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High-Mobility Multilayered MoS, Flakes with Low Contact
Resistance Grown by Chemical Vapor Deposition

Jingying Zheng, Xingxu Yan, Zhixing Lu, Hailong Qiu, Guanchen Xu, Xu Zhou,
Peng Wang, Xiaoqing Pan, Kaihui Liu, and Liying Jiao*

Atomically 2D MoS, with intrinsic band gap has attracted
tremendous attentions due to its significant potential for novel
electronic and optoelectronic devices.!! However, the relatively
low mobility (even lower than polycrystalline silicon) of this
material greatly hinders its practical applications.?! Inten-
sive studies have been focused on optimizing the synthesis
and pushing the electrical performance of monolayer (1L)
MoS,.*% By contrast, relevant research on multilayer (ML)
MoS, is quite rare. Actually, multilayered MoS, exhibits much
higher mobility and drive currents than 1L MoS, due to the
higher density of states’~" and consequentially is more attrac-
tive for applications in thin film transistors,?! logic devices,!"
and sensors.''] However, the excellent performances of ML
MoS, reported so far are obtained from mechanically exfoli-
ated MoS, which is not suitable for practical applications and
only polycrystalline ML MoS, films have been synthesized
by chemical vapor deposition (CVD) showing much lower
mobility of 0.01-13 cm? V-1 s71.12716 Therefore, a controllable
synthesis approach for producing highly crystalline ML MoS,
flakes is highly desired. Besides the controllable synthesis of
high-quality ML MoS,, contact engineering for ML MoS, is
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also critical for improving their field-effect mobility as the con-
tact resistance for ML MoS, is mainly contributed by the large
interlayer resistance resulted from the indirect contact between
the lower layers and electrodes.”#17-1% Obviously, exposing the
edges of each MoS, layer prior to the deposition of electrodes
is the most effective way to ensure the sufficient contacts for
the lower layers to the electrodes and thus reduce whole contact
resistance by subtracting the interlayer resistance in ML MoS,,
but so far, this strategy has not been realized experimentally.

To advance the practical applications of ML MoS,, we
addressed the both challenges discussed above at the same
time by developing a CVD approach for growing highly crystal-
line ML MoS, flakes with gradually shrinking basal planes from
the bottom to the top layers. Up to 20 layers (L) of MoS, are
stacked in a well-defined AA order and terminated with atomi-
cally smooth Mo zigzag (zz)-edges in each layer. The multilayer
channels, together with atomically ordered edges and the ideal
contact geometry make these CVD-grown ML MoS, flakes
exhibit superior electrical performance than exfoliated ML
MoS,. Moreover, besides field effect transistors, these ML MoS,
flakes are also suitable for building rectifying diodes based on
the 1L-ML MoS, junctions. Our approach makes high-quality
ML MoS, easily accessible for building high-performance elec-
tronic devices with versatile functionalities and thus makes 2D
MoS, more competitive for future electronics.

Our synthesis strategy is based on the layer-by-layer growth
of MoS, by the rapid sulfurization of Mo oxides in gas phase
in a confined space as illustrated in Figure 1la. To achieve the
suitable growth atmosphere, we utilize the electrochemically
oxidized Mo foil as growth precursor, which is composed of
Mo oxides with varied oxidation states (from IV to VI) and
thus enables the rapid and continuous feeding of Mo source
in the gas phase (see more discussions in Figures S2 and S3,
Supporting Information). To further increase the concentration
of reactants, the growth of MoS, is performed in a confined
space formed by covering the growth substrate with a bended
oxidized Mo foil. The thickness of the obtained flakes can be
tuned from 1L to >20L by simply manipulating electrochemical
anodization conditions to yield MoO, precursors with varied
oxidation degree (Figure 1c—f and see more details in Figure S4,
Supporting Information). By optimizing oxidation and growth
parameters, thick MoS, flakes with 15-20L at a yield of =70%
have been successfully obtained (Figure 1b). The sequen-
tially decreased growth time from the bottom to the top layers
naturally resulted in the ML flakes stacked by multiple concen-
tric triangles with shrinking size as revealed by both optical
microscopy and atomic force microscopy (AFM) imaging
(Figure 1g,h). The length of the bottom layer for the obtained
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Figure 1. Synthesis of MoS, flakes with varied layer numbers. a) Schematics for the CVD growth of MoS, using arched oxidized Mo foil as precursor.
b) Large scale optical image of the growth products, showing the growth of 15-20L MoS,; at a yield of =70%. Scale bar: 50 um. c—f) Optical images of
CVD-grown MoS, flakes of 1, 5, 8, and 17L, respectively. g,h) Optical and AFM images of a 12L MoS, with =20 um side length. i) Raman mapping image
of the flake shown in (g) with 404 cm™' peak intensity. j) PL mapping image of the same flake with 1.80 eV peak intensity. Scale bars in (c—j): 5 um.

MoS, flakes was mostly in the range of =20-30 um and can be
up to =50 pm, which is suitable for making field-effect devices
with varied channel lengths up to tens of micrometers.

Both theoretical and experimental studies on mechanically
exfoliated MoS, have revealed that the band structure and
properties of MoS, are highly depended on the number of
layers.2-231 However, the effects of layer numbers on highly
crystalline CVD-grown MoS, have not been explored due to
the lack of such samples. We investigated the layer-dependent
properties of CVD-grown MoS, flakes in details with Raman,
photoluminescence (PL), and optical second-harmonic gen-
eration (SHG) spectroscopy. The number of layers of the
CVD-grown flakes was determined by careful AFM measure-
ments (Figure S5, Supporting Information). Raman spectra of
as-grown MoS, flakes with thickness of 1-10L demonstrated
that the peak position difference between A, and E',; modes
increased gradually with increasing layer numbers and con-
verged to the bulk values for flakes of 6L or more, showing
exactly the same trend as in the mechanically exfoliated ML
MoS, (Figure 2a)b,e).2%2! In addition, similar to exfoliated
MoS,, the Raman peak intensities first increased and then
decreased with the number of layers showing the maximized
intensity at 4L, but the full width at half maximum (FWHM)
of both Raman modes were independent on layer numbers
(Figure S6, Supporting Information). These spectroscopic fea-
tures elucidated that the layers in CVD-grown ML flakes had
comparable coupling as in mechanically exfoliated flakes.
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Identical PL peak positions at =1.8 eV and similar intensity-
layer numbers dependence for both CVD-grown and exfo-
liated ML MoS, suggested comparable optical quality and
analogous changes of band structure with the number of layers
(Figure 2c,f).1*22] We also performed Raman and PL intensity
mapping on the CVD-grown ML MoS, flakes and the mapping
images matched well with the optical and AFM images of the
same flakes (Figure 1i,j). And the step region exhibited stronger
Raman and PL intensity with smaller frequency difference of
two Raman modes than the center platform and clearly dem-
onstrated the thickness-dependent peak positions and inten-
sities (Figure S7, Supporting Information). Moreover, SHG
spectra were utilized to investigate the symmetry and stacking
configuration of MoS, flakes based on the obvious intensity
difference between centrosymmetric and noncentrosymmetric
structures.?’l In contrast to the extremely low SHG intensity
for mechanically exfoliated ML MoS, with centrosymmetric AB
stacking mode, the CVD-grown ML flakes showed strong SHG
signal and the intensity was monotonically increasing with the
layer numbers (Figure 2d,g). Additionally, the polarization-
resolved SHG intensity of CVD-grown MoS, flakes with varied
number of layers exhibited strong sixfold rotational symmetry
with petals lying along the perpendicular bisectors of each flake
(Figure S8, Supporting Information), which indicated that the
CVD-grown MoS, flakes presented AA stacked configuration
with symmetry-breaking nature, where the direction of in-plane
Mo—S bonds was same in different layers.[*42°]
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Figure 2. Layer-dependent spectroscopic characterizations of CVD-grown MoS, flakes. a) Optical images of MoS, flakes of 1, 2, 3, 4, 6, 9, and 10L,

respectively. Scale bar: 5 pum. b-d) Raman, PL, and SHG spectra of the MoS, flakes shown in (a).

e) Layer-dependent frequencies of E},, A, Raman

mode and their difference. f) Layer-dependent PL peak position and intensities. g) SHG intensities as the function of layer numbers.

To further evaluate the crystallinity and determine edges
structures and stacking configuration of the CVD-grown MoS,
multilayers, we transferred the ML flakes to the holey carbon
grids for transmission electron microscopy (TEM) and scan-
ning transmission electron microscopy (STEM) characteriza-
tions. TEM images captured on ML MoS, flakes also displayed
the unique concentric triangular geometry with exposed edges
of =200-600 nm widths for each layer (Figure 3a), consistent
with the AFM measurements. Selected-area electron diffraction
(SAED) patterns taken at both 1L and ML regions exhibited only
one set of hexagonally arranged diffraction spots, indicating
the single crystalline nature of the flake over a large area and
almost 0° twisted angle between different layers (Figure 3b,c,
and Figure S9, Supporting Information). Moreover, STEM
high-angle annular dark-field (HAADF) imaging with atomic
resolution revealed that the edges of each layer were atomi-
cally smooth with Mo-terminated zz structures (Figure 3d and
Figure S9, Supporting Information), which exhibited metallic
states as elucidated by both theoretical calculations and scan-
ning tunneling microscopy (STM) imaging?®-28l and therefore
may enhance electron injection from MoS, to electrodes. To
precisely identify stacking configuration in the CVD-grown
MoS, samples, we compared the relative point intensity in
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the captured STEM-HAADF images with those in the simu-
lated images.*”) The experimental STEM-HAADF image of the
bilayer MoS, region demonstrated nearly identical intensity pro-
file to the simulated image with AA stacking order (Figure 3d,e
and Figure S9, Supporting Information), where S atoms of one
layer overlapped with the Mo atoms or the hexagonal centers of
the adjacent layer as illustrated in Figure 3e and 3g, suggesting
that these two layers were AA stacked.’% In the similar way,
AA stacked STEM images of 3-8L MoS, were also simulated
(Figure 3f) and these simulated images also coincided well with
experimentally captured images (Figure S9, Supporting Infor-
mation). Combined STEM imaging with SHG measurements,
we can confirm that the layers in the CVD-grown ML MoS,
flakes maintained a well-defined AA stacked configuration.
Owing to the broken inversion symmetry, such AA stacking
order in obtained CVD-grown ML MoS, will be of great interest
for symmetry-dependent properties of MoS,, including optical
nonlinearity and valley polarization physics.>!

As various microscopic and spectroscopic characterizations
have confirmed that the obtained ML MoS, flakes are highly
crystalline and the edges in each layer are exposed with atomi-
cally smooth Mo zz-structures, which are ideal for improving
the mobility of ML MoS,, we further explored their electrical
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Figure 3. TEM and STEM characterizations of obtained multilayer MoS,.
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a) TEM image of CVD-grown ML MoS, flake suspended on a holey carbon

TEM grid. Scale bar: 1 um. SAED patterns taken at locations marked with b) 1 and c) 3 on the ML MoS, in (a). The SAED patterns of the locations
marked with 2 and 4 are shown in Figure S7 (Supporting Information). d) STEM—HAADF image and e) simulated image at the 1-2L boundary of
another ML MoS, flake shown in Figure S7 (Supporting Information). The blue and yellow ball presented Mo and S atom, respectively. Scale bar: 1 nm.
f) Simulated STEM-HAADF image of 1-8L MoS, from left to right. Scale bar: T nm. g) Atomic configuration of AA stacked ML MoS,. The direction of
in-plane Mo—S bonds was the same and S atoms of the top layer overlapped with the hexagonal centers of the bottom layer.

performance. Back-gated field-effect transistors (FETs) were
fabricated by electron-beam lithography (EBL) and thermally
evaporated 5/50 nm Ti/Au as source and drain electrodes on
CVD-grown ML MoS, and also mechanically exfoliated sam-
ples for comparison. The typical transfer characteristics of the
CVD-grown ML MoS, flake measured at room temperature
in vacuum (=10~ mbar) behaved as an n-type semiconductor
(Figure 4c). The estimated mobility of these ML device (>13L)
can reach up to =67 cm? V' s7' and the saturation current
reached up to =92 pA um™!, respectively, with on/off current
ratios of =10°. We measured >30 CVD-grown MoS, (1-18L) FETs
and observed that both their mobility and current increased
with the increasing number of layers (<15L) (Figure 4e,f). Aver-
aged mobility and current (Vg = 40 V, Vgg =1 V) for FETs fab-
ricated on 10-18L CVD-grown MoS, were approximately four
times and three times higher than those of 1L CVD-grown
MoS, FETs (Figure S10, Supporting Information), respec-
tively, due to the smaller bandgap,' higher carrier concen-
tration,”! and sufficient screening of the interfacial impurities
in ML flakes.®l For the exfoliated MoS, samples (Figure S11,
Supporting Information), however, the mobility and current
(Vgs = 40 V, Vgg = 1 V) showed nonmonotonic trend with the
maximum of =50 cm? V™! s~ and 6 uA um™! for 10-12L MoS,,
respectively (Figure 4e,f). The decreased mobility and current
in thicker mechanically exfoliated MoS, flakes are attributed
to the increased interlayer resistance.B’ As the edges are
abrupt in ML exfoliated flakes as illustrated in Figure 4a, the
lower layers are covered by the top layers and therefore cannot
directly contact with the electrodes. And consequently, electron
needs to migrate across interlayers and thus introduces large
interlayer resistance to the ML MoS, devices.®'"] In contrast,
the edges of each layer in CVD-grown ML MoS, flakes are
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exposed to facilitate good contacts with electrodes (Figure 4b),
assuring that the current can inject into the lower layers and
thus reducing the contact resistance by minimizing the total
interlayer resistance through the entire ML flake. Therefore,
the field effect mobility and current of CVD-grown MoS, are
superior to the exfoliated MoS,, especially for thicker MoS,
(>13L). Furthermore, we etched away the terraced edges of
as-grown ML flakes and made FETs on these etched flakes
(Figure S12, Supporting Information). The averaged mobility
of FETs made on 10-12L etched flakes with abrupt edges was
=15 cm? V7! s7! and much lower than that of 10-12L as-grown
flakes with terraced edges (=55 cm? V-1 s71), further confirming
that the higher mobility of the CVD-grown ML MoS, flakes was
attributed to their unique edge geometry. And this strategy can
also be applied on continuous ML films for batch fabrication
of high-performance MoS, FETs through a patterning-etching
two-step process as we proposed in Figure S13 (Supporting
Information). Besides their promising applications in FETs,
these CVD-grown ML MoS, flakes are also suitable for con-
structing rectifying diodes simply utilizing the obvious differ-
ences in bandgap between 1L and ML regions on the same
flake. The typical IV characteristics of the diode made on
a 1-8L MoS, junction exhibited a forward/reverse current ratio
of =10° measured at V,, = 0 V, demonstrating a simple and effi-
cient approach for fabricating rectifying diodes based on homo-
geneous 2D junctions (Figure 4d).

In summary, we developed a controllable approach for pro-
ducing high-quality ML MoS, and at the same time naturally
introducing ideal contact geometry to these flakes for achieving
the ultimate device performance based on 2D MoS,. The CVD-
grown ML MoS, flakes present a well-defined AA stacking order
with broken inversion symmetry which makes these ML MoS,

Adv. Mater. 2017, 1604540
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Experimental Section

Synthesis: The growth precursor of MoO, was
prepared by electrochemical anodization of Mo
foils (Figure S1a, Supporting Information).?d The
anodization was carried out at voltages of 0.45—
0.57 V for 30 min under a constant temperature of

30 °C. Afterward, the oxidized Mo foils were rinsed
with water and then dried naturally. To synthesize
MoS, flakes, Mo foil was arched and placed on a
300 nm SiO,/Si substrate and then loaded to the
center of the furnace. Sulfur powder (Alfa-Aesar,
99.999%, 1.8 g) was placed at the upstream entry of
the furnace (Figure S1b, Supporting Information).
Next, the furnace was heated up to 700 °C at a
rate of 20 °C min~" under the Ar flow at 100 sccm.
After staying at 700 °C for 10 min, the temperature
was increased to 850 °C and then held at 850 °C
for 15 min. Then the temperature was increased
to 900 °C and stayed for 30 min before the furnace

10 naturally cooled down to room temperature. Sulfur
powders were heated by an individual heating belt
at =190 °C when the temperature of the furnace

»

lgs (RApm'™)

-

5 % 49 5 A
AP a2 AP A AN

Number of layers

Figure 4. Electrical performances of the CVD-grown ML MoS, flakes. a,b) Schematic illustra-
tions of the electrical contact geometries in ML exfoliated MoS, and CVD-grown MoS, flakes.
€) l4s=Vgs characteristics of a 16L MoS,; flake at the bias voltage of 1 V. Insets: I4—Vy, curve at a
gate voltage of 40 V and optical image of the device. Scale bar: 5 um. d) 14—Vy, characteristics of
1-8L MoS; junction measured at a gate voltage of 0 V. Inset: Optical image of the device. Scale
bar: 5 um. e) Statistics of electron mobility and f) current measured at Voo =40V and Vg =1V
as the function of layer numbers in CVD-grown MoS, flakes (red columns) and mechanically

exfoliated MoS, flakes (blue columns).

flakes hold great promise for addressing fundamental aspects
on optical nonlinearity and valley physics. Layer-dependent
Raman and PL spectra in these obtained MoS, exhibit similar
trends to mechanically exfoliated MoS,, suggesting analogous
interlayer interactions, band structure, and optical quality. The
high crystallinity together with the unique geometry of CVD-
grown ML MoS, flakes lead to quite high electron mobility for
constructing both high-performance FETs and diodes. More
importantly, the contact resistance is reduced in the CVD-
grown ML MoS, flakes to a large extent as each layer can
directly form conformal contacts to electrodes, and therefore,
greatly enhances the electrical performance of 2D MoS, and
makes this emerging material more competitive for future elec-
tronics. Moreover, our approach opens up a new avenue for
the performance optimization of various 2D semiconductors
by rational geometric design and controlled synthesis of these
materials.
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reached 630 °C and the heating was stopped when
the furnace cooled to 400 °C.

Characterizations: Optical images were captured
with Olympus BX 51M microscope. AFM images
were taken with Bruker Dimension Icon in tapping
mode. Raman and PL measurements were carried
out with Horiba-Jobin-Yvon Raman system at 532 nm
laser excitation with a power of T mW. Raman and PL
mapping images were collected at the step of 0.7 and
0.4 um, respectively. The Si peak at 520.7 cm™ was
used for calibration in the data analysis of Raman
and PL spectra. SHG measurements were performed
with a home-built setup. A femtosecond laser with
820 nm wavelength and 100 fs pulse duration was
used as the excitation source at a repetition rate
of 80 MHz. And the linearly polarized excitation
light focused on the sample by a Nikon objective
(N.A. = 0.9). TEM images and SAED patterns were
acquired with F20 at 200 kV. STEM experiment
was performed with the Titan 60-300, operating at
60 kV accelerating voltage. STEM-HAADF image
simulations were calculated using a multislice based
simulation software called QSTEM. All the input
parameters, including probe size, convergence angle,
and collection angles of the HAADF detector, were
set according to the experimental conditions.Pl X-ray
photoelectron spectroscopy (XPS) was measured with Thermo Fisher
ESCALAB 250Xi. The thermogravimetric analysis was carried out with
NETZSCH STA 449F3 under argon flow at the heating rate of 5 °C min™".

Device Fabrication and Measurement: EBL was used to define the
markers on the growth substrate and then fabricate electrode patterns on
selected MoS, flakes. Ti/Au (5/50 nm) films were thermally evaporated
for contacts. The obtained FETs were measured with a probe station at
room temperature under high vacuum (=10-> mbar) using Agilent B1500
A. The saturation current was normalized by the width. And the carrier
mobility of FETs was estimated using the equation below:4

L dly,

M W (eot, [d) Vs Vs U]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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