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Rhenium dichalcogenides, such as ReS2 and ReSe2, have 
attracted a lot of interests due to the weak interlayered 
coupling in these materials. Studies of rhenium based 
dichalcogenide alloys will help us understand the differences 
between each binary rhenium dichalcogenides. They will also 
extend the applications of two-dimensional (2D) materials 
through alloying. In this work, we studied the optoelectronic 
properties of ReSSe with S and Se ratio of 1:1. The band gap 
of ReSSe alloy is investigated by optical absorption spectra as 
well as theoretical calculations. The alloy shows weak 
interlayered coupling, as evidenced by the Raman spectrum. 
A field-effect transistor based on ReSSe shows typical n-type 
behavior with a mobility of about 3 cm2V-1s-1 and an on/off 
ratio of 105, together with the in-plane anisotropic 
conductivity. The device also shows good photoresponse 
properties, with a photoresponsivity of 8 A/W. The results 
demonstrated here will provide new avenues for the study of 
2D materials with weak interlayer interactions and in-plane 
anisotropy. 
 
Owing to their interesting physical properties and promising 
applications in nanoelectronics, optoelectronics, and 
valleytronics1-10, two-dimensional (2D) materials have 
attracted a lot of interests since the discovery of graphene. 
Graphene, a single layer of carbon atoms arranged in a 
honeycomb lattice, has shown extremely high mobilities11, 12, a 
high Young’s modulus13, and an excellent thermal 
conductivity14. However, the absence of a band gap in 
graphene reduces its applicability in semiconducting and 
optoelectronic devices. This has triggered research interests in 

other semiconducting 2D materials. Among the 2D 
semiconductors that have been studied, transition-metal 
dichalcogenides (TMDs) are some of the most promising 
candidates for optoelectronic applications due to their direct 
band gaps and strong absorption15-19. The recently discovered 
black phosphorus (BP) has a direct band gap, increasing 
monotonically from ∼0.3 eV in bulk to ∼1.7 eV in a 
monolayer20, 21. It also shows high mobilities of up to 1000 
cm2V-1s-1 at room temperature22, 23. These properties make it 
suitable for applications such as broadband photodetectors, 
solar cells, and digital electronics24, 25. In addition, the bulk 
structure in BP opens up a new field for studying the in-plane 
anisotropy of 2D materials and designing conceptually new 
optoelectronic devices26-28. However, the poor environmental 
stability of BP restricts its applicability29. Discovering new, air-
stable 2D materials with in-plane anisotropy and other novel 
functionality would be very rewarding.   
 

Re dichalcogenides are promising candidates for the study of 
anisotropy. ReS2 forms a distorted 1T structure with triclinic 
symmetry (Figure 1a)30. The Peierls distortion of the 1T 
structure results in buckled S layers and zigzag Re chains along 
one of the lattice vectors (b-axis) in the plane. As a 
consequence, the optical and electric properties in the layer 
plane are strongly anisotropic31. Exploiting the anisotropy of 
the electronic conductivity of ReS2, an integrated inverter 
based on ReS2 has been demonstrated32. Moreover, the 
interlayered coupling in ReS2 is much weaker than other TMDs, 
with the adjacent monolayers being largely decoupled. Unlike 
other TMDs, from bulk to monolayers, the Raman spectrum 
shows almost no dependence on the thickness of ReS2

33.  
 

    The unique properties of ReS2 make Re compounds 
attractive for applications in novel optoelectronic devices. To 
realize high-efficiency solar cells or other optoelectronic 
devices based on Re compounds, it is crucially important to 
develop a strategy to tune their optical band gap. Band-gap 
engineering of TMDs has become urgent. Strain engineering 
and stacking of various 2D materials have been proposed as 
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possible approaches to modify their band gaps34-37. In addition, 
alloying semiconductors with different band gaps has been 
widely adopted in the band-gap engineering of bulk 
semiconductors, as well as Mo- or W-based 2D materials38-40. 
By alloying 2D materials, not only the band gap, but also 
properties such as spin-orbit coupling can be engineered41. In 
this work, we have synthesized ReSSe alloys and exfoliated 
monolayer and few-layer ReSSe flakes, and studied their 
optical and electric properties. Few-layer ReSSe alloys show 
weak interlayered interactions, similar to ReS2 layers. A device 
based on few-layer ReSSe shows a mobility of 3 cm2V-1s-1 and 
an on/off ratio of 105. It also shows in-plane anisotropic 
conductivity. Good photoresponse, with a responsivity of 
around 8 A/W, is also observed. ReSSe alloys provide new 
candidates for the study of weak interlayer coupling and the 
design of new devices based on in-plane anisotropy.  
 
Before exfoliation the ReSSe alloy, we first measured the 
absorption spectrum of ReSSe alloy as well as the parent 
compound ReS2 and ReSe2. Figure 1b shows the absorption 
spectra of ReS2, ReSSe and ReSe2, respectively. The exciton 
peaks are all clearly observed in these three compounds, 
indicating stable exciton state at room temperature due to the 
large exciton binding energy. The exciton peak (1.39 eV) is 
between the exciton peaks of ReS2 (1.51 eV) and ReSe2 (1.32 
eV), indicating the effective band engineering of the alloy 
compounds. Atomically thin ReSSe flakes are prepared by the 
standard micromechanical exfoliation method. First, ReSSe 
single crystal was grown by the chemical vapour transport 
(CVT) method. Then the bulk crystals were exfoliated using 
Scotch tape and transferred onto Si substrates covered with 
285 nm SiO2. Flakes of different thicknesses were identified 
under a microscope. Figure 1c shows a typical optical image of 
ReSSe flakes, with thicknesses ranging from monolayer to four 
layers. Atomic force microscopy (AFM) was used to determine 
their exact thickness. As shown in Figure 1d and e, monolayer 
ReSSe is identified, the step height corresponds to the 
thickness of one ReSSe layer.  
Raman spectroscopy is a powerful tool for studying phonons in 
2D materials. Figure 2a shows the Raman spectra of ReSSe 
flakes, with the thickness ranging from monolayer to five 
layers, and bulk ReSSe. More than ten peaks were observed in 
the range from 100 cm-1 to 450 cm-1, which is significantly 
more than those observed in TMDs with higher crystal 
symmetries42. These Raman peaks are mostly caused by the 
low crystal symmetry and are associated with fundamental 
Raman modes coupled to each other and to acoustic phonons. 
The most prominent Raman peaks are at 135, 200, 230 and 
390 cm-1. It has been pointed out that the relatively broad 
peaks of ReSSe might be due to lower quality of the alloy 
compared with the parent ReS2 or ReSe2 compounds. Figure 2b 
plots the peak positions of the main Raman peaks as a function 
of layer thickness. Interestingly, the peak positions of the 
Raman spectra are barely dependent on the layer thickness. 
Comparison between the Raman spectra of monolayer and 
bulk ReSSe only shows a slight difference. Such independency 
of the Raman peaks of ReSSe on the number of layers indicates 

that the lattice vibrations between adjacent layers in ReSSe are 
very weak, which might be attributed to the weak interlayered 
interaction energy33, although one should note that the 
relationship between the interlayer binding energy and 
phonon modes is nontrivial. 
 
    Figure 3 shows theoretical band structures for monolayer 
ReS2 and ReSe2 along the high-symmetry lines determined by 
the in-plane reciprocal lattice vectors b1 and b2. The band 
structures were obtained using the local density 
approximation (LDA) and the Perdew-Burke-Ernzerhof (PBE) 
generalized gradient approximation of density functional 
theory (DFT). The structure of both materials is a distorted 
hexagonal lattice with a 12-atom unit cell, which was relaxed 
within DFT. In ReS2, the in-plane lattice vectors are of length 
6.28 Å and 6.38 Å and at an angle of 61.25 degrees according 
to the LDA (and of length 6.40 Å and 6.50 Å and at an angle of 
61.16 degrees according to the PBE functional), while in ReSe2, 
the in-plane lattice vectors are of length 6.51 Å and 6.64 Å and 
at an angle of 61.28 degrees according to the LDA (and of 
length 6.65 Å and 6.77 Å and at an angle of 61.21 degrees 
according to the PBE functional).  
 
    We find a semiconducting band structure and a decent 
qualitative agreement between the LDA and PBE results. The 
valence band is found to be very flat. Both functionals place 
the conduction-band minimum at the Γ point, but the valence-
band maximum away from the Γ point. Semilocal DFT is known 
to underestimate band gaps and therefore the real 
quasiparticle band gap is expected to be larger than those 
predicted in Figure 3. In addition, semilocal DFT is not very 
reliable at calculating structural parameters in Peierls-
distorted systems43-45, which may be a further source of 
inaccuracy and could be the reason for the calculations 
predicting an indirect band gap; despite this, we find that the 
DFT-calculated structure displays a substantial Peierls 
distortion. In ReS2 the length of the Re-Re bond ranges 
between 2.67 Å and 2.85 Å according to the LDA (and between 
2.71 Å and 2.90 Å according to the PBE functional), while in 
ReSe2 it ranges between 2.70 Å and 2.94 Å according to the 
LDA (and between 2.75 Å and 3.01 Å according to the PBE 
functional). 
 
    Comparing the band structures of monolayer ReS2 and 
ReSe2, we find that their valence band structures are very 
similar, and so are the edges of the conduction band 
structures. This suggests that the band gaps of ReSSe alloys 
can be approximated by a linear regression between the band 
gap of ReS2 and ReSe2. For this purpose we use the energy gap 
at the Γ point, since the valence band is flat around the band 
edge. Table 1 shows the comparison between the band gaps of 
ReS2, ReSe2, and the estimated band gap of ReSSe if the S/Se 
ratio is equal to 1. We report the energy gap at the Γ point, 
since the valence band is flat around the band edge. The DFT-
PBE gap is in reasonable agreement with the measured gap of 
1.3 eV despite the well-known underestimation of the band 
gap in DFT. This agreement is probably fortuitous, resulting 
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from the partial cancellation of the quasiparticle correction 
and the exciton binding in low-dimensional materials. Linear 
regression is not expected to be accurate for the exciton 
binding energy. We have studied randomly chosen 
configurations of the ReSSe alloy to test the validity of the 
linear interpolation of the gap. One of the configurations is 
illustrated in Figure 1a, where the Se atoms are highlighted in 
yellow. We have found that the band gap in the alloy agrees 
with the linear regression estimate within 0.01 eV, confirming 
that the use of a linear regression is justified. In conclusion, 
our DFT calculations strongly support the idea that it is 
possible to engineer the band gap of ReSSe by varying the S-Se 
ratio. 
 

A field-effect transistor based on a ReSSe thin flake with a 
thickness of about 3 nm was fabricated and studied. The insets 
of Figure 4b show a typical optical image of the device and the 
height profile of the channel. The Id - Vd and Id - Vg curves of 
the device were measured and are shown in Figures 4a and b. 
the Id - Vd data exhibit a slight superlinear behaviour at low 
drain bias, which suggests that the electrons are injected 
through a Schottky barrier at the metal-semiconductor 
interface. Figure 4b shows the transfer characteristic 
measured at three different drain biases, Vd =1 V, 3 V and 5 V, 
respectively. The device shows a typical n-type behaviour. The 
on/off ratio at Vd = 1 V is larger than 105, similar to the 
reported on/off ratios for MoS2, WS2, and WSe2 devices, and is 
explained by the large band gaps. The mobility of the ReSSe 
device is deduced by fitting the linear range in the transfer 
curve from Vg = 20 V to Vg = 50 V. The mobility is calculated to 
be 3 cm2V-1s-1, using the equation μ=dId/dVg×(L/WCiVd), where 
L is channel length, W is the channel width, Ci is the 
capacitance between the channel and the back gate per unit 
area (Ci = ε0 εr/d , where ε0 is the vacuum permittivity, εr is the 
relative permittivity, and d is the thickness of the SiO2 layer). 
The mobility is comparable with compounds such as GaS and 
MoS2

46. It is well known that trap/impurity states exist at the 
SiO2/Si surface in the bottom-gate transistor and the scattering 
from these charged impurities degrades the carrier mobility of 
the device. Removing surface traps/impurities in the bottom-
gate dielectric is expected to improve the mobility of ReSSe-
based transistors47. In addition, the conductivity shows clear 
dependence along different structure axes (not shown). We 
have measured the transfer characteristics along the in-plane 
crystal axes on a separate device made specifically for 
analysing the anisotropy in the mobility; the evaluated 
mobilities along the b-axis and a-axis are 2.6 cm2V-1s-1 and 1.4 
cm2V-1s-1 respectively, giving a mobility difference ratio of 
1.8(6). Due to the mobility being proportional to the inverse 
effective mass tensor, the ratio of the above mobilities can be 
corresponded to the ratio of effective masses at the 
conduction band minimum along the ΓX and ΓY directions. We 
find this ratio to be 1.9(3) from the DFT-PBE calculations when 
averaging over the four random configurations of ReSSe alloys 
considered, which matches the measured value quite well. 
Note that DFT-LDA predicts a larger ratio of 2.8(6). 

 

To further study the transport properties of the ReSSe 
transistor, we performed temperature dependent 
measurements from room temperature down to 100 K. Figures 
4c and 4d show the temperature dependent transfer and 
output curves. As the temperature decreases from room 
temperature, the drain voltage first increases slightly and then 
decreases gradually. The temperature dependence of the drain 
current and the mobility is shown in the inset of Figure 4c and 
4d, respectively. The temperature dependence is characterized 
by a peak at 240 K. Below 240 K, we observe a decrease of the 
mobility as the temperature is lowered down to 100 K. This 
behaviour is consistent with the mobility being limited by 
scattering from charged impurities48. Increasing the 
temperature above 240 K also results in a strong decrease in 
the mobility from its peak value. This is related to electron-
phonon scattering, which becomes the dominant scattering 
mechanism at higher temperatures.  
 
    The photoresponse properties of devices based on few-layer 
ReSSe were investigated by monitoring the photocurrent 
change under an applied drain voltage while tuning the 
incident light power and wavelength under vacuum condition. 
Figure 5a shows the photocurrent change as a function of the 
drain voltage with gate voltage of 0 V, under excitation by 
different intensities of light. Under excitation by light of 
wavelength 532 nm, the device can generate an obvious 
photocurrent even under illumination with an optical power of 
only 3 mW/cm2. The photocurrent increases gradually as the 
driving drain voltage increases. Figure 5b shows the light-
power dependence of the photocurrent, which can be 
expressed by a simple power law, on a log-log scale. The 
complex processes of electron-hole generation, trapping, and 
recombination within the semiconductor contribute to the 
nonlinear behaviour of the light-power dependence. One of 
the most important parameters for a photodetector is its 
photoresponsivity R, which is the ratio of the generated 
photocurrent to the incident optical power. Figure 5d shows 
the photoresponsivity R deduced from Figure 5b. At low 
illumination intensities, the device reaches a photoresponsivity 
of 8 A/W, at least an order of magnitude higher than both 
graphene photodetectors and the BP phototransistors that 
have recently been widely studied49. The high 
photoresponsivity makes ReSSe a promising material for 
applications in optoelectronic devices. 
 

Broadband photoresponse is important for a photodetection 
device. Only if the photon energy of the incident light is 
greater than the band gap of the active material can the 
carriers be excited and generate the photocurrent under the 
applied drain voltage. As shown in Figure 5c, when the 
wavelength of the incident light is reduced, the photocurrent is 
enhanced, which is due to the higher absorption coefficient 
being higher at short wavelength than at long wavelength. The 
more light is absorbed by the channel, the more electron-hole 
pairs can be generated, which also contributes to the increase 
of the photocurrent produced by short-wavelength excitation. 
Because the gap of the ReSSe sample is around 1.39 eV, the 
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device can be used in a wide range, from near infrared to 
ultraviolet.  

 
    Schottky barriers have a large effect on photoresponse 
properties. It is well known that the gate voltage can modulate 
the Schottky barrier at the interface between the electrode 
and channel materials. So we investigated the gate-voltage 
modulation of photocurrent generation with the 532 nm laser 
illumination. The light power is fixed at around 100 mW/cm2. 
Figure 6a shows the drain-voltage change as a function of gate 
voltage with and without illumination.  By subtracting the dark 
current from the drain current generated under illumination, 
we can clearly see the gate modulation of the photocurrent 
(Figure 6b), which is attributed to the reduced Schottky barrier 
when a large, positive gate voltage is applied.  

Conclusions 
In conclusion, we have studied the electronic and 
photoresponsive properties of atomically thin ReSSe. We have 
made an n-type few-layered ReSSe transistor, and the electron 
mobility is found to be about 3 cm2V-1s-1. Because of the 
direct-band-gap nature of ReSSe, photosensitive devices based 
on few-layer ReSSe exhibit a very high photoresponsivity, up to 
8 A/W. In combination with large-area material preparation 
methods such as liquid scale exfoliation or chemical vapour 
deposition, the composition-dependent band gaps of ReSSe 
alloys make ReSSe a promising material for optoelectronic 
applications, and could enable the fabrication of low-cost and 
efficient optoelectronic devices. 
 
METHODS 
    Sample preparation. ReSSe single crystal was grown by the 
chemical vapor transport method. Thin flakes of ReSSe were 
mechanically exfoliated on SiO2/Si substrates and identified 
under microscope. The thickness of the ReSSe flakes was 
measured by atomic force microscopy (AFM, Cypher S). Raman 
measurements were performed in a Witec system in 
backscattering configuration. The excitation was provided by 
visible laser light (λ = 532 nm) through a 100× objective (NA = 
0.95). To avoid laser-induced modification or ablation of 
samples, all spectra were recorded at low power levels. Optical 
absorption spectra were measured using a Jasco MSV-5200 
microscopic spectrophotometer. 
Fabrication of the field-effect transistor. First, ReSSe flakes 
were obtained by mechanical exfoliation of bulk single crystals 
on a Si substrate and identified by optical microscopy. The 
electrodes [Ti/Au (5/50 nm)] were then patterned using 
standard photolithography, electron-beam metal deposition, 
and lift-off.  
Optoelectronic measurement. All the electronic and 
optoelectronic characterization was performed in a probe 
station under vacuum condition at room temperature, and 
recorded by an Agilent 1500A semiconductor analyser. The 
light excitation was provided by diode pumped solid state 
lasers operated in continuous wave mode with wavelengths of 
405 nm, 532 nm, 633 nm, and 670 nm.  

DFT calculations. We used the VASP50 and CASTEP51 density 
functional theory (DFT) codes to calculate the atomic and 
electronic structures of ReS2, ReSe2, and 4 random 
configurations of the ReSSe alloy. We used a plane-wave basis 
set with a cutoff energy of 680 eV, while the Brillouin zone was 
sampled by a 17×17 Monkhorst-Pack grid. A structural 
optimization was performed on the lattice until all the atomic 
forces were less than 5 meV/Å. We used an artificial 
periodicity of 15 Å in the out-of-plane direction. 
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Figure 1. (a) Crystal structure of the ReX2 compound. (b) Absorption spectrum of the ReS2, ReSSe, and ReSe2. (c) 

Typical optical image of a ReSSe flake with regions of different thickness. Scale bar: 10 µm. (d) AFM image of the 

flake shown in panel (c). (e) The height profile along the dashed line in (d) shows monolayer thickness.  
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Figure 2. (a) Raman spectra of ReSSe flakes with thicknesses ranging from monolayer to five layers, and bulk 

ReSSe. Four clear main peaks are observed. (b) Positions of the main peaks as a function of the number of layers. 

The peak positions are barely dependent on the thickness of the flake, indicating weak inter-layer interactions.  
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Figure 3. DFT band structures of ReS2 and ReSe2, calculated using the local density approximation and the PBE 

generalized gradient approximation along high symmetry lines in the two-dimensional reciprocal space of the 

monolayer. 
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Figure 4. (a) Id-Vd curve of a ReSSe thin-flake transistor with a thickness of about 3 nm. The near-linear Id-Vd 

dependence at low drain voltage indicates a small Schottky barrier between the metal contact and the channel. (b) 

Id-Vg curve of the ReSSe transistor with a drain voltage of 1 V, 3 V, and 5 V. The device shows n-type behaviour. 

The insets show an optical image of the device and the height profile for the channel. Scale bar: 10 µm. (c) Id-Vd 

curve and (d) Id-Vg curve at different temperatures. The drain voltage first increases when the temperature decreases 

from 300 K, and then decreases when the temperature falls below 240 K. The inset of panel (c) shows the drain-

current change as a function of temperature at a gate voltage of 30 V. The inset of panel (d) shows the temperature 

dependence of the mobility deduced from the Id-Vg curve. 
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Figure 5. (a) Photocurrent as a function of drain voltage under different light intensities. (b) Photocurrent as a 

function of intensity on a log-log scale, with drain voltages of 1 V, 3 V, and 5 V. The solid lines are the power-law 

fits with an exponent of 0.73. (c) Photocurrent as a function of drain voltage at different excitation wavelengths. 

The inset shows the photocurrent at a drain voltage of 4 V as a function of excitation wavelength. (d) 

Photoresponsivity as a function of the light intensity as deduced from panel (b).  
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Figure 6. (a) Id-Vd curve of the ReSSe field-effect transistor, with and without illumination. (b) Photocurrent as a 

function of gate voltage. The photocurrent is deduced by taking the difference of the drain currents with and 

without illumination. The photocurrent can be strongly modulated by the gate voltage.  
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Table 1: DFT direct (Γc-Γv) band gaps in ReS2, ReSe2, and ReSSe. In the case of ReSSe we use values averaged 

over four randomly chosen configurations, one of which is illustrated in Figure 1a (the yellow highlighted 

chalcogen atoms are Se, the non-highlighted ones S atoms). The last column shows the linear regression estimate of 

the ReSSe band gap, which is in very good agreement with the actual average gap of the randomly chosen ReSSe 

alloys. 

 ReS2 ReSe2 ReSSe Est. ReSSe 

LDA band gap 1.533 eV 1.348 eV 1.44(3) eV 1.441 eV 

PBE band gap 1.448 eV 1.262 eV 1.36(3) eV 1.355 eV 

 

 


