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The achievement of ultraclean Ohmic van der Waals (vdW) contacts at metal/transition-metal dichalcogenide (TMDC) interfaces
would represent a critical step for the development of high-performance electronic and optoelectronic devices based on twodimensional (2D) semiconductors. Herein, we report the fabrication of ultraclean vdW contacts between indium (In) and
molybdenum disulﬁde (MoS2) and the clariﬁcation of the atomistic origins of its Ohmic-like transport properties. Atomically clean
In/MoS2 vdW contacts are achieved by evaporating In with a relatively low thermal energy and subsequently cooling the substrate
holder down to ~100 K by liquid nitrogen. We reveal that the high-quality In/MoS2 vdW contacts are characterized by a small
interfacial charge transfer and the Ohmic-like transport based on the ﬁeld-emission mechanism over a wide temperature range
from 2.4 to 300 K. Accordingly, the contact resistance reaches ~600 Ω μm and ~1000 Ω μm at cryogenic temperatures for the fewlayer and monolayer MoS2 cases, respectively. Density functional calculations show that the formation of large in-gap states due to
the hybridization between In and MoS2 conduction band edge states is the microscopic origins of the Ohmic charge injection. We
suggest that seeking a mechanism to generate strong density of in-gap states while maintaining the pristine contact geometry with
marginal interfacial charge transfer could be a general strategy to simultaneously avoid Fermi-level pinning and minimize contact
resistance for 2D vdW materials.
npj 2D Materials and Applications (2021)5:9 ; https://doi.org/10.1038/s41699-020-00191-z

INTRODUCTION
Layered semiconducting transition-metal dichalcogenides
(TMDCs) such as MoS2, WSe2, and MoTe2 have been extensively
studied for the future development of low-power and highperformance electronic and optoelectronic applications1–3. However, establishing a reliable Ohmic contact between metals and
TMDCs remains a critical challenge4,5. For instance, in reducing the
Schottky barrier height (ϕSB) for TMDCs, efforts to identify metals
with appropriate work functions Φmetal (e.g. ΦSc ≈ 3.5 eV for Sc and
ΦTi ≈ 4.3 eV for Ti) based on the electron afﬁnity of monolayer (1L)
and few-layer TMDCs (e.g. monolayer MoS2: χ1L MoS2  4 eV,
multilayer MoS2: χML MoS2  4.3 eV) have not been effective
because of the strong Fermi-level pinning (FLP) effect6,7. While
various approaches have been explored to overcome this
problem, including molecular doping8, tunnel-barrier insertion9,10,
fabrication of graphene contacts11,12, and TMDC phase changes13,
recent studies have shown that the formation of an ideal or
defect-free metal-TMDC van der Waals (vdW) contact through the
transfer of atomically ﬂat metal thin ﬁlms signiﬁcantly improves
the contact properties14–16. In these advances, it was important to
recognize that the conventional thermal evaporation process of
metals typically introduces crystalline defects in TMDCs and leads
to an uncontrollable ϕSB (or FLP) and high contact resistance7,14.
Meanwhile, several groups overcame the challenge and showed
that the thermal-evaporation process of indium (In) can lead to
clean vdW-type contacts for TMDCs with very low contact
resistance values17–19. However, regarding our initial report on

the achievement of Ohmic-like three-dimensional (3D) In-2D MoS2
contact18, question was raised in that the origins of the low
contact resistance through the In–MoS2 vdW contact are unclear.
Here, we prepare an ultraclean vdW contact between In and
MoS2 using an improved evaporation method, and clarify through
extensive transport measurements and computations the nature
and origins of Ohmic transport characteristics from In/MoS2 vdW
contacts. We prepare the high-quality vdW In/MoS2 interface by
lowering the temperature (T) of the substrate holder to ~100 K
during the metal deposition process and utilizing the relatively
low In evaporation T of ~530 °C. The In/MoS2 interface is then
characterized by the transmission electron microscope (TEM) and
Raman measurements as well as density functional theory (DFT)
calculations. DFT calculations show that in comparison with the
Au/MoS2 counterpart, the In/MoS2 contact induces an order of
magnitude smaller charge transfer, which is consistent with the
Raman spectroscopy data. For both mono- and few-layer MoS2
devices prepared through our approach, we ﬁnd that the contact
resistance decreases with decreasing T from room temperature
to T = 100 K and 2.4 K, reaching to 1 kΩ μm and 0.6 kΩ μm,
respectively. This behavior indicates the Ohmic-like character at
the In/MoS2 contact and the ﬁeld emission is the dominant charge
transport mechanism at the In/MoS2 contact. We ﬁnally identify
from DFT calculations large in-gap states originating from the
hybridization between MoS2 conduction-band-edge and In Fermilevel states, which provides a mechanism to achieve an Ohmic
contact in spite of the marginal interfacial charge transfer.
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Fig. 1 Metal deposition on MoS2. a In (Au) evaporation in a vacuum chamber with a liquid-nitrogen cooled sample holder. b Top and
bottom: cross-sectional TEM images of the In/MoS2 and Au/MoS2 interfaces, respectively. Scale bar: 5 nm.

RESULTS AND DISCUSSION
Characterizations of the ultraclean In/MoS2 interface
We fabricated MoS2 ﬁeld-effect transistors (FETs) on hexagonal
boron nitride (h-BN) ﬂakes, where the h-BN ﬂakes were deposited
onto a 300-nm-thick SiO2/Si substrate by mechanical exfoliation.
We then transferred a few-layer MoS2 ﬂake (HQ-graphene, Inc.)
onto a selected h-BN ﬂake12,20. For the electrical measurements,
we deposited 100-nm-thick In electrodes across the MoS2 channel,
where the substrate holder was kept at ~100 K by ﬂowing liquid
nitrogen through it (see Fig. 1a). The substrate cooling process
leads to an important result, namely a highly uniform surface
morphology of In ﬁlm. This contrasts strongly with the usage of a
room-temperature holder that produces a segregated granular
ﬁlm for at least up to ~70 nm thickness, as reported in our
previous work (also see Supplementary Fig. 1)21. The upper panel
of Fig. 1b shows a cross-sectional TEM image of the In/few-layered
MoS2 junction, which clearly shows an atomically separated
interface between In and MoS2 layers without any metal invasion
into the MoS2 layers. Whereas crystal-lattice disorders that cause
defect-induced gap states and FLP typically occur during the hightemperature deposition process of evaporated metal atoms with
high thermal energy7,14, the In deposited at a relatively low
thermal energy could apparently provide a clean vdW interface
without disorder or defect. For instance, whereas the evaporation
temperature of Au at 10−7 Torr is ~860 °C, only ~530 °C is required
for the evaporation of In at the same pressure. For comparison, we
prepared an Au/few-layered MoS2 junction, where the substrate
holder was also kept at ~100 K during Au deposition. The lower
panel of Fig. 1b shows a TEM image of the Au/MoS2 junction,
where we observe that the invasion of Au atoms during the
deposition process produces atomic defects at the ﬁrst and
second layers from the MoS2 interface, like previous studies14.
To further characterize the quality of In/MoS2 interface, we
applied the Raman spectroscopy for both the pristine and Incovered MoS2 regions to estimate doping effect at the metal
contacts. It is known that the A1g phonon peak of MoS2 exhibits
a red shift and its width broadens with electron doping22,23.
Figure 2a, b shows the optical images of, respectively, 1L- and
bilayer (2L)-MoS2 (indicated by regions bounded with dashed
black lines) prepared on SiO2 and partially covered with 5-nmthick In (indicated by regions bounded with dashed white lines).
npj 2D Materials and Applications (2021) 9

Figure 2c, d shows the A1g energy maps for the 1L- and 2L-MoS2,
respectively. The In-covered region shows a relatively lower
energy than the non-covered region, i.e., Δω ≈ −0.3 and −1 cm−1
for the 1L- and 2L-MoS2, respectively (see Supplementary Fig. 2 for
representative Raman spectra for a 1L-MoS2). In the upper panel of
1
energy map of the
Supplementary Fig. 2a, we also show the E2g
1L-MoS2, which indicates relatively negligible difference between
the In-covered and non-covered regions. For the biaxial strain, the
1
Raman mode corresponding to the in-plane
red shift of the E2g
vibration is more sensitive than the A1g mode (out-of-plane
vibration)24,25. For the in- and out-of-plane compressive strains,
both modes should show blue shifts26. In our case, however, we
observed a relatively strong red shift of the A1g mode than that of
1
mode, which has been interpreted as a doping effect22. For
the E2g
instance, Chakraborty et al.22 reported that the A1g mode softens
with doping at a rate of ~0.2 cm−1 per 1012 cm−2 for 1L-MoS2,
1
mode is relatively insensitive to the doping. We
whereas the E2g
thus conclude that the 1L-MoS2 region covered by In was doped
by electrons at a density of ~+1.5 × 1012 electrons cm−2 (electron
accumulation in MoS2). The full-width at half-maximums, Γ, in
Fig. 2e, f also show consistent results. For instance, the In-covered
region shows a relatively broader Γ than the non-covered region
for both 1L- and 2L-MoS2, implying electron doping. This In-toMoS2 electron transfer feature will be further discussed below
based on DFT calculations and shown to be another strong
indication of ultraclean vdW contacts.
Charge redistribution at the In/MoS2 interface
To extract the atomistic information of the In/MoS2 vdW contact
and contrast them with those of the Au/MoS2 counterpart, we
carried out DFT calculations for the vertical In/MoS2 and Au/
MoS2 interface models and applied several analysis methods27,28. In Fig. 3a, b top panels, we show the fully optimized
In/MoS2 and Au/MoS2 contact models, respectively (see details
in Supplementary Figs. 3, 4 and Table 1). First, compared to the
Au/MoS2 case, we ﬁnd in the optimized In/MoS2 atomic
structure negligible structural distortions at the rightmost metal
atomic layer (see also Supplementary Fig. 3). As supported by
the DFT-estimated binding energy29,30 as well as the explicit
experimental demonstration for the transferred Au electrode14,
Au is a representative metal that forms vdW-type interactions
Published in partnership with FCT NOVA with the support of E-MRS
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Fig. 2 Raman spectroscopy for In/MoS2. a, b Optical images of 1L- and 2L-MoS2 (dashed black-boxed region) on SiO2 substrates, respectively.
White boxed regions: 5-nm-thick In-deposited regions. Scale bar: 5 μm. c, d A1g energy (ω) maps for 1L- and 2L-MoS2, respectively. e, f Fullwidth at half-maximum (Γ) maps of A1g for 1L- and 2L-MoS2, respectively.

Fig. 3 Charge redistribution properties of the In/MoS2 interface from DFT calculations. For the a In/MoS2 and b Au/MoS2 interface models,
(top panels) DFT-optimized atomic geometries, (middle panels) plane-averaged charge density differences Δρ, and (bottom panels) total
charge transfers Q (bottom) are shown. In the top panels, interfacial charge transfers are overlaid over the atomic structures, with the electron
accumulation and depletion regions represented by the red and blue colors, respectively. The isosurface level is 1 × 10−3 e Å−3. Schematics of
the metal and MoS2 band levels before contact for the c In/MoS2 and d Au/MoS2 cases. Dotted lines represent the MoS2 charge neutrality
levels, whose energetic positions with respect to the In and Au Fermi levels EF result in the In-to-MoS2 and MoS2-to-Au interfacial charge
transfers.

with MoS2. Accordingly, the comparatively smaller In contactinduced structural perturbations consistently seen in our
experiment and simulation indicate that In forms even more
ideal vdW interactions with MoS2 than Au.
To quantify this conclusion, we calculated the real-space
charge density differences (Δρ) at the metal/MoS2 interfaces
according to


Δρ ¼ ρmetal=MoS2  ρMoS2 þ ρmetal
(1)
and overlaid the results on the atomic structures in Fig. 3a, b top
panels. The plane-averaged ΔρðzÞ for the In/MoS2 and Au/MoS2
Published in partnership with FCT NOVA with the support of E-MRS

contact cases are also presented in Fig. 3a, b middle panels,
respectively. A positive (negative) Δρ indicates a gain (loss) in
electron density, and we ﬁnd stronger charge redistributions in
the Au/MoS2 contact compared with the In/MoS2 counterpart.
Examining the distribution of Δρ between the surface metal
layers and the interfacial S layer ① of MoS2, we further note that
due to the “push-back” effect arising from Pauli repulsion there
appear charge-depleted (negative Δρ) 2D plane regions close to
the metal surfaces (denoted by vertical dotted lines)28,30.
Using the minimum-Δρ layers as the reference planes (z = 0),
we calculated along the MoS2 direction the position-dependent
npj 2D Materials and Applications (2021) 9
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Fig. 4 Basic electrical properties of a few-layer MoS2 ﬁeld-effect transistor. a Optical image of a 6L-#1 MoS2 device with multiple In
contacts. Scale bar: 5 μm. b Schematic of 6L-#1 MoS2 device for the transfer length method (TLM). Here, Lc (=1 μm) is the length of contact
electrode. The measurement scheme shows the two-probe measurement for the L2 = 1 μm channel. c Conductance (G) as a function of the
back-gate voltage (VG) at various temperatures. Inset: G–VG curves near the metal–insulator crossover region. d I–VSD curves for various VG at
T = 2.4 K. e, f Mobility (μ) as a function of temperature (T) in log scale for 6L and 1L devices, respectively. The red and blue dashed lines in
e and f are ﬁtting lines with the relation of μðT Þ / T α with α = 2.2 and 1.1 for 6L and 1L devices, respectively.

accumulated interfacial charge transfers according to
Z z
Qð z Þ ¼
Δρðz 0 Þdz 0 ;

(2)

0

and displayed the results in Fig. 3a, b bottom panels. Note that a
positive (negative) Q indicates a metal-to-MoS2 (MoS2-to-metal)
electron transfer upon establishing the metal/MoS2 interface27.
We then ﬁnd that In induces a marginal electron transfer of
+5.0 × 1012 electrons cm−2 to MoS2 (left blue arrow in Fig. 3a
bottom panel), which is in good quantitative agreement with the
above-described estimate of ~1.5 × 1012 electrons cm−2 from
Raman measurement (see Fig. 2). The marginal electron transfer
leads to a weakened FLP, compared to an Au case. For the Au/
MoS2 case, the direction of charge transfer is reversed (electron
depletion in MoS2), and its magnitude is signiﬁcantly enhanced to
−1.7 × 1013 electrons cm−2 (left blue arrow in Fig. 3b bottom
panel). These opposite MoS2 doping characters of In and Au can
be understood in terms of the alignment of the MoS2 charge
neutrality level ϕ1L MoS2  4.78 eV with respect to the metal work
functions ΦIn ≈ 4.1 eV and ΦAu ≈ 5.1 eV31, as schematically shown
in Fig. 3c, d, respectively (see Supplementary Figs. 5, 6, and 7).
Electrical properties of a MoS2 FET
Figure 4a and b shows a photograph of a MoS2 FET on a 22-nmthick h-BN ﬂake and schematic for the electrical measurement
conﬁguration, respectively. The number of MoS2 layers was
estimated to be six (6L-#1 MoS2; see Supplementary Fig. 8). The
multiple electrodes for the six-layer (6L) MoS2 ﬂake with different
intervals between two neighboring electrodes were designed to
measure the contact resistance via the transfer-length method
(TLM)13, i.e., four FETs with different channel lengths (L1 =
0.5 μm, L2 = 1 μm, L3 = 1.5 μm, and L4 = 2 μm from the left
channel in the region indicated by a dashed box) with a ﬁxed
metal contact length (Lc) as 1 μm. Here, the widths (W) of all
channels were nearly identical at 2 μm. Figure 4c shows the twoprobe conductance as a function of the back-gate voltage (G–VG)
of the L2-FET with a source–drain voltage (VSD) of 30 mV at
various temperatures. The conductance decreased for negatively
increasing VG and reached zero near VG ≈ 0 V throughout
the investigated temperature range, which indicates that the
electrical carriers are electrons. The two-probe conductance
npj 2D Materials and Applications (2021) 9

increased with decreasing T at a given VG for VG > 10 V, i.e., the
device exhibited a metallic behavior. However, the opposite
behavior was observed near a depletion region of 0 < VG < 10 V
(see the inset of Fig. 4c), representing an insulating character.
These behaviors are consistent with the current–voltage (I–VSD)
curves for various VG values at T = 2.5 K in Fig. 4d. For instance,
the I–VSD curves for VG > 10 V and 0 < VG < 10 V show linear and
nonlinear characteristics, respectively. We consider that the
linearity and non-linearity originate from the ﬁeld and thermionic emission through a Schottky barrier, respectively. The fourprobe measurements for the L2 channel also showed a similar
VG value for the metal–insulator crossover location (see
Supplementary Fig. 9). This result indicates that the transport
in the MoS2 channel near the conduction-band edge also
contributes to the crossover behavior, as well as the Schottky
barrier. We also extracted the on/off ratio of ~105 and 103–105 of
other monolayer (1L-#1) and 6L (6L-#2) devices, respectively, as
shown in Supplementary section 5. The ratios satisfy a condition
for logic gate applications. On the other hand, the on-current
densities of 1L-#1 MoS2 and 6L-#2 MoS2 devices reached ~60 μA
μm−1 and ~200 μA μm−1, respectively. The 6L-#2 MoS2 device
also showed a stability against aging at least for 40 days for −1 V
< VSD < 1 V (see Supplementary Fig. 11d).
In Fig. 4e, we show the ﬁeld-effect mobility (μ) of the 6L-#1
MoS2 device as a function of T obtained from the two-probe (open
squares) and four-probe (closed squares) measurement schemes.
The mobility was obtained at the local maximum location in the
μ–VG curves (see Supplementary Fig. 12). For T > 100 K, in both
cases, the data were ﬁtted with a relation of μðT Þ ¼ μ0 T α with
α = 2.2 as shown by the dashed red line. This value is close to the
expected value for bulk MoS2 (α = 2.6) with the optical phonon
scattering as a dominant scattering mechanism12,32,33. At room T,
μ ~ 50 cm2 V−1 s−1 values were obtained for both cases. However,
the two-probe and four-probe μ values were saturated with
decreasing temperature in the region T < 20 K at 1200 and
3200 cm2 V−1 s−1, respectively. The saturation behavior in low-T
regions is known to occur when the impurity scattering assumes a
dominant role while the phonon-scattering effect is suppressed34.
By contrast, the mobility for two different 1L MoS2 devices (1L-#1
and 1L-#2; see Supplementary Figs. 10c, 13, respectively) displayed
in Fig. 4f show a T dependence with α = 1.1 for T > 100 K, which is
Published in partnership with FCT NOVA with the support of E-MRS
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Fig. 5 Schottky barrier height at In/MoS2 contacts. a G–VG curves at various temperatures obtained from the L = 1 μm channel of 1L-#2
MoS2 device, indicated by a dashed box in Supplementary Fig. 13a. b Scattered points: lnðI=T 3=2 Þ as a function of 1=kB T with VSD = 0.5 V from
VG = 0 V to 70 V with 5 V spacing (from bottom to top) obtained from the L = 1 μm channel. Solid lines: ﬁtting result to obtain slope values for
each VG value. c Scattered points: slope as a function of VSD for various VG (5 V to 70 V with 5 V spacing from bottom to top). Solid lines: ﬁtting
result to obtain ϕAE at VSD = 0 V for each VG value. d ϕAE as a function of VG for L = 1 and 1.5 μm channels. The arrow indicates the ϕSB (~7 meV)
for the 1L-#2 MoS2 device.

close to the prediction of the acoustic phonon scattering
becoming a dominant scattering mechanism for a monolayer
MoS2 (ref. 33).
For comparison, we also fabricated MoS2 devices with In
contacts covered with Au, where the sample holder was a copper
block prepared without a liquid-nitrogen cooling process. In this
case, we found that the reproducibility was not high enough to
obtain the consistent Ohmic-like behavior in the I–VSD curves,
conﬁrming the critical role of our substrate cooling technique
(see Supplementary Fig. 14).
Schottky barrier height at In/MoS2 contacts
We evaluated ϕSB at the In/MoS2 interface because this parameter
plays a critical role in determining the contact resistance between
a metal and a semiconductor4. For this purpose, it is necessary to
measure the activation energy (ϕAE) at the contacts in the
thermionic emission region6. Here, because the VG range for
the insulating region is larger than that of the 6L-#1 MoS2 device
(see Fig. 4c), we used the 1L-#2 MoS2 device with the L = 1 μm
channel shown in Supplementary Fig. 13a. Figure 5a shows the
resulting G–VG curves for various temperatures obtained by the twoprobe measurement. In this case, the crossover VG between the
insulating and metallic regions was located at a relatively higher VG
(~65 V) than that of the 6L-#1 MoS2 device, as indicated by an arrow.
The G values increased with increasing T for T < 130 K at
VG < 65 V and decreased for T > 200 K in the examined VG range.
When the thermionic emission is dominant, the current crossing a
metal/2D system is described by the relation

 


eϕAE
eVSD
exp
1 ;
(3)
Id ¼ A T 3=2 exp
kB T
ηkB T
where A* is the Richardson constant, e is the elementary charge, kB is
the Boltzmann constant, and η is the ideality factor that accounts for
a lower barrier height due to image charging12. Figure 5b shows
lnðI=T 3=2 Þ as a function of 1=kB T at VSD = 0.5 V for various VG values
Published in partnership with FCT NOVA with the support of E-MRS

from 0 V to 70 V with 5 V spacing (from bottom to top). The slopes of
lnðI=T 3=2 Þ 1=kB T curves are related to ϕAE as ϕAE ¼ VSD =η  slope.
After obtaining the slopes corresponding to representative VSD
values, we plotted the slope as a function of VSD for various VG (5 V
to 70 V with 5 V spacing from bottom to top) to obtain ϕAE at VSD =
0 V, as shown in Fig. 5c. Finally, we plotted ϕAE vs. VG to obtain ϕSB,
as blue squares in Fig. 5d. Near the depletion region, ϕAE is linearly
lowered with increasing VG when the thermally activated transport
is dominant and changes its slope when the ﬁeld-emission transport
is accounted at the Schottky barrier. Thus, the crossover point
between them occurs when the band ﬂattens, where, the value of
ϕAE becomes equal to the value of ϕSB6. To ﬁnd VG making the band
ﬂat, we plotted two linear blue lines on the blue squares in Fig. 5d.
The two curves meet at VG ≈ 10 V, where the ﬂat band is believed to
form, and we estimated ϕSB ≈ 7 meV at the corresponding ϕAE for
the In/MoS2 (n = 1) contact. In addition, we also obtained a similar
value for the L = 1.5 μm channel as indicated by green squares and
green ﬁt lines in Fig. 5d (see also Supplementary Fig. 13a). This value
is in a similar range obtained from a Co/h-BN contact with a
monolayer MoS2 (ref. 10). Such a low ϕSB at the In/MoS2 contact
could allow the ﬁeld-emission to play a dominant role for the
transport across the In/MoS2 contact.
Contact resistance at In/MoS2 contacts
On the basis of the TLM measurements (see Supplementary Fig.
15) with multiple channels (see Fig. 4a), we extracted the contact
resistance (RcW) as a function of ne of the 6L-#1 MoS2 device at
representative temperatures; the results are shown in Fig. 6a (solid
squares; see also Supplementary Table 2). Here, ne was estimated
from the relation ne ¼ ðeμRsh Þ1 . We note that, for the consistency,
the sheet resistance Rsh as well as mobility μ were obtained from
the four-probe data, although Rsh could have been extracted from
the TLM method. The obtained contact resistance includes serial
resistances of In and Ti/Au electrodes (see supplementary Fig. 16).
At a given T, RcW decreased with increasing ne. The contact
npj 2D Materials and Applications (2021) 9
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Fig. 6 Contact resistance with carrier density at In/MoS2 contacts.
a Contact resistance (RcW) as a function of carrier density (ne) of 6L#1 MoS2 device at various temperatures (scattered solid squares)
with other works (solid curves: graphene(Gr)/4L-MoS2, opened
diamonds: Au/4L-MoS2, opened pentagons: Au/In/few L-MoS2).
b RcW and sheet resistance (Rsh) of 6L-#1 MoS2 device as a function
of T at ne = 3.4 × 1012 cm−2.

resistance is given by4,5
Rc Wðne ; TÞ ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Rsh ðne ; TÞρc ðne ; TÞ;

(4)

which is only valid forpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Lc≫LT. Here, ρc is the speciﬁc contact
resistivity and LT (= ρc =Rsh ) is the transfer length, which
represents the average distance that charge carriers ﬂow in a
semiconductor beneath the contact before they completely
transport to the electrode. Supplementary Fig. 15c shows that
our device satisﬁed this condition with Lc ≈ 1 μm and LT ≈ 0.1 μm.
Equation (4) implies that RcW decreases with increasing ne because
both Rsh and ρc generally decrease with increasing ne. At a ﬁxed ne,
the thermionic emission charge transport mechanism across the
Schottky barrier predicts that RcW will increase with decreasing
T because the thermionic emission will be suppressed with
lowering T35. On the other hand, RcW in our measurements
decreased with decreasing T, as shown by scattered red diamonds
in Fig. 6b for the case measured at ne = 3.4 × 1012 cm−2. The
contact resistance decreased from 2.3 to 0.6 kΩ μm when T was
decreased from room temperature to 2.4 K. This behavior, which
has been reported in several previous works such as graphene/
MoS2 (ref. 12) and Pd/graphene contacts36, is considered as an
evidence for the non-dominant role of thermionic emission for the
transport across a contact. Scattered squares in Fig. 6b also show
Rsh as a function of T at ne = 3.4 × 1012 cm−2, where Rsh decreased
with decreasing T because the phonon scattering is reduced.
npj 2D Materials and Applications (2021) 9

Sheet resistance vs. speciﬁc contact resistivity
We further analyzed the mechanism of charge transport across In/
MoS2 contacts with experimental data in detail. We ﬁrst examined
which component between Rsh and ρc predominantly determines
the contact resistance of the In/MoS2 contact. For comparison, we
included in Fig. 6a other values reported in the literature;
graphene(Gr)/four-layer (4L)-MoS2 contact12, Au/4L-MoS2 (ref. 35)
and Au/In/few-layer MoS2 (ref. 17). In the case of Gr/4L-MoS2, the
graphene functions as a work-function-controllable contact
material, which leads to a lower contact resistance, i.e., RcW ≈
1 kΩ μm at ne > 4 × 1012 cm−2 and T = 12 K (see the red curve in
Fig. 6a). Although both the Gr-and In-contact MoS2 devices gave a
similar minimum RcW at cryogenic temperatures, we conclude
that the transport mechanisms at the contacts rather differ from
each other. For the In/MoS2 contact case, RcW decreased with
decreasing T in the examined ne range, representing the ﬁeld
emission (or tunneling) for all examined T and ne ranges. However,
the RcW−ne curves obtained at T = 12 and 250 K for the Gr/4LMoS2 device suggest that the left and right sides with respect to
ne ≈ 2 × 1012 cm−2 followed the thermionic and ﬁeld emissions at
the contact, respectively. At T = 12 K for the Gr/4L-MoS2 device,
although the RcW of ~1 kΩ μm was relatively insensitive to the
variation of ne in the range from 4 × 1012 to 7 × 1012 cm−2, it
rapidly changed from 1 kΩ μm to 6 kΩ μm when ne decreased
from 3 × 1012 cm−2 to 1.5 × 1012 cm−2. In the case of the Au/4LMoS2 contact, on the other hand, RcW was increased with
decreasing T representing the thermionic emission for ne < 4 ×
1012 cm−2. While the Au/In/few layer-MoS2 contact provides a
relatively low-RcW level for ne > 1.5 × 1012 cm−2 at T = 300 K, it is
hard to judge the transport mechanism for the In contact because
of the absence of the T-dependence of RcW in the experiment.
Then, for the In/6L-#1 MoS2 device, the RcW was lowered with
decreasing T at a given ne for 1 × 1012 cm−2 < ne < 1 × 1013 cm−2,
representing an Ohmic-like behavior based on the ﬁeld-emission
mechanism in the examined ne region. In our In/6L-MoS2 device
(see Fig. 7a), Rsh varies in the range from 1 to 80 kΩ when ρc only
varies from 5 × 10−6 to 5 × 10−7 Ω cm2, as shown by two dashed
lines, for RcW changing from 0.6 to ~3 kΩ μm. This result indicates
that Rsh plays a dominant role in determining RcW in the ﬁeldemission region.
We also obtained RcW from the 1L-#2 MoS2 device on a 40-nmthick h-BN ﬂake (see Fig. 7b and Supplementary Fig. 13 for the
thickness proﬁle). In Fig. 7b, the RcW values were extracted via the
TLM with three channels (L = 0.5, 1, 1.5 μm) as shown in
Supplementary Fig. 13a. For three VG-th conditions of 35, 40, and
45 V, RcW decreased with decreasing T in the range 250 ≥ T ≥
100 K, representing the ﬁeld emission. Here, VG−th = VG − Vth and
Vth is a threshold voltage. At VG−th = 45 V, RcW reached ~1 kΩ μm
at T = 100 K as the minimum value obtained from the 1L-MoS2
device. Although this value is similar to that obtained from the 6LMoS2 device at a similar T range (see Fig. 6a), the contact
resistance for the monolayer MoS2 is higher than that of multilayer
MoS2. The reason could be related to the relatively low afﬁnity
energy in the monolayer MoS2. Interestingly, RcW increased with
decreasing T for T < 100 K under all VG−th conditions. In this region,
the MoS2 channel also exhibited an insulating behavior in G–VG
curves for various temperatures of Fig. 5a for VG < 60 V and T <
100 K. Thus, it indicates that the increase of Rsh with decreasing T
in the insulating phase plays a dominant role in determining the
contact resistance at T < 100 K. We note that this non-Ohmic
behavior could not be improved by the contact engineering
because the behavior originates from the intrinsic property of
MoS2 itself. This implies that the manipulation of the metalinsulator crossover gate voltage could be crucial to get a better
contact property in a mono-layer MoS2 device. In Fig. 7a (see also
Supplementary Table 2), we compared the lowest achievable
contact resistance as a function of Rsh from previous reports with
Published in partnership with FCT NOVA with the support of E-MRS
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Fig. 7 Contact resistance with sheet resistance at In/MoS2
contacts. a Minimum RcW as a function Rsh of 6L-#1 and 1L-#2
MoS2 devices at various temperatures (scattered solid squares and
stars, respectively) with previous works (opened triangles: graphene
(Gr)/4L-MoS2, opened diamonds: Au/4L-MoS2, opened pentagons:
Au/In/few (1) L-MoS2). The upper and lower dashed lines were
obtained with ρc = 5 × 10−6 Ω cm2 and 5 × 10−7 Ω cm2, respectively.
b RcW–T curves for various VG-th conditions of 1L-#2 MoS2 device.

ours. For the In/MoS2 device, the contact resistance decreased
with decreasing Rsh and reached ~0.6 kΩ μm as the lowest value at
Rsh ~ 1 kΩ and T = 2.4 K. At T = 300 K, on the other hand, the Au/
In/few layer-MoS2 device showed the lowest value of ~0.6 kΩ μm
at Rsh ~ 60 kΩ. In addition, for monolayer cases, our In/1L-#2 MoS2
contact provided 0.9–4 kΩ μm at Rsh ~ 50 kΩ, which are
comparable to those obtained from the Au/In/1L-MoS2 contact
that showed ~3 kΩ μm at Rsh ~ 40 kΩ.
Atomistic origins of the ﬁeld emission-dominated charge transport
across In/MoS2 contacts
Analyzing the electronic structures of the In/MoS2 and Au/MoS2
interfaces obtained from DFT calculations, we ﬁnally identify
the atomistic mechanisms of the experimentally observed Ohmiclike charge transport behavior. It should be noted that, while there
exist in the literature several theoretical studies that examined the
Schottky barriers in metal/TMDC interfaces30,37–40, the In/TMDC
case has been rarely treated41. We show the calculated band
structures at the In/MoS2 and Au/MoS2 contacts in Fig. 8a, b,
respectively, and particularly display the projected bands of Mo-4d
(green circles in Fig. 8a, b), In-5pz (wine ﬁlled circles in Fig. 8a), and
Au-6s (orange circles in Fig. 8b) orbitals. From the band structures,
Published in partnership with FCT NOVA with the support of E-MRS

one could determine the electron ϕSB by measuring the energy
level difference between the conduction band minimum (CBM)
edge (upper solid purple line) and the Fermi level EF (dashed
purple line) of metal/MoS2 contacts. However, the comparison of
the two bands indicate that identifying the electron ϕSB in the In/
MoS2 contact is a non-trivial matter due to the strong density of
in-gap states appearing below and around the MoS2 CBM region
(green circles between CBM and EF in Fig. 8a; note the absence of
such in-gap states in the Au/MoS2 contact in Fig. 8b). To
circumvent this difﬁculty, we ﬁrst extracted the hole ϕSB from
the In/MoS2 junction band structure (see also Supplementary Fig.
5). Next, calculating the band structure of the pristine monolayer
MoS2 using the simulation cell of the corresponding In/MoS2
junction model (Supplementary Fig. 6), we determined the
electron ϕSB by subtracting the hole ϕSB from the calculated
band gap of monolayer MoS2 (1.94 eV) (Supplementary Fig. 7). The
obtained electron ϕSB values were 0.31 eV and 0.72 eV for the In/
MoS2 and Au/MoS2 junctions, respectively. The In/MoS2 electron,
ϕSB value of 0.31 eV is comparable to a previous estimate of
0.47 eV41 and much larger than the experimentally identiﬁed
marginal ϕSB values. We thus conclude that the experimentally
observed ϕSB is an effective ϕSB that has been signiﬁcantly
reduced from the intrinsic ϕSB by strong density of in-gap states.
Having been identiﬁed as the distinguishing feature, the large
in-gap states arising in the In/MoS2 contact should be the source
of the marginal effective ϕSB and Ohmic-like transport and
deserve further attention. Disregarding this factor, for example,
can lead to the conclusion that Au would form a better contact
than In for MoS241, but the in-gap states of the In/MoS2 contact
remains unexplored37,38. To examine the nature of in-gap states in
the In/MoS2 interface in comparison with that of the Au/MoS2
counterpart, we show in Fig. 8c, d how the In-5pz (pink ﬁlled line)
and Au-6s (orange ﬁlled line) projected density of states (PDOS)
evolve into the metal-contacting ① S-3p layer, ② Mo-4d layer, and
③ the outer S-3p layer PDOS of MoS2 for the In/MoS2 and Au/MoS2
contacts, respectively. It is immediately notable that, while the
Au-6s PDOS are uniformly distributed across the MoS2 bandgap
(Fig. 8d ﬁrst panel), the In-5pz PDOS show energetically very
asymmetric distribution such that they start from a negligible level
near the MoS2 VBM region and increase signiﬁcantly toward the
MoS2 CBM region (Fig. 8c ﬁrst panel). The MoS2 VBM and CBM
PDOS are mostly composed of Mo-4d orbitals (compare the
second/fourth panels with the second panels in Fig. 8c, d). Then,
we ﬁnd for the In/MoS2 contact case that very strong density of ingap states are formed between EF and MoS2 CBM position (Fig. 8c
third panel). As schematically depicted by the thick arrow in
Fig. 8c, electrons injecting from In into these MoS2 in-gap states
then should result in the experimentally observed ﬁeld-emissiontype charge transport accompanied by a negligible effective ϕSB.
On the other hand, the corresponding Mo-4d PDOS around EF for
the Au contact case are relatively marginal, making such a charge
injection mechanism ineffective (schematically represented by a
thin arrow in Fig. 8d). In Fig. 8e, f, we additionally visualized in real
space the EF-region In-MoS2 and Au-MoS2 hybridized DOS,
respectively. The stronger hybridization between In and MoS2
states than that between Au and MoS2 states then provides an
intuitive explanation how the Ohmic-like charge transport is
achieved for the In/MoS2 interface in spite of the very small
interfacial charge transfer (see Fig. 3).
In summary, carrying out a combined experimental and
theoretical investigation for an ultraclean vdW contact between
an elemental metal In (without alloying) and semiconductor MoS2,
we revealed the mechanism of Ohmic charge transport across the
In/MoS2 vdW interface. For the single- and few-layer MoS2 devices,
the contact resistance decreased with decreasing temperatures
for 100 ≤ T ≤ 300 K, indicating the ﬁeld-emission mechanism for
the Ohmic-like contact transport. The contact resistance was
sensitive to the change of sheet resistance of MoS2, rather than
npj 2D Materials and Applications (2021) 9
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Fig. 8 Atomistic origins of the ﬁeld emission-dominated charge transport across In/MoS2 contacts. Projected band structures of the Mo-4d
states (green-ﬁlled circle) for the a In/MoS2 and b Au/MoS2 interfaces. Shown together in c and d are the In-5pz (pink ﬁlled circles) and Au-6s
states (orange ﬁlled circles) contributions, respectively. The circle size is proportional to the weight of the projection of the wavefunctions. The
PDOS of the In-5pz (top left panel) and Au-6s (bottom left panel), ① metal-contacting S-3p (second panels), ② Mo-4d (third panels), and ③ outer
S-3p (fourth panels) orbitals. In the second, third, and fourth panels, the upper and lower solid lines indicate the MoS2 CBM and VBM levels,
respectively. The arrows schematically show that the charge transport across the In/MoS2 contact is much more efﬁcient than that across the
Au/MoS2 counterpart, and the Ohmic-like charge transport is mediated by the large in-gap states formed around EF of the In/MoS2 interface.
The local DOS in the range between EF and EF+0.2 eV overlaid over the e In/MoS2 and f Au/MoS2 interface models. The iso-surface level is
2.5 × 10−4 states eV−1 Å−3.

that of the speciﬁc contact resistivity within the ﬁeld-emission
region. For the monolayer MoS2 case, we achieved the contact
resistance of ~1 kΩ μm at T = 100 K, which is the lowest value
achieved by metal evaporations on MoS2 to date. Our experimental ﬁndings were corroborated by DFT calculations, which
showed that the In/MoS2 contact has a weakened FLP due to the
marginal interfacial charge transfer. Importantly, in spite of the
weak interface dipole formation, we found that strong density of
in-gap states are formed around MoS2 CBM states and enable an
Ohmic-like charge transport across the In/MoS2 interface. Related
with this identiﬁed mechanism, we comment that one of us
previously predicted for semiconducting carbon nanotubes that a
highly efﬁcient charge injection across vdW metal contacts could
be achieved via large in-gap states generated from topological
defects within the sp2 carbon network28. We thus suggest that
seeking a mechanism of introducing strong density of in-gap
states while maintaining the ideal contact geometry with weak
charge transfer could prove to be a general strategy to
simultaneously avoid FLP and minimize contact resistance for
low-dimensional vdW materials42.
METHODS
Device fabrication
We fabricated MoS2 FETs on h-BN ﬂakes, where the h-BN ﬂakes were
deposited onto a 300-nm-thick SiO2/Si substrate by mechanical exfoliation.
We then transferred a few-layer MoS2 ﬂake (HQ-graphene, Inc.) onto a
selected h-BN ﬂake12,20. For the electrical measurements, we deposited
100-nm-thick In electrodes across the MoS2 channel, where the substrate
holder was kept at ~100 K by ﬂowing liquid nitrogen through it. The
substrate cooling process leads to an important result; a uniform surface
morphology of In ﬁlm is achieved, which contrasts strongly with the usage
npj 2D Materials and Applications (2021) 9

of a room-temperature holder that produces a segregated granular ﬁlm for
at least up to ~70 nm thickness, as reported in our previous work (also see
Supplementary Fig. 1)21.

Raman spectroscopy
The Raman measurements were performed in a backscattering geometry
at room temperature. An incident laser light with a wavelength of
514.5 nm was focused on the sample surface through an optical
microscope objective lens (100×/0.9 NA). An excitation laser power was
maintained less than 0.4 mW to avoid any laser-induced heating effects.
Scattered light from the sample was dispersed through a monochromator
with a 1200 grooves mm−1 grating and was collected using a thermoelectrically cooled charge-coupled device detector. For mapping measurements, Raman spectra were taken at the step of 0.5 μm over the area of
15 × 15 μm2.

DFT calculations
We performed DFT calculations within the local density approximation
(LDA)43 using the SIESTA software44. The atomic cores were replaced by
norm-conserving nonlocal pseudopotentials of the Troullier-Martins type45,
and double ζ-plus-polarization-level numerical atomic orbital basis sets
were employed. Geometry optimizations were performed until the
Hellmann-Feynman ionic forces were below 0.02 eV Å−1. To check the
reliability of geometries and electronic structures obtained within LDA in
terms of vdW interactions, we also carried out DFT calculations using the
DFT-D3 (ref. 46) exchange-correlation functional. As in our earlier work47,
we obtained consistent results from LDA and DFT-D3 calculations (see
Supplementary Figs. 3, 4 and Table 1).

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request. All data generated or
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