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Abstract
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Compared with MoS, and WS,, selenide analogs have narrower band gaps and higher electron
mobilities, which make them more applicable to real electrical devices. In addition, few-layer
metal selenides have higher electrical conductivity, carrier mobility and light absorption than the
corresponding monolayers. However, the large-scale and high-quality growth of few-layer metal
selenides remains a significant challenge. Here, we develop a facile method to grow large-area
and highly crystalline few-layer MoSe, by directly selenizing the Mo foil surface at 550 °C
within 60 min under ambient pressure. The atomic layers were controllably grown with
thicknesses between 3.4 and 6 nm, which just met the thickness range required for high-
performance electrical devices. Furthermore, we fabricated a vertical p—n junction photodetector
composed of few-layer MoSe, and p-type silicon, achieving photoresponsivity higher by two
orders of magnitude than that of the reported monolayer counterpart. This technique provides a

feasible approach towards preparing other 2D transition metal dichalcogendes for device

applications.

Supplementary material for this article is available online
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1. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs,
e.g., MoS,, WS,, MoSe,, WSe;, MoTe, and WTe,) with a
significant band gap have recently attracted much interest owing
to their unique electronic, optical, magnetic and thermal prop-
erties for various applications in light-emitting devices, photo-
detectors, solar cells and field effect transistors [1-9]. Monolayer
TMDs have a ‘three-layer’ structure consisting of nonmetallic
(S, Se or Te) at the top and bottom layers sandwiching Mo
layers [3, 10]. In few-layer counterparts within 2—10 layers, the

0957-4484/18,/125605+-09$33.00

layers are stacked together with weak van der Waals interactions
between the nonmetallic atoms [3, 5, 11]. With the thickness
decrease in semiconducting TMDs, such as molybdenum- and
tungsten-based dichalcogenides, their band gaps are transformed
from indirect for a bulk or multilayer counterpart to direct for
a monolayer due to quantum confinement effects [5, 12, 13].
However, the inherent monolayer thickness possesses a vast
challenge in the weak interaction between light and the mono-
layers, which results in poor light emission and absorption
behavior [7, 14, 15]. In comparison with the monolayers, the
density of states of few-layer TMDs is three times that of the

© 2018 IOP Publishing Ltd  Printed in the UK
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corresponding monolayer [16], and exceptional physical phe-
nomena, such as strong electroluminescence, high carrier
mobility, saturable absorbing and remarkable light absorption,
have been observed in the few layers [7, 16—18]. The excep-
tional physical properties give rise to a large range of applica-
tions in high-performance field effect transistors, high-speed
flexible electronics and phototransistors [7, 16-23]. In particular,
TMDs within 2—7 nm in thickness are very suitable for fabri-
cating high-performance electrical devices [7].

Among the 2D TMDs, molybdenum selenide (MoSe,) is
considered as an important semiconductor, superior to the
corresponding sulfides in optoelectronics and electronics
applications owing to the inherent advantages of a smaller
band gap of 1.55 eV in monolayer MoSe, than that of 1.9eV
in monolayer MoS,, a ten-fold narrower line width and
tunable excitonic charging effects compared with monolayer
MoS,. Few-layer MoSe, possesses tailorable attributes
and designed functionalities due to layer-number-dependent
optical and electrical properties, and the band gap varies from
1.55 eV in a monolayer to 1.1 eV in a bulk counterpart, which
will be beneficial to high-efficiency photoelectronic and
photovoltaic devices [24, 25]. In experimental realization, a
mechanically exfoliated technique using Scotch tape from the
bulk was found to be unsuitable for constructing large-scale
integrated devices due to the obtained small size [24]. The
chemical vapor deposition (CVD) method is a potential
technique for few-layer MoSe, thin films towards large-area
applications in optoelectronic devices [5, 26—28]. Fashionable
CVD techniques have concentrated on the selenation of Mo
films or molybdenum compounds (such as MoO; and MoCls)
to prepare few-layer MoSe, thin films on diverse substrates
such as SiO,/Si and sapphire; however, they are unable to
synthesize large-area, uniform, easy transferable and highly
crystalline MoSe, atomic layers [5, 26-29]. Molecular beam
epitaxy had been developed to grow large-scale few-layer
MoSe, with high quality, but it was not beneficial to industrial
applications due to its high cost [5, 30]. Therefore, the con-
trollable preparation of large-scale, uniform, easily transfer-
able and highly crystalline few-layer MoSe, is of urgently
importance to meet the high requirement of fabricating
advanced photoelectronic and photovoltaic devices on an
industrial scale. Here, we report a facile method to grow
uniform and highly crystalline few-layer MoSe, over the
order of centimeters by directly selenizing annealed Mo foil
surfaces in selenium (Se) vapor at 550 °C for 60 min under
atmospheric pressure. After preparation, the obtained films
are easily transferrable to various substrates by removing the
Mo foil using a diluted ferric chloride (FeCls) solution.
The thickness of the thin films transferred onto a 285 nm
Si0,/Si substrate is in the range of 3.4 to 6 nm, which per-
fectly falls in the range of 2—7 nm for the best performance of
electronic devices. To demonstrate the potential in photo-
electric device applications, we fabricated a vertical p—n
junction photodetector composed of few-layer MoSe, and
p-type silicon.

2. Experimental details

2.1. Growth and transfer of few-layer MoSe,»

Typically, a molybdenum foil (20 ym, 99.95%), 5Scm in
length and 1cm in width, was degreased and cleaned by
acetone, IPA and ethanol, respectively. Then, it was annealed
at 1400 °C for 10h under an atmosphere of 50sccm H,,
which induced recrystallization to enlarge the crystal grain
boundaries on the Mo foils (figures S1(a), (b) are available
online at stacks.iop.org/NANO/29/125605/mmedia). The
detailed CVD procedure for preparing the few-layer MoSe, is
as follows: firstly, a Mo foil was put into a quartz tube located
at the growth zone; secondly, 500 mg selenium powders
(99.999% purity, Alfa Aesar) inside a quartz crucible were
put on the source zone, which was located upstream from the
Mo foils, and the zone was heated to a temperature of 250 °C
with a high-temperature ceramic heating ring for 10 min
under 10 sccm Ar gas; thirdly, the growth zone was heated
to 550 °C at a rate of 20°Cmin ' and carrier gas flow of
10sccm, and it was kept at this temperature for different
durations from 1 to 120 min (figure S2); fourthly, the source
zone was cooled to room temperature with the assistance of
an electric fan for 3 min; finally, the furnace was opened and
cooled to room temperature naturally for over 30 min. As
such, few-layer MoSe, was prepared by the CVD procedure
at atmospheric pressure using ultrahigh-purity argon as the
carrier gas. After the growth, MoSe, atomic layers at one-side
of the Mo foil were removed by mechanical grinding. PMMA
was initially spin-coated onto the other side of the as-syn-
thesized sample. The Mo foils were dissolved using 2 M iron
chloride. Afterwards, the MoSe, coated PMMA was trans-
ferred onto a 285 nm SiO,/Si substrate and the PMMA layer
was removed in hot acetone. The few-layer MoSe, could also
be easily transferred onto different substrates such as PDMS,
PET, SiO,/Si, quartz and glass.

2.2. Structural characterization of MoSe; film

Optical microscopy of Olympus BX41 was employed to
capture the morphology of the few-layer MoSe,. Atomic
force microscopy (AFM, SmartSPM, HORIBA Scientific)
was used to obtain the thickness profile of the as-synthesized
MoSe, films. Field emission scanning electron microscopy
(FESEM) images were captured on a ZEISS Merlin. Trans-
mission electron microscopy (TEM) images and selected area
electron diffraction (SAED) patterns were performed using a
JEM 2100F FESEM (JEOL, Tokyo, Japan) working at
200kV. Raman spectra were recorded using an Evolution
Raman microscope from HORIBA scientific with an excita-
tion laser of 532 nm and an estimated laser spot size of 2 ym.
Chemical state and elemental composition analyses were
performed using x-ray photoelectron spectroscopy (ESCA-
LAB 250, Thermo Fisher Scientific Inc) with focused
monochromatized AlKa irradiation.
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2.3. Fabrication and measurement of few-layer MoSe>—Si
heterojunction devices

To fabricate the few-layer MoSe,/p-Si heterojunction pho-
todetectors, we selected p-type Si wafers with a resistivity of
0.1-0.5Q cm, which corresponded to a boron doping level
of 3 x 10'°-10"" cm ™. The detailed preparation process of
the MoSe,/p-Si devices was as follows: (1) a wafer 4 in in
diameter was first cut into smaller pieces of 1 x 1cm? in size;
(2) the natural oxide layer on the Si substrate was removed by
immersing it into 5% diluted hydrofluoric acid (HF) for
2min; (3) a 0.2 x 0.2cm? photosensitive area for the pho-
todetectors was determined by a blue tape (Nitto Tape); (4)
300 nm SiO, was deposited on the p-Si wafers by a sputtering
process; (5) a 0.3 x 0.3 cm® window of the photodetectors,
which contained the photosensitive area, was also defined by
a blue tape; (6) a gold thin film with 150 nm thickness was
deposited on the 300 nm SiO, on Si substrates to fabricate a
square electrode. The process was performed using magne-
tron sputtering equipment (Quorum QI150T). The equipment
was evacuated down to 107> Pa and then the pressure was
raised to, and kept at, 1 Pa under argon gas. After that, the
sputtering process was started and the deposition rate was
13 nm min~ . (7) Few-layer MoSe, was transferred onto the
surface of the square electrode and photosensitive area on
the Si substrates. Note: (a) the adhesive residues from the blue
tape were removed by acetone over 30 min; (b) before
transferring MoSe, thin films, a final dip in 5% HF solution
for 3 s was carried out to remove any native oxide that may
have regrown during the fabrication process; (8) the
MoSe,-Si photodetector was heated at 150 °C for 30 min in
vacuum to enhance the electrical contact. In the photo-
detectors, the Au thin films contacted with the MoSe, films
acted as a negative electrode, and silver conductive paint dots
contacted with the bottom of the p-Si acted as a positive
electrode. The electrical properties of the photodetectors were
measured by a Keithley 2400 sourcemeter in darkness and
light conditions. A commercial red LED with a 625nm
wavelength was used as the illuminated light. All the mea-
surements were performed at room temperature.

3. Results and discussion

3.1. Synthesis and characterization of few-layer MoSe,

In our work, a high-temperature tube furnace was used for the
CVD synthesis of few-layer MoSe,. A schematic diagram of
the growth setup is displayed in figure 1(a). The atomic
structure of the MoSe, atomic layers is indicated in the a, b
and ¢ directions, as shown in figure 1(b). Typically, the
annealed foil surface was selenized by selenium vapor and the
MoSe, was controllably grown on the Mo foils at 550 °C for
60 min (figures 1(c), S1(c) and (d)). Furthermore, the thin film
was successfully transferred onto various substrates for fur-
ther characterization and device application (figure 1(d)).
The morphology of the obtained few-layer MoSe, sam-
ples was characterized by scanning electron microscopy

(SEM). It was observed that an atomically smooth MoSe,
film was produced on the Mo foil surface, and the thin film
had large grain boundaries of more than 50 ym in size, which
was in good agreement with those for the pure annealed Mo
foil (figure 1(c) and S1(b)). Optical microscopy was used to
characterize the micro-scale morphology of the obtained
MoSe, thin film, and the optical contrast between the thin
films and the SiO,/Si substrate showed that the film was
continuous and nearly uniform in a large area (figure 1(d)).

Raman spectroscopy and AFM were utilized to further
investigate the crystal quality and thickness of few-layer
MoSe, on 300 nm SiO,/Si substrates, as shown in figure 2.
The Raman spectrum shows that the two intense peaks are E,
and A;; modes of MoSe, films, which grew at 550 °C for 1,
10, 30, 60 and 120 min, respectively (figure 2(a)). The pro-
minent A;, Raman mode and the weak E,, Raman mode can
be assigned to out-of-plane vibration of Se atoms and in-plane
vibration of two Se atoms with respect to the Mo atom,
respectively. Figures 2(b)—(f) show AFM images of the thin
films grown at 550°C for 1, 10, 30, 60 and 120 min,
respectively. The AFM images show that the thickness of the
MoSe, film grown at 550 °C for 1 min is around 3.4 nm; the
value is 4.1 nm when prolonging the reaction time up to
10 min, then it becomes 6.0 nm when further increasing the
reaction time to 60 min and finally it slightly decreases to
5.0 nm for longer reaction time up to 120 min, which indi-
cates that the films consisted of 5-9 layers. Additionally, the
location of Raman modes can be used to determine the
thickness of 2D materials [29, 31, 32]. Being consistent with
the reported values [33, 34], in our work, the A;; mode of 5L
MoSe, is located at 233.3 cm” L along with the increase of
the reaction time, the mode is blue-shifted to 235.1 cm ™" for
6 layers and finally to 236.9 cm™" for 7- and 9-layer MoSe,.
Nevertheless, the E,, modes stay at 285.6 cm ™! due to the
relative thickness. The frequency difference between the E,
and A, modes is another important indicator of determining
the thickness of 2D materials, but different substrates or
synthesis methods may cause deviations from the ideal
values. We found that the frequency difference decreases with
the increase of the layer numbers, and the values are 52.7,
50.5 and 46.9cm ™' for 5, 6 and 7 or 9 layers, respectively.
The stiffening of the A;, mode may result from the increase in
the van der Waals interaction between the layers, while the
softening of the E», mode may be caused by the presence of
long-range coulomb interactions between the layers [29, 35].
Similar phenomena have been previously observed in other
2D materials including GaSe, h-BN, MoS, and graphene
[36-38].

The crystal structure and quality of the few-layer MoSe,
prepared by the direct selenization process were further
characterized by TEM. It was found that the ultrathin MoSe,
atomic layers cover the holes of the TEM grid, as shown in
figure 3(a). The high-magnification TEM image shows that
the MoSe, atomic layer is uniform and continuous, as shown
in figure 3(b). The high-resolution TEM image in figure 3(c)
and the corresponding SAED pattern in the inset show that
the film exhibits a polycrystalline characteristic. Furthermore,
a high-resolution TEM (HRTEM) image reveals that the film
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Figure 1. (a) Schematic illustration of the growth setup for synthesizing few-layer MoSe, grown by selenizing the annealed Mo foil surface at
550 °C for 60 min. (b) Atomic structure of MoSe, atomic layers shown in the a, b and ¢ directions. (c) SEM image of the MoSe, atomic
layers on the Mo foil. (d) Optical image of the MoSe, atomic layers on the Mo foil transferred onto a 285 nm SiO,/Si substrate.
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Figure 2. Raman spectra of few-layer MoSe,: (a) Raman spectra of MoSe, atomic layers grown at various durations. (b)—(f) AFM images of
MoSe, atomic layers grown at various durations. The thickness is varied from 3.4 to 6.0 nm. All the AFM images were performed on 300 nm

Si0,/Si substrates.
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Figure 3. (a) Low-magnification TEM image of MoSe, atomic layers covering a TEM grid. (b) TEM image of the MoSe, atomic layers over
a hole of the TEM grid. (¢c) HRTEM image of the MoSe, atomic layers. The inset is the corresponding SAED pattern. (d) Reconstructed
HRTEM image by masking the FFT pattern, indicating clearly that the structure of the thin film has a character of 2H MoSe, atomic layers.
The lattice spacings of 2.85 A can be indexed into the (100) crystal faces of 2H MoSe,. The inset shows the hexagonal arrangement of Mo

and Se atoms.

has a 2H hexagonal lattice structure. To clearly index the
lattice orientations, the corresponding MoSe, atomic layer
was reconstructed by masking the fast Fourier transform
(FFT) pattern (figure 3(d)) and the result indicated the 2H
hexagonal lattice structure of MoSe, with a lattice spacing of
2.85 A, which corresponded to (100) planes. The right top of
figure 3(d) shows the hexagonal lattice model with Mo and
Se atoms. The lattice constant of the 2D hexagonal lattice
is measured directly from the image and determined to be
a = 3.329 A, which is in good agreement with that of the
bulk MoSe, with a space group of P63 /mmc [34, 39-41]. In
addition, the TEM images of the MoSe, thin films grown at
550 °C with various durations were characterized to investi-
gate the growth process and reveal the nucleation mechanism
(figure S3).

X-ray photoelectron spectroscopy (XPS) was adopted to
provide information not only about the chemical stoichio-
metry but also about the bonding of Mo and Se atoms in the

few-layer MoSe, on 300 nm SiO,/Si substrate (figures 4(a)—
(b)). The high-resolution XPS spectra show that the binding
energies of Mo 3d3 > and Mo 3ds/, in the Mo 3d spectrum are
respectively located at 231.7 and 228.6 eV, which could be
attributed to the Mo*" chemical states in MoSe, (figure 4(a))
[31]. In addition, a peak at 229 eV can be attributed to Se 3 s.
The weak peaks located at 229.4 and 232.5 eV can be indexed
to Mo*t 3ds 2 and 3dsz/, of MoO,, respectively. The other
two weak peaks at around 232.5 and 235.7eV can be
respectively indexed to Mo®" 3ds 2 and 3d3 /> of MoOs. The
3ds/, of the MoOj lies just below the 3d3/, of the MoO,
feature. In addition, the binding energies at 54.2 and 55.0 eV
in the Se 3d spectrum are characteristic of the Se?” of MoSe»
(figure 4(b)) [31]. Furthermore, the selenium-to-molybdenum
stoichiometric ratio of Se and Mo of approximately 1:2 is
obtained from the high-resolution XPS, suggesting that
our CVD grown few-layer MoSe, is reasonably chemically
stoichiometric.
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Figure 4. XPS spectra of MoSe, as-grown at 550 °C for 60 min. (a) XPS spectrum of Mo 3d and (b) XPS spectrum of Se 3d.

3.2. Growth mechanism of few-layer MoSe,

The growth process of MoSe, film was explored by imple-
menting the experiments as follows. (1) High-temperature
pre-annealing was employed to improve the purity of Mo foils
and enlarge the Mo grains, which facilitates controllably the
reaction of Se with the Mo atoms on the substrate and makes
the size of MoSe, atomic layers larger, similar to the pre-
treatment on the MoS, atomic layers [42]. (2) The influence
of reaction time on the quality of few-layer MoSe, was
investigated in detail. As mentioned above for the reaction at
550 °C (figure 2), it was observed that the thickness of the
atomic layers was less than 5.0 nm for a reaction time within
30 min, uniform and thicker films with 6 nm in thickness were
formed when prolonging the duration up to 60 min (figure
S2(c)), while the thin MoSe, atomic layers when the duration
reached 120 min (figures S2(a), (b) and (d)). The observation
could be explained as follows: The deposition process was
synergistically controlled by both surface and bulk diffusion
at the reaction temperature. In addition, the process was also
followed by the decomposition process of MoSe, thin films
on Mo foils. With prolonging the reaction time up to 120 min,
the selenium vapor concentration was reduced to a certain
degree due to the loss of selenium powder in the source zone,
which led to a reduction in thickness of MoSe, thin films
because the decomposition rate is higher than the deposition
rate. (3) The influence of reaction temperature on the quality
of few-layer MoSe, was also probed. As the temperature was
down to 350 °C, all of the produced thin films were dis-
continuous due to the inadequate reaction of the selenium
source with the molybdenum substrate (figure S4). When the
temperature was set to 450 °C, large-area and uniform films
were only formed when the duration was below 10 min, and
the thicker films were produced when prolonging the duration
from 30 to 60 min (figure S5). When the temperature was set
to over 650 °C for 30 min, large-area and uniform films were
formed (figures S6(a) and (c)), however, discontinuous films
were obtained after further prolonging the duration for more
than 60 min owing to the adequate reaction of the selenium
source with the molybdenum substrate (figures S6(b) and (d)).
Overall, the dependence of growth of the as-synthesized

MoSe,; thin films on the reaction temperature and time is
summarized in figure S7.

Based on the experimental investigations, we propose a
surface-diffusion-limited reaction mechanism to explain our
experimental observations, similar to the proposed mech-
anism in our monolayer MoS, [42]. By contrast to the pre-
vious mechanism, the chemical reactivity of the precursor Se
source is lower than that of the S source with Mo atomic
surface [10, 26, 43]. Thus, it is necessary to extend the
reaction time longer for large-scale synthesis of few-layer
MoSe,. Nevertheless, the long reaction time will inevitably
lead to thicker films because the growth is not self-limiting, in
contrast to the self-limited graphene grown on copper foil
owing to the low solubility of carbon in copper [44]. In our
experiments, the reaction temperature determines the solubi-
lity and the diffusion rate of Se atoms on the surface of Mo
foils. The controllable preparation of MoSe, atomic layers is
strongly dependent on the diffusion rates. According to the
solid-state crystal growth theory, the few-layer MoSe, growth
is controlled by both the surface diffusion rate and the bulk
diffusion rate. The process can be understood as follows: in
low reaction temperature, the Se atoms around the Mo foil
surface will first precipitate where the surface diffusion rate of
Se atoms on the Mo foil is higher than the bulk diffusion rate,
and then the Se atoms reach a certain super-saturation and
finally react with the top Mo atomic layers on the Mo foil;
however, in high reaction temperature, the bulk diffusion rate
of Se atoms on the Mo foil is higher than the surface diffusion
rate, and thicker MoSe, thin films can be produced on Mo
foils. From our experimental observations, MoSe, atomic
layers are dominated by a surface diffusion mechanism when
the reaction temperature is below 550 °C, while the atomic
layers are controlled by a bulk diffusion mechanism when
the reaction temperature is beyond 550 °C, for example, the
thicker films can be produced at 650 °C. The systematic
experiments indicated that the temperature of 550 °C is a
controlled condition for preparing MoSe, atomic layers.
It should be noted that for the growth performed at 550 °C, a
slight variance in the thickness can be ascribed to the slightly
balanced movement between the growth and decomposition



Nanotechnology 29 (2018) 125605

Z Wu et al

(a) 625 nm LED
Au  MoSe, Sio,
[ ] \Jm P

Si

L silver paint

6

—a— Dark

——38 uW/cm2

—&— 61 pWiem®
| ¥ 644 pW/cm2

—e— 1.61 mWicm’
—<— 3.44 mWicm’

~
(]
~—

Current Density (mA/cmz)
»

N

o

1 T 1 T I
0 1 2 3 4 5 6

Reverse Bias (V)

{15
(b) 001k ..-_._,.--/:
- .
_1E3} - S RE3
< e, o J £
£ 1E4F "-.__ /,( Jo{e T
o . s
fesf ,«-’\-6 2
o o s 3
1E-6 | . / A ls @
LF
ET[ Vo 1o
1E-8 Il 1 Il 1 1
-10 -5 0 5 10
8 Bias Voltage (V)
(d) = Photocurrent
Fitting curve
6 .
e 1.26 A/W
2
2
A
2
- Reverse Bias=6 V
0 1 1

08 116 214
Incident Power (mW/cmZ)

3.2

Figure 5. Photoelectric properties of few-layer MoSe,. (a) Schematic view of a few-layer MoSe, photodetector under 625 nm LED
illumination. (b) Current—voltage (/-V') characteristics and corresponding logarithmic curve of the device in the darkness, which shows good
rectifying behavior. (c) Total current densities as a function of external reverse biases under varying incident light powers. (d) Photocurrent
response of the MoSe,—silicon photodetector as a function of the incident light power at a reverse bias of 6 V.

of the atomic layers. The thickness dependence of the MoSe,
thin films on the reaction temperature is shown in figure S7. It
is noteworthy that a complete understanding of the MoSe,
growth process from theoretical viewpoints is still challen-
ging. A thorough investigation of the atomistic mechanism
for MoSe, atomic layer growth on Mo foils is a subject for
future studies. However, regardless of the grain shapes and
their reaction states, uniform MoSe, layers can be con-
trollably prepared at 550 °C within 60 min.

3.3. Photodetection properties of few-layer MoSeo—Si
heterostructures

We selected few-layer MoSe, 6.0 nm in thickness grown at
550 °C for 60 min to fabricate the MoSe,—Si photodetector.
The vertical heterojunction device is composed of the few-
layer MoSe, and p-type silicon (p-Si), as shown in figure 5(a).
The device displays an obvious rectifying behavior in the
darkness and the rectifying ratio measured at £10V is up to
41, as shown in figure 5(b). The rectification is due to the
band bending occurring at the interface of MoSe, and p-Si,
which induces the presence of a built-in potential that
improves the excellent photoresponse performance of the
device. To demonstrate the photodetection application of
the device, we measured the photodetection properties
under 625 nm LED illumination with various powers ranging
from 8 uW mm ™~ to 3.44 mW mm > (figure 5(c)). The good

electrical contact between MoSe, and the Au electrodes is
confirmed by the obtained I-V plots. In sharp contrast to the
electrical properties in the darkness, the current is sig-
nificantly increased when the device was illuminated under
LED light excitation and the values are strongly dependent on
the power of the illuminating LED light source. It is observed
that under the same bias, the larger the illuminated power is,
the larger the phOtOCLlITCI]t Iph (Iph = Iilluminated — Idark)
becomes due to the increased number of photon-generated
carriers. Furthermore, photoresponsivity has been adopted to
evaluate the photodetector performance. For the fabricated
device in this work, the effective exposure area is designed to
approximately 0.04 cm?. Under the conditions of a LED
power of 3.44mW cm 2 and a bias voltage of 6 V, the pho-
toresponsivity is calculated to be approximately 1.26 A W'
(figure 5(d)), which is remarkably higher than that of the
monolayer MoSe,, MoS, and graphene phototransistors
(13 mAWfl) [29, 45, 46]. In contrast, the weak photo-
response of the device was measured under LED illumina-
tions with 465 and 525nm wavelength (figure S8). The
results suggest that the strong photoresponse results from the
enhanced band edge absorption of MoSe,. The performance
of the devices can be further improved by designing 2D
materials heterostructures, optimizing the contact or using
doping semiconducting quantum dots and silver or gold
nanoparticles [47, 48].
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4. Conclusion

In summary, we have demonstrated a large-area, uniform,
high quality and easy transferable vapor transport deposition
technique to synthesize highly crystalline MoSe, atomic
layers on Mo foil in Se vapor at 550 °C within 60 min at
atmospheric pressure with the assistance of Ar gas. A surface-
diffusion-limited reaction mechanism was adopted to rea-
sonably explain our experimental results. In contrast to the
MoSe, atomic layers grown on insulating substrates, the
obtained uniform layers can easily be transferred onto various
substrates by removing the Mo foils using a diluted FeCl;
solution. A p-n heterojunction device composed of the
MoSe, layer and p-Si was fabricated to demonstrate its
application in high-performance photodetectors. This study
opens a novel route to synthesize TMD atomic layers on an
industrial scale and facilitate their development in future
sensing, memory and optoelectronic devices.
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