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Two-dimensional (2D) materials and their heterostructures have attracted a lot of attention due to their unique elec-
tronic and optical properties. MoS2 as the most typical 2D semiconductors has great application potential in thin film
transistors, photodetector, hydrogen evolution reaction, memory device, etc. However, the performance of MoS2 devices is
limited by the contact resistance and the improvement of its contact quality is important. In this work, we report the experi-
mental investigation of pressure-enhanced contact quality between monolayer MoS2 and graphite by conductive atom force
microscope (C-AFM). It was found that at high pressure, the contact quality between graphite and MoS2 is significantly
improved. This pressure-mediated contact quality improvement between MoS2 and graphite comes from the enhanced
charge transfer between MoS2 and graphite when MoS2 is stretched. Our results provide a new way to enhance the contact
quality between MoS2 and graphite for further applications.

Keywords: MoS2/graphite heterojunction, C-AFM, pressure, contact quality
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1. Introduction
Two-dimensional materials, such as transition metal

dichalcogenides (TMDCs), have many exotic mechanical,
electrical, and optical properties.[1] As one of the most widely
studied TMDCs, molybdenum disulfide (MoS2) has extremely
good potential to be applied in fields such as thin film tran-
sistor (TFT),[2,3] photodetector,[4,5] light emitting device,[6]

hydrogen evolution reaction,[7] memory device,[8] and gas
sensor.[9] Although former works show that MoS2 has high
mobility,[2] the performance of its devices is greatly affected
by the contact qualities with the electrodes. By using differ-
ent kinds of metal electrodes,[10–13] phase engineering,[14] or
graphene electrodes,[15,16] contact resistance of MoS2 devices
can be significantly reduced. However, it is still hard to form
ohmic contact between metal and MoS2 due to Fermi level
pinning, where a finite Schottky barrier dominates the carrier
transport.[17] Graphene is an optimized candidate to form good
contact with MoS2 and MoS2/graphene heterojunction also
has great potential in various devices applications.[7,16,18,19]

It was reported that strain, including both tensile strain and

compressive stain, offers a facile way to modulate the band
structure of TMDCs.[20–23] However, the question of whether
the strain will affect the contact between MoS2 and graphene
is barely unraveled.

In this work, we report the experimental investigation of
pressure-enhanced contact quality between monolayer MoS2

and graphite by conductive atom force microscope (C-AFM).
We applied pressure on the MoS2/graphite heterojunction by
C-AFM tip and measured the current–voltage (I–V ) relation
simultaneously. We found that the I–V curve approaches lin-
ear shape as the pressure increases, which reveals the improv-
ing of contact quality between MoS2 and graphite. It was clar-
ified that this contact quality enhancing comes from the charge
transfer between MoS2 and graphite when MoS2 is stretched.
Our results provide a new way to improve contact quality be-
tween MoS2 and graphite for further applications.

2. Experimental procedure
MoS2 was epitaxial grown on mechanical exfoliated

graphite on Si substrate with 300 nm SiO2, described in our
∗Project supported by the National Key R&D Program, China (Grant No. 2016YFA0300904), the Key Research Program of Frontier Sciences of the Chi-
nese Academy of Sciences (Grant No. QYZDB-SSW-SLH004), the Strategic Priority Research Program (B) of the Chinese Academy of Sciences (Grant
Nos. XDPB06 and XDB07010100), and the National Natural Science Foundation of China (Grant Nos. 61734001 and 51572289).

†Corresponding author. E-mail: dxshi@iphy.ac.cn
‡Corresponding author. E-mail: gyzhang@iphy.ac.cn
© 2019 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

017301-1

http://dx.doi.org/10.1088/1674-1056/28/1/017301
mailto:dxshi@iphy.ac.cn
mailto:gyzhang@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 28, No. 1 (2019) 017301

previous work[24] (also see Methods for more details). As
shown in Fig. 1(a) of the optical image, as-grown MoS2 tri-
angle domains on graphite have obviously preferred orienta-
tions and similar sizes. Figure 1(b) shows the atomic force
microscope (AFM) image of an area zoomed in Fig. 1(a),
and surfaces of both MoS2 and graphite substrate are clean
and free of contaminations. The height of as-grown MoS2

triangle domains is ∼ 0.85 nm, which is consistent with the
height of monolayer MoS2.[2] Selected area electron diffrac-
tion (SAED) pattern of transmission electron microscopy
(TEM) in Fig. 1(c) was used to characterize the lattice align-

ment of MoS2/graphite samples. The hexagonal diffraction
spots of both MoS2 and graphite have the same orientations,
suggesting an either 0◦ or 60◦ twisting angle between the as-
grown MoS2 and graphite. Raman spectrum in Fig. 1(d) shows
that E2g peak is at 385.1 cm−1 and A1g peak is at 406.5 cm−1.
The difference between E2g and A1g is 21.4 cm−1, consistent
with that of monolayer MoS2. The photoluminescence spec-
trum in Fig. 1(e) shows that the MoS2 layer has a strong and
well sharp A exciton peak at 660 nm, indicating that the mono-
layer MoS2 domains are of high quality. The G peak 581 nm
and 2D peak 622 nm of graphene are marked in the spectrum.
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Fig. 1. Characterizations of MoS2/graphite heterojunctions. (a) Optical image of as-grown MoS2 triangle domains on graphite. (b) AFM image
of a MoS2 domain. (c) SAED pattern, (d) Raman spectrum, and (e) photoluminescence spectrum of the MoS2/graphite heterojunction.
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Fig. 2. The electrical behavior of MoS2/graphite heterojunction under pressure. (a) Schematic of the measuring process and the circuit. (b)
Tip–sample current as a function of tip load under bias of 1.5 V. The insert is the resistance of the MoS2/graphite junction as a function of
pressure. (c) I–V curves under different pressure.

017301-2



Chin. Phys. B Vol. 28, No. 1 (2019) 017301

We used C-AFM to test the electrical behavior of the
MoS2/graphite heterojunction under different pressure, and
the setup is shown in Fig. 2(a). In the experiment, a metal
coating tip was directly contact to the heterojunctions under
controlled load. We swept sample-to-tip bias from −1.5 V
to +1.5 V and collected the I–V curve of each load. To en-
sure the good contact between tip and heterojunction, the I–V
curves were captured during the decompressing process. Fig-
ure 2(b) is the current under bias of 1.5 V as a function of tip
load. It shows that the fluctuation of the current is low, sug-
gesting the stable contact between tip and sample. For detail
about C-AFM measurement please see Methods.

3. Experimental results and discussion
The center pressure of tip–sample contact was estimated

by a standard Hertz module,[25] and the error of the estimate
tip pressure is around 30% (see Methods). As illustrated in
the insert of Fig. 2(b), under bias of 1.5 V, the resistance
of the MoS2/graphite junction monotonically decreases as in-
creasing the pressure. This can be interpreted as the effect
of both the reducing resistance of mental tip/MoS2/graphite
junction and the enlarging contact area caused by pressure.
Figure 2(c) shows I–V curves under different pressure from
1.86 GPa to 8.33 GPa. Obviously, with increasing the pres-
sure, I–V curve of the MoS2/graphite heterojunction is ap-
proaching linear shape. This indicates that the contact quality
is significantly improved under high pressure.

To further demonstrate the enhancing of contact qual-
ity between monolayer MoS2 and graphite, we calculated the
Schottky barrier at different pressure. From the thermal elec-
tron emission theory, the current is[26]

I = IsT(e
qVb

nkBT −1),

where IsT is the dark saturation current, n is the ideality factor,
T is the temperature, kB is Boltzmann constant, and q is the
electron charge. For large bias Vb, the −1 term is negligible.
So

I = IsTe
qVb

nkBT .

Taking ln in both sides,

ln(I) = ln(IsT)+
q

nkBT
Vb, (1)

IsT can be written as

IsT = S ·A ·T 2e
qV0
kBT ,

where V0 is the Schottky barrier height, S is the contact
area, and A is the Richardson’s coefficient, which is 80.3±
18.4 A/cm2/K.[27] Here, we use the Hertz model to estimate
the contact area. For the case where the tip contacts a flat sur-
face, the contact area can be written as

S = πa2,

where[25]

a3 =
3
4

Rtip

(
1−µ2

si
Esi

+
1−µ2

hetero
Ehetero

)
F.

Here a is the contact radius, F is the tip load, and Rtip is the
tip radius. we take Rtip = 28 nm based on the commercial de-
scription of ASYLELEC-01 tip. Esi, Ehetero, and µsi, µhetero

are the elastic modulus and Poisson’s ratio of silicon and het-
erojunction, which are 170 GPa, 36.5 GPa and 0.17, 0.25, re-
spectively. Here we use the modulus of graphite to stand for
the heterojunction.

Figures 3(a) and 3(b) are the plots of ln(I) as a function
of positive and negative bias voltage at different pressure, re-
spectively. Solid lines are experimental data and dots lines are
fittings by using Eq. (1). The fittings are quite good at the
high bias region. Figure 3(c) is the calculated Schottky barrier
height as a function of pressure, which can be linearly fitted
except few points around high and low pressure regions. It
is clear that Schottky barrier height of both positive and neg-
ative bias region decreases when increasing pressure which
contributes the improving of contact quality. It is also noted
that Schottky barrier height of positive bias region is slightly
bigger than that of negative bias region in Fig. 3(c). The asym-
metry of Schottky barrier height is due to the difference of
work function of graphite and Ir.
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height as function of pressure. Dash lines are linear fittings.
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We tried to reveal the intrinsic mechanism of this
pressure-enhanced contact quality between monolayer MoS2

and graphite. As shown in Figs. 4(a) and 4(b), in the control
experiment of monolayer MoS2 transferred on ITO substrate,
the Schottky barrier height does not show a clear variation
trend with the increase of pressure. This indicates that this
pressure-enhanced contact quality is unique in MoS2/graphite
heterojunction. In our experiment, AFM tip not only applies
pressure on MoS2/graphite junction, but also deforms the con-
tact area and stretches the MoS2. According to the previous
simulations, when the MoS2 layer in the MoS2/graphite het-
erojunction is stretched ∼ 2.7%, the bottom of the conduc-
tion band of MoS2 will be below the Fermi level, while the
Dirac point of graphene will be above the Fermi level. This re-

sults in the electrons transfer from graphene to MoS2 and adds
new electrons occupied states in MoS2 conduction band.[28]

As shown in Figs. 4(d) and 4(e), with this new electron oc-
cupied states in MoS2 conduction band, electron can two-
step tunnel through the barrier, which will significantly reduce
the effective Schottky barrier. Consequently, in our experi-
ments, this pressure-mediated contact quality improvement of
graphite/MoS2 heterojunction origins from the enhancing of
charge transfer between MoS2 and graphite when MoS2 layer
is stretched by AFM tip. It should be pointed out that the pres-
sure in our experiment also reduces the interlayer distance be-
tween MoS2 and graphite which will enhance the interlayer
coupling. Besides, there is pristine tensile strain in MoS2 layer
due to 28% lattice mismatch between MoS2 and graphite.[24]
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Fig. 4. Explanation of pressure-enhanced contact quality between MoS2 and graphite under pressure. (a) I–V curves of metal tip/transferred MoS2/ITO
junction under different pressure. (b) Schottky barrier height of metal tip/transferred MoS2/ITO junction as function of pressure. (c) Schematic
illustration of metal tip–MoS2–graphite contact. The band structure at negative sample bias of (d) upstretched MoS2 and (e) stretched ∼ 2.7% MoS2.

4. Conclusion

We demonstrated pressure-enhanced contact quality be-

tween monolayer MoS2 and graphite induced by pressure.

This enhancement of the contact quality is due to the charge

transfer between MoS2 and graphite when MoS2 is stretched.

Our work provides a guidance in contacts engineering of

MoS2/graphite heterojunction by pressure, and may help to

reduce the contact resistance in MoS2 devices as well as other

TMDCs devices contacted by graphene.

Appendix A: methods
Sample preparation The MoS2 growth was performed

in a three-temperature-zone chemical vapor deposition (CVD)
chamber. S (Alfa Aesar, 99.9%, 4 g) and MoO3 (Alfa Ae-
sar, 99.999%, 50 mg) powders used as sources were loaded
in two separate inner tubes and placed at zone-I and zone-II,
respectively. Our substrates were loaded in zone-III. During
the growth, with Ar/O2 (gas flow rate: 75/3 sccm) as carrying
gases, temperatures for the S-source, MoO3-source, and wafer
substrate were set at 115 ◦C, 530 ◦C, and 930 ◦C, respectively.
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Thin graphite flakes were mechanically exfoliated from both
HOPG and Graphenium graphite (Manchester Nanomaterials)
and transferred on SiO2 substrates for MoS2 growth.

Sample characterizations PL and Raman characteri-
zations were performed in a Horiba Jobin Yvon LabRAM
HR-Evolution Raman system using a 532 nm laser excitation
wavelength. SAED was performed in a TEM (Philips CM200)
operating at 200 kV.

AFM and C-AFM scanning AFM imaging was per-
formed by Asylum Research Cypher S with AC160 TS tip.
C-AFM experiments were carried under ambient condition
using ASYELEC-01, Ti/Ir coated Si tip, and the bias was
applied on sample. We used the holder 901.730, current
range ±20 nA, and noise 1.5 pA. We used a standard Sader’s
method[29] to calibrate the cantilever and the bending mod-
ulus of the ASYELEC-01 cantilever we used in the experi-
ment is 2.56 nN/nm. The tip radius of ASYELEC-01 tip is
28 nm±40%. According to pressure P0 = 3F/(2πa2), contact
radius a3 = 3/4 ·Rtip((1−µ2

si)/Esi+(1−µ2
hetero)/Ehetero)Fload,

so the error of estimate pressure is around 30%.
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