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ABSTRACT We report a scalable growth of monolayer MoS, films on
Si0, substrates by chemical vapor deposition. As-grown polycrystalline
MoS, films are continuous over the entire substrate surface with a tunable
grain size from ~20 nm up to ~1 zm. An obvious blue-shift (up to 80 meV)
of photoluminescence peaks was observed from a series samples with
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different grain sizes. Back-gated field effect transistors based on a =)
polycrystalline MoS, film with a typical grain size of ~600 nm shows a i R
Sulfur powder
field mobility of ~7 an?/(V s) and on/off ratio of ~10°, comparable to mog: der S10,1S4 substrate

those achieved from exfoliated MoS,. Our work provides a route toward £ 0 onm

scaled-up synthesis of high-quality monolayer MoS, for electronic and optoelectronic devices.

KEYWORDS: MoS, - chemical vapor deposition (CVD) - Raman spectrum - photoluminescence - field effect transistor

onolayer molybdenum disulfide
M(Mosz), a direct band gap (f5 =
1.8 eV) semiconductor,’ shows

promise in various electronic and optoelec-
tronic applications.2~” From a device point
of view, scaled-up fabrication of MoS, de-
vices requires large-area, continuous, and
high-quality monolayer MoS, on a dielectric
layer; unfortunately, such materials are cur-
rently unavailable. Here we report a scalable
growth of polycrystalline monolayer MoS,
directly on SiO, substrates with tunable
grain sizes. Band-gap engineering of the
polycrystalline MoS, monolayer was also
demonstrated via tuning its grain sizes from
tens of nanometers to micrometer scale.
The as-grown MoS, film fully covers the
entire substrate's surface, as evidenced by
AFM, Raman, and photoluminescence (PL)
imaging. Field effect transistors made of a
typical MoS, film on SiO, with a grain size of
~600 nm show a carrier mobility of
~7 cm?/(V s) and an on/off ratio of ~10°,
revealing the high quality of the material.
Various methods have been devel-
oped for scaled-up synthesis of MoS, thin
layers on insulating substrates. It has been
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demonstrated that MoS, thin layers can be
synthesized via sulfurization of predepos-
ited Mo thin films or thermal decomposition
of (NH4),MoS, with extra annealing.2® Such
methods usually yield multilayer MoS, or a
mixture of the monolayer and multilayer.
Chemical vapor deposition (CVD) is another
approach for scaled-up MoS, production
with sulfur and molybdenum compounds
such as MoO3 and MoCl;s usually used as
precursors.'®~'® Large MoS, grain size over
micrometers has been achieved via epitax-
ial synthesis on a mica surface'® or growth
of highly crystalline triangular islands on
Si0,;'*™* however, it is still challenging to
grow large-scale, continuous, and high-
quality MoS, films.'"® On the contrary, a
continuous MoS, film has been grown on
sapphire or SiO, substrates but with a grain
size at the nanometer scale, resulting in a low
carrier mobility of less than 1 cm?/(V s).'®

RESULTS AND DISCUSSION

In this study, we demonstrate the CVD
growth of continuous, uniform, and high-
quality monolayer MoS, directly on a SiO,
substrate, one of the most used substrates
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Figure 1. Synthesis setup and morphologies for different synthesis steps. (a) The corresponding locations of sulfur, MoO3,
and SiO,/Si are indicated in a three-temperature-zone CVD system. (b) Optical photo image contrast between the bare SiO,/Si
substrate and one with CVD grown MoS, on it (left). Magnified optical image of as-grown continuous MoS, film is shown
(right). (c—e) Typical growth steps are indicated by AFM images. The initial MoS, nucleation species are shown in (c). The
height thickness is plotted in (d). The darker area marked by white arrows indicates the SiO, substrate surface in (e).

in semiconductor technology. As depicted in Figure 13,
this CVD setup mainly includes a three-temperature-
zone furnace and a 1 in. quartz tube in which sulfur,
MoOj3, and substrates were sequentially placed in each
temperature zone. Typical temperatures used at zone |
(for S), Il (for MoOs), and Il (for substrates) are 120—130,
450—600, and 750—800 °C, respectively. The precursor
powders were preplaced outside of the furnace and
rapidly loaded from outside into each zone for starting
the growth. During the growth, argon was used as
carrying gas at a flow rate of 130 sccm and the vacuum
pressure was kept at 0.67 Torr. Note that the sulfur and
MoOs sources were separately loaded in two mini-
quartz tubes (diameter ~10 mm) in the present design,
which provides a stable evaporation of sulfur and
MoOs sources by avoiding any cross-contaminations
during the growth. At the deposition zone, MoOs vapor
can be reduced in sulfur vapor, eventually leading to a
deposition of MoS,."° Figure 1b shows obvious color
contrast between photos of a bare substrate and an
as-grown sample.'”'® Zoomed-in optical microscope
image of the MoS,/SiO, sample with a scratched strip
on the surface is shown on the right in Figure 1b. We
can see that monolayer MoS, film is uniform and
continuous across the entire substrate on a centimeter
scale.

The growth of MoS, on SiO, follows a typical 2D
growth mode, i.e, nucleation, growth, and coales-
cence. Figure 1c—e show atomic force microscope
(AFM) images of a series of samples after growth for
15, 25, and 50 min. For all these growths, 130, 540, and
750 °C were used for zones |, Il, and lll, respectively, and
the amounts of sulfur/MoO; powders were fixed at
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0.6 g/35 mg. We can see that, at the early stage of
growth, MoS; nuclei were randomly distributed on the
SiO, surface (Figure 1c). With growth continuing, these
nuclei grow into larger grains (Figure 1d), and even-
tually, a continuous film can be formed by coalescence
(Figure 1e). The thickness of these grains or continuous
film is ~0.8 nm (as seen in the height profile cut along
the white line in Figure 1d), equal to a monolayer
thickness of MoS,. The MoS, grain size in Figure 1e is
~600 nm. The AFM height images of the as-grown film
show uniform color contrast, suggesting the homo-
geneous thickness of monolayer MoS..

From Figure 1c—e, we can see that only monolayer
MoS, was grown; bilayer or multilayer MoS, was rarely
seen. Such self-terminated growth is in agreement
with previous observations.'” It is also worth noting
that the nucleation process occurs only at the early
growth of stage and is likely to stop afterward, as
evidenced from the uniform sizes of the enlarged
grains. This phenomenon can be understood from a
thermodynamics point of view. For 2D materials nucle-
ation, steady nuclei form at the defect sites on a sur-
face. With increased nuclei density, incoming MoS,
species need to diffuse only comparatively shorter
distance to coalesce into the nuclei already formed
rather than initiating new ones. Amounts of these
metastable nuclei obey the rule called “detailed
balance”,?* and smaller grains can be turned into larger
ones by adsorbing atoms, while larger grains become
smaller by releasing some atoms. Thus, at the thermo-
dynamic equilibrium point, each grain keeps a homo-
geneous size. Moreover, the mean free diffusion length
of incoming MoS, species on SiO; is expected to be
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Figure 2. Optical characterizations of a continuous monolayer MoS, atomic layer. (a) X-ray photoemission spectroscopy (XPS)
demonstrating binding energy for Mo and S. (b, ) Typical Raman and normalized PL spectrum comparisons between our as-

grown monolayer MoS, thin film and an exfoliated one.

much shorter than that on MoS,. As a result, growth is
favored on the SiO, surface rather than as nucleated
MoS; species until the SiO; surface is fully covered.

In order to further study the MoS; structure of the as-
grown continuous films, we carried out optical char-
acterizations (Figure 2). X-ray photoelectron spectros-
copy (XPS) of the sample (Figure 2a) reveals the
existence of Mo*', peaking at 230 eV (3ds/,) and
233.2 eV (3d5,0), and S?7, peaking at 162.7 eV (2ps,)
and 163.8 eV (2p+,2), with an atomic composition ratio
for S and Mo of 2:1. This sample was also characterized
by Raman (Figure 2b) and photoluminescence spec-
troscopy (Figure 2¢) with 532 nm excitation laser. As a
comparison, exfoliated monolayer MoS, on SiO, was
also included as control samples. According to the
literature,'®~2" Raman peaks at 386.5 and 406.3 cm ™'
(Figure 2b) correspond to in-plane vibration of Mo and
S atoms (E>q mode) and out-of-plane vibration of the
S atom (A;4 mode), respectively. Spacing between the
two peaks (A) is ~19.8 cm™', which is close to exfo-
liated monolayer MoS, (A = 19.4 cm™"). The full width
at half-maximum (fwhm) of E,q, ~5.1 cm™, confirms
the monolayer nature and high quality of the as-grown
MoS, as compared with the exfoliated one. The PL
spectrum of the sample is also very similar to that of
exfoliated MoS, (Figure 2c), with two characteristic
peaks at 625 nm (B; excitation, originating from the
valence band splitting caused by strong spin—obit
coupling) and 675 nm (A; excitation, derived from
direct band gap).?*?*> The PL peaks were normalized
to the intensity of the Raman A, 4 peak to rule out other
external factors.>” The normalized PL intensity exceed-
ing 6 is more evidence of the high quality of the
sample. Note that the observed PL fwhm for our
synthesized monolayer MoS, is much smaller than
the exfoliated one, indicating a high crystal quality.
More details of Raman and PL mapping images for as-
grown monolayer MoS, are provided in the Supporting
Information (Figure S1).

Transmission electron microscopy (TEM) was also
applied to confirm the atomic structure of the as-
grown MoS; film. Figure 3a is the typical bright-field
TEM (BF-TEM) image showing the morphology of the
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continuous MoS, thin film. The folded edge in
Figure 3b reveals that our MoS, film is monolayer.
The high-resolution TEM image in Figure 3c confirms
the defect-free honeycomb lattice arrangement of
MoS, with typical (100) and (110) interplanar spacings of
0.27 and 0.16 nm, respectively. Dark-field TEM (DF-TEM)
can characterize the grain boundary and the grain size
in polycrystalline MoS, films.">'* The DF-TEM bright-
ness contrast in Figure 3d reveals that individual grains
(marked with A and B) are single crystalline, while for
the continuous MoS, film formed by grain—grain coa-
lescence, grain boundaries are expected since these
grains on SiO, have a random distribution of lattice
orientations. Figure 3e shows the corresponding false-
color DF-TEM image constructed by overlaying differ-
ent DF-TEM images. A grain with uniform color is single
crystalline, while grains with different colors reveal
different lattice orientations. For two adjacent MoS,
grains, the selected-area electron diffraction (SAED)
pattern covering the grain boundary marked with a
yellow dashed circle shows two sets of 6-fold symmetry
crystal structures with a 25° orientation difference
(Figure 3f). Note that we can rarely see bilayers or a
disconnect gap between two adjacent grains. This is
consistent with the results shown in Figure 1d and e.In
addition, the typical grain size in the polycrystalline
MoS, film shown in Figure 3e can be confirmed to
be ~600 nm.

As-grown MoS; films on 300 nm SiO; substrates with
a typical grain size of ~600 nm were also used for
fabrication of back-gated field effect transistor (FET)
devices. The film was first patterned into strips by
electron beam lithography (EBL) and Ar-plasma etch-
ing; Ti/Au (2 nm/40 nm) contact electrodes were then
defined by additional EBL, metal evaporation, and a
lifting-off process. Devices were annealed at 380 °Cfor 1 h
in an argon atmosphere before electrical measure-
ments in a vacuum with a base pressure of <2 x 1077 Pa.
Figure 4a shows an optical image of typical devices.
The transfer and output characteristics of a device
with channel length L = 20 um and channel width
W =5 um are shown in Figure 4b and c, respectively.
These devices show typical n-type behavior with a
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Figure 3. TEM characterizations of a 600 nm grain-sized MoS, thin film. (a) Bright-field (BF) TEM image of a MoS, thin film. (b)
BF-TEM image of as-grown monolayer MoS, with a folded edge. (c) The HR-TEM image magnified from the area marked with a
yellow square shows a crystalline orientation. The (100) and (110) interplanar spacing is 0.27 and 0.16 nm, respectively. (d)
Dark-field TEM image presenting different crystal orientation and grain size. (e) Corresponding false-color DF-TEM of (d).
Grains A and B colored with green and red confirm two adjacent single-crystalline MoS, flakes coalescence with random
orientation. (f) Corresponding SAED pattern for the area marked with a yellow dashed circle in Figure 3d.

Vas 8.0x107
a b C s
—_ =~ r »
< . < 1E7 o)
= 60x107} =N | 1S
o o 1E8| 3
5 5 1E9 a
o o o =
2 4010 2 B0 T
s g
° 20d0” S e g
8 “ g 1512 "3
3 S 1E13 2
o o >
n 0.0 ; ; - . D 1E14 - =
00 02 04 06 08 10 60 40
Source drain current (V)

d1E—5r e f o

< 1ES —_ » Raw data Vg=60V = 60V .

< [ < - " .

= BT} <o — Linear fiting 6 o s0v .

E) 1E-8f § gs- A 40V

3 1E9f 3 T 4 . 4

§ ol 2| g 2 -

O 1E — S et >

© ——100K ° = 2f "o

g 1E12 T 3 5 L

S 1e13 —a = sy

[e] J—

60 40 20 0 20 40 60 3 4 5 6 7 8 9 10 0 50 100 150 200 250 300
Gate voltage (V) 1000 (K") T(K)

Figure 4. Electrical properties of an as-grown monolayer MoS; film. (a) The device schematic diagram is shown (top). The
optical image shows the as-fabricated FET device with various channel lengths based on as-grown monolayer MoS, with a
600 nm domain size (bottom). (b, c) Electrical output and transfer curve of this device. Back-gate voltage (V) sweeping: —60
to 60 V; source—drain bias (Vg4s): 200 mV to 1 V. (d) Transfer curve for the device when reducing the temperature from 300 K to
20 K. (e) The temperature dependence of source—drain current is plotted using the thermally activated transport model. (f)
The statistical mobility as a function of temperature is shown at 40, 50, and 60 V gate voltage.

maximum on/off ratio of more than 5 x 10° at 300 K. is 7 + 0.5 cm?/(V s), which is very close to the number
The threshold voltage is at —50 V. We calculated the obtained previously from exfoliated MoS, on SiO,
electron mobility of MoS; in this device using a stan- (0.1=10 cm?/(V s)).2 (Other electrical measurement

dard transistor model,”> 22 and the resulting mobility ~ results are shown in Figures S2 and S3.)
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Figure 5. AFM images of MoS, continuous thin films with 200, 400, and 600 nm grain size before and after O, treatments.
(a—c) Typical AFM images for 200, 400, and 600 nm grain-sized MoS, thin film. (d—f) Corresponding AFM images after

oxidation at 250 °C for 15 min.

We also carried out cool-down measurements for
the same device. Figure 4d shows the typical transfer
curve at various temperatures. An obvious threshold
voltage shift from —50 V to 0 V was observed during
cooling from 300 K to 20 K, indicating a suppression
of the substrate doping effect. Off-state drain currents
show an obvious decrease during cooling. For the
monolayer MoS, device, I4s dependence of tempera-
ture can be explained by the model of thermally
activated transport. From these transfer curves, we
can estimate thermal activation energy E, based on
the thermally activated transport formula:? /s = VysGo-
(M e 5T where Iy, (V45 is the source—drain current
(voltage), Go(T) is the temperature (T)-related parame-
ter, and kg is the Boltzmann constant. The curve of In /4
versus 1/T is plotted at fixed Vg, in Figure 4e. From a
linear fitting, we can extract an E, of ~0.2 eV, which is
much smaller than the band gap of monolayer MoS,.
This can be attributed to the depth of the donor band
located above the valence band caused by impurities
or defects."?* We also plotted the mobility as a func-
tion of temperature at V= 40, 50, and 60 V (Figure 4f).
We can see that the overall mobility is higher at higher
Vg and at the fixed V,, the mobility decreases with
temperature. In this case, charge impurities scattering
is the dominant factor that limits the mobility.

As discussed above, DF-TEM is useful for directly
viewing the grain sizes and grain boundaries in the as-
grown MoS, films. However, it is not convenient when
dealing with large-scale samples. Thus, we developed
an easy and fast approach to identify the grain bound-
aries in our MoS, films. This approach includes, first,
calcining in air and, second, imaging via AFM. Grain
boundaries are usually invisible under AFM imaging,
but they may become visible after calcinations since
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these grain boundaries are preferred sites for etching.
Figure 5a—c show typical AFM images of three as-
grown samples with different grain sizes. After calcin-
ing in air at 250 °C for 15 min, grain boundaries were
etched, resulting in etched grooves in the MoS, films
(Figure 5d—f). The average grain sizes of the three
samples are estimated to be ~200, ~400, and
~600 nm, respectively. In this way, the information
on grain boundaries and sizes can be easily obtained,
which is also consistent with our TEM characterizations.

As seen above, as-grown continuous, monolayer,
large grain sized MoS, on SiO; is of high quality, close
to that of exfoliated MoS,. It is also interesting, but
rarely reported, to investigate the band-gap engineer-
ing in such polycrystalline films. By controlling the
amount and evaporation temperature of the precur-
sors, the deposition temperature of the substrate, and
growth duration, we are able to grow a series of MoS,
samples (#1—6) with various grain sizes (the topogra-
phy of the AFM images is provided in Supporting
Information Figure S4). The average grain sizes of
samples #1—6 were estimated from the approach
described above. Figure 6a shows the Raman spectra
of samples #1—6, revealing very similar features in
terms of peak positions and intensity. However, PL
spectra of these samples differ obviously, and a blue
shifting was observed when the grain size decreases
from ~100 nm to ~20 nm (Figure 6b). We can see that
the band gap of the samples can be tuned from 1.84 eV
to 1.92 eV reliably (80 meV blue-shift for the peak
position of A; excitation). No obvious blue-shifting of
energy (<10 meV) was observed when the grain size
increases to over 100 nm. We attributed this upshift of
peak energy to the varied grain boundary density, as
the local change of doping or strain around the grain
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Figure 6. A series of continuous MoS, samples with different domain sizes show obvious energy blue-shift caused by various
domain boundary density. (a) Raman spectra for a series of samples marked #1 to #6 with various domain sizes from
20 to 600 nm. (b) Photoluminescence shift for corresponding samples from #1 to #6. (c) Statistics data of mobility as a function
of channel length based on monolayer MoS, transistors with grain sizes of 20, 200, and 600 nm, respectively (corresponding
AFM images for samples #1 to #6 are shown in Supporting Information Figure S4).

boundary may modulate the band structure.'>%30~32

Note that the laser spot size performed for the PL
spectra is about 1 um, which is larger than the grain
size in all our samples.

Moreover, we also investigated the electrical prop-
erty of continuous MoS; films with varied grain sizes.
The distribution of mobility with MoS, grain sizes of
~600, ~200, and ~20 nm is plotted as a function of
varied channel length in Figure 6c. We can clearly see
that films with smaller grains have lower mobility. For a
typical 20 nm MoS, film, the mobility is less than
0.5 cm?/(V s). This is expected since smaller grains
would lead to extra scattering for electron transport
in the polycrystalline MoS, film,'*'> while for 200 and
600 nm MoS; films, the mobility ranges from 2 to
7 cm?/(V s), indicating that grain boundary plays a

METHODS

Growth of MoS, Films. The MoS, film was grown on a SiO,
(300 nm)/p—++-Si substrate precleaned with acetone and 2-pro-
panol. The growth process was carried out in a CVD system
using MoOs (Alfa Aesar 99.999%) and S (Alfa Aesar 99.9%)
powder as the precursor. Typical designed lengths used at
zones | (for S), Il (for MoQs), and Il (for substrates) are 15, 10,
and 20 cm, respectively. The length of the heat insulating layer
between each temperature zone is 10 cm. The distance be-
tween S and MoOs is 22 cm. The SiO; substrates were placed
downwind along zone lll. The typical length between MoO3 and
SiO, for continuous MoS, monolayer growth is 18 c¢cm. The
tunable growth parameters include precursor evaporation
temperature, substrate deposition temperature, pressure, gas
flow rate, the relative location of SiO,/Si, growth duration, etc.
Each of the three temperature zones was heated to a preset
value at a rate of 25 °C/min, respectively. Each temperature
zone was kept stable for 20 min before growth.

Fabrication of the MoS, FET Devices. The 5% 495 PMMA in anisole
was spin-coated at 4000 rpm on the as-prepared samples and
then was patterned into strips by a Raith e-beam lithography
system (or optical lithography). Argon-plasma etching as reac-
tive gas was carried out in a reactive ion etching system
(PlasmaLab 80 Plus, Oxford Instruments Company). The plasma
power, argon pressure, flow rate, and etching time are 50 W, 0.1
Torr, 50 sccm, and 20 s, respectively. Metal electrodes were then
made for the patterned MoS, by electron beam lithography,
metal film deposition, and lifting-off techniques. Electrical
measurements were performed with an Agilent semiconductor
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limited role in the carrier transport through polycrystal-
line MoS, films.

CONCLUSION

We developed a facile method to grow centimeter-
scale, continuous, and uniform monolayer MoS, films
via a new CVD configuration. The growth of MoS, thin
films on SiO, follows a typical 2D growth mode:
nucleation, growth, and coalescence. As-grown films
are of high quality comparable to exfoliated MoS,, as
evidenced from Raman, PL, HRTEM, and also electrical
transport characterizations. We also demonstrate the
possibility of band-gap engineering in such polycrys-
talline films by tailoring the grain sizes. Our work
suggests that these scalable CVD MoS, films are ideal
materials for electronic and optoelectronic devices.

parameter analyzer (4156C) under high vacuum in a four-probe
station system.

Characterizations of As-Grown MoS, Film. Raman spectroscopy
was carried out using a Horiba Jobin Yvon LabRAM HR-Evolution
Raman microscope. The excitation light is a 532 nm laser, with
an estimated laser spot size of 1 um and a laser power of 10 mW.
High-resolution Raman and photoluminescence mapping
images were obtained with a 100x objective, 600 grooves/
mm grating, and a 500 nm mapping step. The surface morphol-
ogy images of MoS, were characterized by an atomic force
microscope (AFM, MultiMode llid, Veeco Instruments Inc.) Ele-
mental composition analysis was performed using X-ray photo-
electron spectroscopy (ESCALAB 250, Thermo Fisher Scientific
Inc.) with focused monochromatized Al Ka radiation. Transmis-
sion electron microscopy images were performed at 200 kV in a
JEOL 20I0F field-emission-type high-resolution TEM. For TEM
characterizations, the as-grown monolayer MoS, was trans-
ferred to a TEM grid by etching away the SiO, with hydrofluoric
acid solution.
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Supporting Information Available: More Raman and photo-

luminescence mapping images of as-grown MoS, films and
more AFM images and electrical measurements for MoS; films
with varied grain sizes. This material is available free of charge
via the Internet at http://pubs.acs.org.
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