission. The distinct
output characteristics in Fig. 2 are consistently observed in our other
MoS2 TFTs although all the devices are fabricated with the same materials (MoS2 ﬂakes exfoliated from the same natural crystal, identical
Al2O3 gate dielectric, and Ti/Au electrodes) under the same process conditions. As we do not have any control on the group to which a speciﬁc
device belongs, the two groups of devices can only be determined only
after the measurement. We expect that this is presumably due to the
intrinsic variation of defects in natural MoS2 crystals.16
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FIG. 2. Measured Ids–Vds characteristics of Device A at (a) 300 K and (b) 77 K. The
same plot of Device B at (c) 300 K and (d) 77 K. Gate bias (Vgs) for each measurement is also shown. W/L is 2.5 and 2.1 for Device A and Device B, respectively.
Inset: Ids–Vds characteristics with different ranges of Vds from 0 to 0.5 V.

Figures 3(a) and 3(b) show the transfer characteristics (Ids–Vgs)
of the two devices at various temperatures. While both devices show
comparable on- and off-current ratios (106) and leff (35 and 57 cm2
V–1 s1, respectively) at 300 K, their responses with respect to temperature variation are obviously different. The ON current of Device A in
positive gate bias regions increases with temperature in Fig. 3(a), but
the ON current of Device B shows a negligible change in Fig.3(b).
@Ids
Similar behaviors can also be seen in Fig. 3(c), where leff ¼ @V
gs


 WCoxL Vds of each device is shown as a function of inverse temperature (L, W, and Cox are the length, width of the device, and oxide
capacitance, respectively). leff of Device A exponentially increases
from 1.3 to 34.9 cm2 V–1 s1 with the increasing temperature, which
indicates that the electron transport for a transistor is dominated by a
thermionic emission process. This can be caused by three possible
sources: the existence of grain boundaries in MoS2, the existence of the
high concentration of trap states in MoS2, or the existence of Schottky
barriers at MoS2-Ti/Au junctions. As the single crystal nature of MoS2
in Fig. 1(b) rules out the existence of grain boundaries or the high concentration of trap states, the most plausible source is the existence of a
high Schottky barriers, which is also supported by the nonlinearity
shown in Fig. 2(b). In contrast to the case of Device A, leff of Device B
remains unchanged for a wide range of temperature variations
(80 cm2 V–1 s–1) and exhibits slight degradation only at high temperatures, which means that the ﬁeld-effect mobility of the multilayer
MoS2 transistor with the Ohmic contact is limited by impurity scattering at low temperature (<200 K) and by phonon scattering at high
temperature (>200 K).6
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FIG. 3. Measured Ids–Vgs characteristics of (a) Device A and (b) Device B at 77 K,
200 K, and 300 K. (c) Field-effect mobility of Device A and Device B as a function
of inverse temperature.

We further analyze experimental data to estimate the Schottky
barrier height (UB ) of Device A. Figure 4 shows the plots of total resistance (Rtot), contact resistance (Rc), and channel resistance (Rch) of
Device A as a function of inverse temperature. The total resistance is
extracted from the measurement data by Rtot ¼ Vds/Ids at Vds ¼ 0.1 V
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scheme to investigate the contact properties of natural MoS2 TFTs,
which will signiﬁcantly advance the fundamental knowledge and
understanding of the metal-MoS2 interface to promote the realization
of high-performance 2D-material TFTs.
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extracted from the slope of lnðRc Þ vs 1=T.
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;
qnlðT Þ Wt

(1)

where q is the elementary charge, n ¼ (Cox/q) (Vgs  Vth)/t is the carrier density (with t being the channel thickness), and l(T) is the mobility of bulk MoS2.6 Then, Rc is obtained by (Rtot  Rch)/2. It must be
noted that although a transmission line method is widely used to calculate the contact resistance, it cannot be used in this study due to the
intrinsic variation of contacts in natural MoS2 TFTs. UB is calculated
from the slope of the lnðRc Þ vs 1=T plot in the thermionic emission
regime (i.e., at high temperature; from the straight line in Fig. 4), where
Rc is proportional to expðqUB =kB T Þ, with kB and T being the
Boltzmann constant and temperature.23 It turns out that the barrier
height of Device A is UB ¼ 0.15 eV, indicating a clear Schottky contact
in contrast to Device B.
In conclusion, we have investigated the distinct low-temperature
transport behaviors of multilayer MoS2 TFTs. Although the same
materials and the established processes are used to fabricate MoS2
TFTs, the intrinsic variation of electronic properties of natural MoS2
has caused inconsistent contact properties in devices. Based on the
observed low-temperature behaviors, we have classiﬁed the devices
into two groups: one with a large Schottky barrier (Device A) showing
thermally activated transport and the other with an Ohmic contact
(Device B) exhibiting consistently high mobility at various temperatures. Notably, we could clearly distinguish the Ohmic contact devices
from those with Schottky barriers based on our low-temperature measurements and analyses. While a signiﬁcant amount of work has been
reported in the literature to form Ohmic contacts at metal-MoS2 junctions, our comprehensive experimental study provides the systematic

Appl. Phys. Lett. 115, 033501 (2019); doi: 10.1063/1.5099380
Published under license by AIP Publishing

Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, and M. S. Strano, Nat.
Nanotechnol. 7, 699 (2012).
2
M. Chhowalla, H. S. Shin, G. Eda, L. J. Li, K. P. Loh, and H. Zhang, Nat. Chem.
5, 263 (2013).
3
A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C. Y. Chim, G. Galli, and F.
Wang, Nano Lett. 10, 1271 (2010).
4
K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Phys. Rev. Lett. 105,
136805 (2010).
5
B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, Nat.
Nanotechnol. 6, 147 (2011).
6
S. Kim, A. Konar, W. S. Hwang, J. H. Lee, J. Lee, J. Yang, C. Jung, H. Kim, J. B.
Yoo, J. Y. Choi, Y. W. Jin, S. Y. Lee, D. Jena, W. Choi, and K. Kim, Nat.
Commun. 3, 1011 (2012).
7
F. Giubileo and A. D. Bartolomeo, Prog. Surf. Sci. 92, 143 (2017).
8
D. S. Schulman, A. J. Arnold, and S. Das, Chem. Soc. Rev. 47, 3037 (2018).
9
M. W. Lin, I. I. Kravchenko, J. Fowlkes, X. Li, A. A. Puretzky, C. M. Rouleau,
D. B. Geohegan, and K. Xiao, Nanotechnology 27, 165203 (2016).
10
S. Das, H. Y. Chen, A. V. Penumatcha, and J. Appenzeller, Nano Lett. 13, 100 (2013).
11
J. Wang, Q. Yao, C. W. Huang, X. Zou, L. Liao, S. Chen, Z. Fan, K. Zhang, W.
Wu, X. Xiao, C. Jiang, and W. W. Wu, Adv. Mater. 28, 8302 (2016).
12
J. R. Chen, P. M. Odenthal, A. G. Swartz, G. C. Floyd, H. Wen, K. Y. Luo, and
R. K. Kawakami, Nano Lett. 13, 3106 (2013).
13
H. Fang, M. Tosun, G. Seol, T. C. Chang, K. Takei, J. Guo, and A. Javey, Nano
Lett. 13, 1991 (2013).
14
S. Chuang, C. Battaglia, A. Azcatl, S. McDonnell, J. S. Kang, X. Yin, M. Tosun,
R. Kapadia, H. Fang, R. M. Wallace, and A. Javey, Nano Lett. 14, 1337 (2014).
15
R. Kappera, D. Voiry, S. E. Yalcin, B. Branch, G. Gupta, A. D. Mohite, and M.
Chhowalla, Nat. Mater. 13, 1128 (2014).
16
S. McDonnell, R. Addou, C. Buie, R. M. Wallace, and C. L. Hinkle, ACS Nano
8, 2880 (2014).
17
Y. Zhang, J. Ye, Y. Matsuhashi, and Y. Iwasa, Nano Lett. 12, 1136 (2012).
18
N. R. Pradhan, D. Rhodes, Q. Zhang, S. Talapatra, M. Terrones, P. M. Ajayan,
and L. Balicas, Appl. Phys. Lett. 102, 123105 (2013).
19
W. Bao, X. Cai, D. Kim, K. Sridhara, and M. S. Fuhrer, Appl. Phys. Lett. 102,
042104 (2013).
20
A. Ayari, E. Cobas, O. Ogundadegbe, and M. S. Fuhrer, J. Appl. Phys. 101,
014507 (2007).
21
W. Choi, M. Y. Cho, A. Konar, J. H. Lee, G. B. Cha, S. C. Hong, S. Kim, J. Kim,
D. Jena, J. Joo, and S. Kim, Adv. Mater. 24, 5832 (2012).
22
C. Lee, H. Yan, L. E. Brus, T. F. Heinz, J. Hone, and S. Ryu, ACS Nano 4, 2695
(2010).
23
S. M. Sze and K. K. Ng, Physics of Semiconductor Devices (John Wiley & Sons,
New York, 2006).

115, 033501-4

