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ABSTRACT: Two-dimensional layered materials have attracted tremendous attention I Synthesis method
as photodetectors due to their fascinating features, including comprehensive coverage of
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band gaps, high potential in new-generation electronic devices, mechanical flexibility, and — = Sapphire M= — Ar
sensitive light—mass interaction. Currently, graphene and transition-metal dichalcoge- LR !

nides (TMDCs) are the most attractive active materials for constructing photodetectors.
A growing number of emerging TMDCs applied in photodetectors bring up
opportunities in the direct band gap independence with thickness. This study
demonstrated for the first time a photodetector based on a few-layer Re,Mo,_,S,,
which was grown by chemical vapor deposition (CVD) under atmospheric pressure. The
detailed material characterizations were performed using Raman spectroscopy, [ &  keos <
photoluminescence, and X-ray photoelectron spectroscopy (XPS) on an as-grown few-
layer Re,Mo,_,S,. The results show that both MoS, and ReS, peaks appear in the
Re,Mo,_,S, Raman diagram. Re, Mo, .S, is observed to emit light at a wavelength of
716.8 nm. The electronic band structure of the few layers of Re,Mo,_,S, calculated using the first-principles theory suggests that the
band gap of Re, Mo, _,S, is larger than that of ReS, and smaller than that of MoS,, which is consistent with the photoluminescence
results. The thermal stability of the few layers of Re,Mo,_,S, was evaluated using Raman temperature measurements. It is found that
the thermal stability of Re,Mo,_,S, is close to those of pure ReS, and MoS,. The fabricated Re,Mo,_,S, photodetector shows a high
response rate of 7.46 A W' under 365 nm illumination, offering a competitive performance to the devices based on TMDCs and
graphenes. This study unambiguously distinguishes Re,Mo,_.S, as a future candidate in electronics and optoelectronics.

2. 3D diagram of photodetector 3. Electrical performance
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B INTRODUCTION

Transition-metal dichalcogenides (TMDCs) are a semiconduc-
tor material with the general formula of MX,, where M is the
transition metal atom of group VI or VII (e. g., Mo, Re, W) and X
is the chalcogen atom (e.g,, S, Se, Te). Due to their excellent
optical and electrical properties, two-dimensional TMDCs are
often applied to make a variety of logical devices.'™*
Molybdenum disulfide (MoS,) is the most studied material in
TMDCs. MoS, has a wide range of polymorphs, such as 1T, 2H,
and 3R. The 2H structure of MoS, is thermodynamically stable,
while the 3R phase is the metastable phase with the lowest
energy. The 1T phase is the most unstable phase of the three
types. Both 1T and 3R phases can be transformed into 2H
phases at high temperatures.” As a result, 2H-MoS, is a stable
semiconductor. In the atomically thin monolayer limit, 2H-
MoS, is a direct gap semiconductor with a band gap of about 1.9
eV. The band gap decreases from 1.9 to 0.7 eV for bulk with the
increase in the number of MoS, layers, and MoS, is converted to
an indirect semiconductor. To use MoS, in the construction of
electronic devices, the performance of MoS, is often improved
by adjusting the band gap. In particular, MoS, is doped/alloyed
with other elements, mechanically strained, or stacked in the
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form of heterostructures to achieve the tunable band gap.’
Among all these approaches, doping/alloying provides an easily
scalable route to engineer the band structure.”

The two-dimensional ternary/quaternary materials synthe-
sized by doping or alloying methods can alter the band gap
compared with the intrinsic MoS,, manipulating traditional
binary materials’ optical and electrical properties.® In addition to
band gap modification, alloying can result in structural and
electronic phase transformation. At the same time, alloying can
also improve the thermodynamic stability of the material due to
the increase in entropy. Current research indicates that Re- and
W-doped MoS, are standard, such as Mo,_,W.,S,,
Mo,_.Re,S,.”"" Due to the similar structure of WS, and
MoS,, it is easy to form better doping and high alloying. In
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Figure 1. (a) Diagram of the CVD experimental device used in this work. (b) Optical image of a large-area continuous Re,Mo; _,S, thin film. (c) Cross-
sectional projection electron microscopy image with a few layers of Re,Mo,_,S,/sapphire after 1.9 nm (TEM). (d) Thickness of the Re,Mo,_,S, film
measured by AFM is 1.9 nm. (e—g) Energy-dispersive X-ray (EDX) mapping of the three elements of Re, Mo, and S.

contrast, ReS, (1T’) and MoS, (2H) not only have different
properties but also have very different phase structures and
atomic structures. The atomic arrangement of the ReS, layer can
be thought of as a distorted 1T arrangement and low in-plane
crystal symmetry compared with MoS,. Therefore, ReS, and
MoS, cannot be alloyed uniformly, resulting in no phase
separation, which is not conducive to obtaining intrinsic
properties and may degrade performance. Hence, obtaining
high-performance Re,Mo,_,S, ternary materials is challenging,
which are currently less studied."'

In this work, few-layer Re, Mo, _.S, films were synthesized by
the chemical vapor deposition (CVD) method using a certain
proportion of sulfur, MoO;, and ReO; powders at a high
temperature. Then, Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS) analysis of the resulting alloy
materials were performed. To further study the optoelectronic
properties of the synthesized Re,Mo,_,S,, the structure of the
ternary material was simulated, and the change of the band gap
was calculated. A photodetector based on ReMo,_,S, was
finally fabricated, which achieved high performance of photo-
response.12 The synthesized material is still in the 2H phase,
which has better stability than the 1T phase (MoS,), cluster
model."”’ The present study offers a competitive performance to
the devices based on TMDCs and graphenes, suggesting
Re, Mo, _,S, as a future candidate in electronics and optoelec-
tronics.

Bl EXPERIMENT DETAILS

Growth of Re,Mo,_,S, and Preparation of Photo-
detectors. The CVD method (SK-G0S5123K-3-65S, Tianjin
Zhonghuan Electric Furnace Co., Ltd,, China) was used to
prepare a few Re,Mo,_,S, films on sapphire substrates. Before

growth, the sapphire substrate was cleaned with ultrasonication,
which included 10 min with acetone (CH;COCHj;, 99.5%), S
min with isopropanol (C;HgO, 99.5%), and deionized water.
Sulfur powder (0.7 g) was placed in the alumina combustion
boat upstream of the quartz tubular furnace. Molybdenum
trioxide powder (Mo0Oj3, 99.95%) and rhenium trioxide powder
(ReOj;, 99.95%) were evenly dispersed in the alumina crucible
and placed in the center of the furnace. Then, the cleaned
sapphire substrates were placed directly on top of the MoO; and
ReO; powder alumina crucible boat. After the position was fixed,
the gas was pumped by a vacuum pump, and argon gas was
introduced. The repeated pumping cycles were carried out to
remove the impurity gas in the furnace tube, and the reaction
was further continued under optimized conditions in the Ar
ambiance. Before the boat was heated, the pressure inside the
chamber reached atmospheric pressure by flowing argon gas at a
constant flow rate of 120 sccm. The growth temperature of
Re,Mo,_,S, was then set to 850 °C and the holding time to 10
min. After the Re,Mo,_,S, film was grown, UV lithography
(Suss MA6) and thermal evaporation coating (ASB-EPI-C6)
were used to obtain 10 nm Cr and 50 nm Au on these samples.

Material and Electrical Properties. In this work, X-ray
photoelectron spectroscopy (XPS) measurement was con-
ducted using a VG ESCALAB 220i-XL system, which has a
monochromatic Al Ka (1486.6 eV) X-ray source and a 20 eV
constant pass energy. The C s peak value of the core-level
binding energy is 284.8 eV, which is used to eliminate the
differential charging effect on the sample surface. Raman
spectroscopy measurements were carried out in a confocal
microscopy setup with a 514 nm solid-state green laser for
excitation and a power of 0.15 mW. Transmission electron
microscopy (TEM) was performed with America FEI-Titan
Cubed Themis G2300, and the TEM information resolution
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Figure 2. (a) Comparison of Raman signals of few layers of MoS,, Rej4sMo0y05S,, and ReS,. (b) Comparison of photoluminescence (PL) signals of a
few layers of MoS,, Re;sMo4sS,, and ReS,. (c—e) Core-level XPS spectrum of Re 4f, Mo 3d, and S 2p of the multilayer Re( oMoy 4sS,/sapphire

sample.

(nonlinearity) was 0.06 nm. A Keithley 4200-SCS semi-
conductor analyzer was used to test the electrical characteristics
of the corresponding photodetectors.

Theoretical Simulation. The first-principles calculations in
density functional theory (DFT) were carried out by Cambridge
Sequential Total Energy Package (CASTEP) using Generalized
Gradient Approximation (GGA) in the Perdew—Burke—
Ernzerhof (PBE) function for the structural optimization
process.””*" In the geometry optimization process, the final
total energy change was less than 107% eV atom ™, the maximum
force on each atom in the crystal was less than 0.03 eV nm™’, and
the maximum stress of 0.03 eV nm™" was the convergence
criterion. The maximum Hellmann—Feynman force was 0.05 eV
A~! which was sufficient to obtain a relaxed structure. Brillouin
zone sampling adopts a 5 X 5 X 1 Monkhorste—Pack grid. To
ensure convergence, the electronic wave function was extended
to a plane wave base with a cutoff value of 650 eV. Also, in the
energy properties calculation process, the plane wave energy
cutoft of 420 eV was used to calculate the energy band structure.
For the sampling of the Brillouin zone of the body system, the
structure optimization process and the energy band structure
were calculated using 4 X 4 X 1 point grids. At the same time, all
calculations of structural relaxation were configured with a
vacuum layer with a thickness of 20 A on the c-axis.”*"*

B RESULTS AND DISCUSSION

MoS, is a direct band gap in a single layer and an indirect band
gap in a multilayer, while ReS, is a direct band gap in a single
layer or a multilayer and will not change with the number of
layers."> MoS, is relatively stable in the 2H phase, while ReS, is
relatively stable in the 1T’ phase. In addition to the 2H phase,
MoS, also has a metastable 1T’ phase, it has a zero band gap and
superior Weyl semimetal properties but is difficult to prepare.
ReS, is extremeléy unstable in the 2H phase and has not been
prepared yet.*””'* Few-layer Re,Mo;_,S, nanosheets were
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synthesized on sapphire substrates in a chemical vapor
deposition (CVD) furnace using ReO; and MoOj as the source
materials (see the Experiment Details section). The schematic
diagram of the CVD system is shown in Figure la. Weighed
sulfur powder (0.7 g) was placed in a ceramic boat and placed in
the first temperature zone of the tube furnace, which was
upstream of the argon gas flow, and then MoO; (0.015 g) and
ReO; (0.005 g) powders were put into the ceramic and placed in
the second temperature zone of the tube furnace. The sapphire
substrate was put on the top of the ceramic boat with the
polished surface that needed to be used to deposit the thin film
facing downward."*Figure 1b shows the optical image of the
large-area continuous Re Mo, .S, film. The cross-sectional
TEM image of the film on the sapphire substrate is shown in
Figure lc, which indicates that the layers were a few layers of a
thickness of about ~2 nm. The thickness of the grown
Re,Mo,_,S, was measured using an atomic force microscope
(AFM), and it is found to be about 1.9 nm. A single layer of two-
dimensional material film was about 0.6 nm. The AFM result
reveals that the grown Re,Mo,_,S, thin film had three layers,
which proves that the large-area continuous thin film is
multilayered, as described in ref 16. By adjusting the ratio of
the precursors and the front and back positions of the
precursors, a Re,Mo,_.S, film with x from 0 to 1 can be
synthesized. As the value of x increases, the phase structure will
change from the 2H phase to the 1T’ phase. During the synthesis
ofRe, Mo, _,S,, the bottleneck was the structural compatibility of
these two monomers, since MoS, is the 2H phase while ReS, is
the 1T’ phase. Generally speaking, two materials with different
phase structures will increase the entropy when forming an alloy,
so the synthesis of Re,Mo,_,S, requires more energy than the
original monomer.'” The low temperature cannot provide
sufficient energy to meet the considerable formation energy of
alloying required during growth. Fortunately, this problem can
be effectively solved by increasing the growth temperature of the

https://doi.org/10.1021/acsomega.2c06480
ACS Omega 2022, 7, 48301-48309


https://pubs.acs.org/doi/10.1021/acsomega.2c06480?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06480?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06480?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06480?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Re-doped MoS;

® Re
. Mo

MosS;

O

Reg 0sM0g0sSs

@

Energy(eV)

r r

M K

N /A

r T M K

Figure 3. () Illustration of the three-dimensional (3D) drawing (purple symbol: W atoms; cyan symbol: Mo atoms; yellow symbol: S atoms) of ReS,,
Re, Mo, _,S,, and Mo§, layers, in which Mo and Re elements are spatially segregated. Electronic band structure of (b) three-layer ReS,, (c) three-layer

Rey,0sMo0g o555, and (d) three-layer MoS,.

Re,Mo,_,S, alloy."® Increasing the growth temperature can
provide enough energy to overcome the large energy barrier and
form a uniform phase (1T’ or 2H) structure'” and the
composition of the Re,Mo,_,S, alloy. To further observe the
thickness and number of layers of Re,Mo,_,S,, the TEM image
of the Re,Mo,_,S, film was taken. As shown in Figure Ic, it can
be observed that the thickness of the Re,Mo,_,S, film is about
1.9 nm, with three layers in total,”” which is consistent with the
results measured by AFM (Supporting Information S1). To
further verify Re, Mo, and S in the Re,Mo,_,S, film, energy-
dispersive X-ray (EDX) mapping was performed. The results are
shown in Figure 1d—f. The three elements of Re, Mo, and S
shown in Figure le—g are purple, red, and gray, respectively.
These three elements are not uniform in our synthesized film,
and the spatial segregation of various elements can be seen in the
figure.”!

In addition, Raman spectroscopy was performed to character-
ize the composition-dependent lattice vibration mode of the
Re, Mo, _,S, film. Figure 2a shows its four different vibration
modes. For pure MoS,, the two characteristic peaks of the E,,
and A;; modes are located at 382 and 403 cm™!, respectively,
while the two characteristic peaks E,, and Ay, of pure ReS, are
located at 151 and 213 cm ™!, respectively. When Re, Mo, _,S, is
in the 1T’ phase, it will mainly appear as the peak of ReS,, and
when Re,Mo,_,S, is in the 2H phase, it will mostly show MoS,
peaks, which are attributed to the E,; and A, modes of MoS,. In
addition, other peaks at 152 and 214 cm™" indicate the 2H phase
of Re,Mo,_,S,. These two Raman peaks should be due to Re
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doping activating a new vibration mode caused by the phonon
momentum with a large wave vector. The increase of the doping
concentration makes the intensity of the Raman peaks of the 2H
and 1T’ phase alloys weaker, and the widening of the full width
at half-maximum (FWHM) is due to the softening or reforming
of phonons caused by the enhancement of the electron—phonon
coupling effect. Compared with pure MoS,, the E, and A,
vibration modes at Re, Mo, _,S, move to lower wavenumbers. E

is shifted to the left by 4 cm™, and A, is shifted to the left by 1
cm™’, causing the mode peak separation from the original of 21
cm™ to increase to 24 cm™'. Compared with pure ReS,, the E-
like and A -like vibration modes at 151 and 213 cm™' change
little, respectively, but the FWHM widens. This is because the
main body or most atoms of Re,Mo,_,S, are still Re. The
broadening is due to alloy scattering or doping of Mo atoms.””
The hardening of the A, mode of Re,Mo,_,S, may be due to
changes in the bonding environment of S atoms. Based on the
results obtained from the above Raman spectroscopy, the
dependence of the phase structure of the prepared alloy material
on the composition change is confirmed, and the preliminary
analysis of the Re,Mo,_,S, gold composition using the Raman
test is possible.”” The Raman data of ReS,, Re,Mo,_,S,, and
MoS, are distinguished, proving that Re and Mo atoms diffuse
each other and form bonds and synthesize the Re,Mo,_,S,
ternary alloy. The photoluminescence of Re,Mo,_,S, in Figure
2b indicates adjustable band gaps of 1.77—1.72 eV in these three
materials. The peak positions of the pure few-layer ReS,, few-
layer Re, Mo, _,S,, and pure few-layer MoS, are about 721, 717,
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Figure 4. Temperature-dependent Raman spectra. (a) Sample ReS,, (b) Reg0sMo0yg 955, and (c) MoS,. The Raman shift of each mode as a function for
temperature (d—f), including the value of y obtained from linear fitting.

and 700 nm, respectively. The calculated band gaps are 1.72,
1.73, and 1.77 eV, respectively. The measured results are
consistent with the narrowing of the band gap caused by Re
doping achieved by the first-principles calculations.”* The exact
composition of the alloy samples was confirmed and their
preliminarily electronic structures were preliminarily analyzed
based on the XPS data.”® In pure MoS, Mo 3d core-level
binding energy peaks (Figure 2d) are observed at 232.9 and
229.8 eV, corresponding to Mo 3d;,, and Mo 3ds, peaks. After
doping Re into 2H-MoS,, Mo 3d;/, transitions from 232.9 to
2334 eV and Mo 3d;,, transitions from 229.8 to 230.2 eV,
indicating the upward movement of Eg, in the conduction band
and the n-type doping in the MoS, crystal. In pure ReS,, Re 4f
core-level binding energy peaks were observed at 44.8 and 42.3
eV (Figure 2¢), corresponding to the Re 4f;, and Re 4f;, peaks.
It is worth noting that after doping Mo into 1T’-ReS,, Re 4f;,
changed from 44.8 to 43.6 eV and Re 4f; , changed from 42.3 to
41.1 eV, indicating that Ex moved down to the valence band and
the p-type-doped crystals in ReS,.”° This doping-induced
binding energy shift is also reflected in the S 2p core-level
binding energy peak (Figure 2¢), where obvious mutations and
phase transitions are observed. As shown in Figure la, the
downward shift of E of the 1T alloy and the upward shift of the
2H alloy are because the d-orbital of the Re element has one
more valence electron than the Mo element.”” In addition, the
movement of Ep indicates that the effective modulation and
doping effect of the electronic structure of these alloys are
atomic substitution rather than physical adsorption.*®

48305

Figure 3a shows the structure diagram of the three materials.
It can be seen that Re,Mo,_,S, is different from the original
atomic arrangement. Here, the first principles in density
functional theory (DFT) were used to study the three-layer
MoS,, the three-layer Re,Mo,_,S,, and the three-layer ReS,, so
the total energy program is calculated from scratch usm%
Cambridge Sequential Total Energy Package (CASTEP). 202
The direct gap between the three-layer MoS,, the three-layer
Re,Mo,_,S,, and ReS, has been pointed out. The calculated
result was the same as the trend shown in Figure 2b, which
shows that due to the doping of elements, the band gap
adjustment of the semiconductor film can be realized, proving
the present calculation’s accuracy.”

Figure 4a—c shows the effect of temperature changes on the E,
and A, Raman modes of the few layers of ReS,, Re,Mo,_,S,, and
MoS,. These three materials were measured in the range of
300—500 K with a 325 nm excitation laser based on the
Griineisen model to fit the relationship between the peak
position of the E; and A, modes and the temperature

o(T) = wy + «T (1)
where m, is the temperature at the peak position of the Raman
mode at 0 K and x is the first-order temperature of the same
mode coefficient.’ The slope of the fitted line gives the first-
order temperature coeflicient of the specific Raman mode. As
shown in Figure 4d, the first-order temperature coefficient x of
the A,y and E2g modes of pure ReS, are —0.01278 and —0.00784
ecm™' K™, respectively. As shown in Figure 4e, the first-order
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Figure 5. (a) 3D schematic diagram of the Re,Mo,_,S,/sapphire photodetector, where the electrodes are Cr/Au. (b) Optical micrograph of the
Re,Mo,_,S,/sapphire photodetector. (c) Optical response characteristics of the Re,Mo,_,S,/sapphire and the MoS,/sapphire photodetector as a
function of voltage under 365 nm laser irradiation. Response time of Re,Mo,;_,S,/sapphire and MoS,/sapphire photodetectors under 10 V
illumination and 365 nm laser irradiation, photocurrent (Iph), responsivity (R), and noise equivalent power (NEP) at these three wavelengths. The

noise-specific detection rates (D*) below correspond to (d)—(f).

temperature coefficient x of ReS,-like E; and ReS,-like A, modes
of Re,Mo,_,S, are —0.01176 and —0.01001 cm™' K7,
respectively. The first-order temperature coeflicient x of
MoS,like E, and MoS,-like A, modes of ReMo,_,S, are
—0.01496 and —0.02116 cm™' K, respectively. As shown in
Figure 4f, the first-order temperature coefficient x of pure MoS,
in A;, and E}, modes is —0.01139 and —0.01198 cm™" K7,
respectively. In contrast, nondoped compounds have higher
thermal stability due to the greater free and internal energy of the
ternary Re Mo, _,S, alloy. The opaque photodetector array with
Cr/Au as the electrode was fabricated on RegysMoggsS,/
sapphire (1 X 1 cm®) by semiconductor processing technology,
and the MoS,/sapphire photodetector used as a control was
fabricated using the same process.

The 3D schematic diagram of the Rej(sMoyosS,/sapphire
photodetector is shown in Figure Sa, where the thickness of the
electrode (Cr/Au) on the device is 10/50 nm, and the effective
area of each device array is 47 376 um”. Meanwhile, Figure Sa
shows the device structure of the ReyosMogosS,/sapphire
Schottky junction-based UV photodetector. Using the above
method, a two-dimensional (2D) Re; osMoy 55, layer was in situ
van der Waals epitaxy grown on a sapphire substrate to form a
Schottky junction, which is beneficial to constructing high-
quality Schottky junction and effectively reducing the interface
defects introduced by the wet transfer process. Figure Sb shows
the optical picture of a single device. Figure Sc plots the
current—voltage (I-V) curves of the Schottky junction in
darkness and 365 nm light. The device exhibits prominent
photovoltaic characteristics, enabling the photodetector to
operate in the self-driven mode. The significant enhancement

of reverse current under UV irradiation can be attributed to two
aspects: (i) the reduction of the Schottky barrier under UV
irradiation will result in a large photocurrent under reverse bias
and (ii) the multiplier gain may be caused by carrier scattering in
the ReggsMogsS, layer. Figure Sc shows the dark current (I,q)
and photocurrent (Ig,) of the two devices (RegosMoygsS, and
MoS,) as a function of the bias voltage under 365 nm laser
irradiation. Iy, is the current generated by the device under the
bias voltage when there is no incident laser and Iy, is the current
generated by the device under the bias voltage and incident laser
irradiation.”” The dark current of the RejosMoyesS, device is
128 nA at 10 V, while the dark current of the MoS, device is only
29.7 nA, which may be attributed to the smaller band gap and the
lower potential barrier of the RejsMoggsS, device due to the
doping of the Re element. At the same time, under 10 V and 365
nm (5.647 yW) illumination, the photocurrent of the device
increased from 2734 nA (MoS,) to 42 288 nA (Re; (sMo0gsS,),
and the Ijgne/Ig.q ratio of the ReggsMog 45, device increased by
3.62 times. This can be explained by the fact that the light
scattering caused by the Rej ysMog ¢5S, structure is stronger than
that of MoS,, and the band gap is reduced due to local strain,
which leads to an increase in the mobility of photogenerated
carriers. Further observation of the improvement of the device
through the performance of the ReyysMoggsS, structure, the
response time of two photodetectors (MoS, and Re, ;sMoy o5S,)
was also studied. Figure 5d shows that the photocurrent of the
two devices periodically changes as the 365 nm laser was turned
on/off at a voltage of 10 V, whereas the 365 nm (5.647 4 W) laser
was turned on/off every 20 s. Both devices show stable switching
characteristics, and the photocurrent observed in the
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Reg0sMog 95S,/sapphire photodetector is more significant than
that in the MoS,/sapphire photodetector. Figure 5d defines the
rise time (t.) and the fall time (t;;) of the two devices under
365 nm laser and 4 V bias irradiation. Here, the rise time of the
device can be obtained by calculating the time required for the
photocurrent to increase from 10% of the maximum photo-
current to 90% under illumination. The fall time is defined as the
photocurrent falling from 10% of the maximum photocurrent to
90%.

Comparing the two devices, it can be observed that the rise
time is reduced from 6 s (MoS,) to 3.7 s (ReosMog4sS,), and
the fall time is decreased from 6.8 s (MoS,) to 5.7 s
(Reg9sMo0gosS,). The shortened rise and fall times may be due
to a decrease in effective electron quality and an increase in
electron mobility. In addition, the photocurrent (I,;,) is one of
the parameters reflecting the light response of the photo-
detector, which can be calculated using the below formula

Ion = Dighe = Tgank (2)

where Iy, and Ig,q have been defined in Figure 5¢.”” The
responsivity (R) is a significant indicator to measure the
photoelectric conversion characteristics and photoelectric
conversion spectrum of a photodetector and can be calculated
by the below formula

R =1L/ (B X S) 6)

where I, is the photocurrent and S and P, are the active area of
the film and the power density of the incident laser,
respectively.””**Figure Se shows the relationship between the
I, and R of the photodetector based on MoS, and
Reg9sMogosS, at the incident wavelength of 365 nm light and
the different incident power at 10 V voltage. It can be found that
under the irradiation of three wavelengths, the ReyosMog9sS,
device shows a higher photocurrent and responsivity than the
MoS, device. The maximum responsivity of the device under a
365 nm incident laser was increased from 0.85 A W™ (MoS,) to
7.46 A W' (RegosMo0gsS,). In particular, the relationship
between responsivity and different incident powers is studied.
The responsivity reaches a peak first and then decreases as the
incident power increases.

This may be due to the saturation of trap states at the
interface, as well as the low recombination frequency and long
carrier lifetime of low-power lasers. To further observe the
improvement of the device performance by the RejysMogosS,
material, the noise equivalent power (NEP) and specific
detection rate (D*) at different incident powers were calculated.
NEP can quantitatively calculate the signal-to-noise ratio,
defined as the excitation power required to generate a signal
equal to the noise level in a 1 Hz bandwidth. It can be calculated
using the below formula

NEP = /29I, Af /R )

where Iy, and R are the dark current and responsivity,
respectively, and Afis the bandwidth (Af s defined as 1 in this
article).”® The dark current excitation noise is the main
contribution to the total noise of the photodetector. D* can
be calculated using the below formula

D* = AY?/NEP (3)

where A is the active area of the MoS, film under the incident
laser irradiation. Figure 5f contains the relationship between the
NEP and D* of the photodetector based on MoS, and

Re0sMog 9sS, and the different incident power at a wavelength
of 365 nm and a voltage of 10 V.*® As it is well-known, the larger
the D* value, the smaller the NEP value can be, which means
that the noise of the device is lower and the detection capability
is stronger. In contrast, the decrease in NEP decrease and
increase in D* of the ReyysMoj S, photodetector under the
irradiation of three different incident lasers indicate that the
ResMog9sS, material can significantly improve the photo-
detection compared with the weak growth in the dark current.
Table 1 summarizes some of the reported performance
parameters of photodetectors, showing the photocurrent of
the detector, which has a stronger detection ability.

Table 1. Comparison of the Critical Parameters of Our
Device to the Reported 2D Material-Based Photodetectors

response
photodetector R[A/W] D* [Jones] time [s] refs
Re,Mo,_,S,/sapphire ~ 7.46 8.0 x 10° 3.70 this
work
MoS,/sapphire 0.85 1.9 X 10° 6.0 this
work
MoS,/glass 0.032 1.0 X 10° 34
MoS,/Si0, 0.048 1.3 x 107 35
MoS,/SiC 0.25 5.6 x 108 2.19 36
ReS,(1_ySe/Si0; 025 0015 37
MoS,/PSS 0.032 1.2 x 10 2.24 38
MoS,/PGS 0.25 5.6 x 108 2.19 39
MoS,/sapphire 0.071 0.50 40
MoS,(;_ySe./SiO, 2.5 % 107 0038 41

B CONCLUSIONS

In conclusion, this study has demonstrated that the few-layer
Re Mo, _,S, films were synthesized by the CVD method at 1 atm
pressure and that the high-performance photodetector has been
successfully constructed on the as-prepared Re,Mo,_,S, on a
sapphire substrate.*” The Raman, PL, and XPS measurements
have been performed on the as-grown Re, Mo, _,S, few layers to
understand film quality. The results show that both MoS, and
ReS, peaks appear in the Re,Mo,_,S, Raman diagram.
Re,Mo,_,S, is observed to emit light at a wavelength of 716.8
nm. The electronic band structure of the few-layer Re, Mo, __S,
is calculated using the first-principles theory, demonstrating that
the band gap of Re,Mo,_,S, is larger than that of ReS, and
smaller than that of MoS,, which is consistent with the
photoluminescence results. Temperature-dependent Raman
spectroscopy on ReS,, RejgsMogosS,, and MoS, layers have
been carried out for the purpose of comparative study, and
further, the thermal stability of the few layers of Re,Mo,_,S, has
been evaluated. It was found that the thermal stability of
Re,Mo,_,S, is close to that of pure ReS, and MoS,. The
manufactured Re,Mo,_,S, photodetector shows superiority to
the pure MoS, detector, with a higher responsivity of 7.46 A
WL Our results provide a positive prospect for further
improving the performance of the few-layer RejosMogsS,
photodetector.
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