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In recent years, Rhenium-based chalcogenides have gained traction as promising materials for optoelectronic
applications. The photoresponse of the as-grown rhenium chalcogenide ReS, ,Se, (x = 0, 1, 2) single crystals
was investigated under varying incident wavelengths and bias conditions of 0 and +3 V. X-ray photoelectron
spectroscopy, scanning electron microscopy, and transmission electron microscopy were performed to assess the
crystal structure and surface quality for photodetection applications. The photodetection properties indicate fa-

vorable potential for switching applications within the photocurrent range of 10~° A. Notably, the photoresponse
of ReS,_,Se, (x = 0, 1, 2) exhibited significant enhancement, achieving responsivity of 4.78 x 10~ A/W, detec-
tivity of 9.16 x 10° Jones, and response time of <0.2 s. These values demonstrate the potential of these single
crystals for advanced optoelectronic applications.

1. Introduction

Recently, transition-metal dichalcogenides (TMDCs) have garnered
attention owing to their exceptional optical and electrical properties,
thermal stability, mechanical flexibility, and high carrier mobility [1-
10]. These materials exhibit significantly enhanced performance as elec-
trocatalysts in hydrogen evolution reactions and optoelectronic applica-
tions owing to their unconventional properties [11-16]. Consequently,
TMDCs, particularly in their monolayer form, have become a central fo-
cus of research in optical technologies. Among TMDCs, the 2H phase
structure is typically observed in MoS, and WS,; whereas, rhenium-
based chalcogenides, such as ReS, ,Se, (x = 0, 1, 2), exhibit a direct
bandgap in both bulk and monolayer forms owing to strong in-plane
isotropy with the 1T’ phase, making them particularly distinctive [17].
The 1T’ phase, characterized by an unconventional arrangement and
asymmetry, significantly influences electronic band structure, thereby
resulting in higher conductivity. This unique feature has drawn in-
creasing attention to rhenium chalcogenides, positioning them as highly
promising candidates for optoelectronic applications [18,19]. Further-
more, their favorable electronic transport properties make them par-
ticularly suitable for energy conversion and storage-based applications
[20,21].

* Corresponding authors.

Transition metal chalcogenides typically adopt the MX, form
(M = transition metal, X = Sulphur (S) or Selenium (Se)); however, in
the present study, we performed a comparative analysis of ReS,_,Se,
(x =0, 1, 2), including both binary and ternary combinations. The in-
clusion of ternary compounds provides an additional degree of free-
dom that facilitates a deeper understanding of bandgap tuning with
binary members. Prior studies have reported that the bandgap of rhe-
nium chalcogenides in this series ranges from 1.2 to 1.6 eV, positioning
them in the near-infrared to the edge of the visible spectrum, thereby
enhancing their potential for optical and other advanced applications
[22-25]. Furthermore, thermal stability studies have demonstrated that
these series are thermally stable [26]. The observed thermal stabil-
ity up to 600 K facilitates in stabilizing the properties of the series
at this temperature, making them feasible and compatible for high-
temperature applications and in various industrial sectors [26]. Several
quantitative and qualitative characterizations and analyses have been
reported in prior works [26]. In this study, the photoresponse prop-
erties, including photocurrent, responsivity, detectivity, and response
time, were investigated as functions of incident light wavelength and
bias voltage. In addition, the influence of Se on the samples was studied,
and the correlation between the structure and electronic properties was
investigated.
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2. Experimental

This study of the photoresponse of rhenium chalcogenides employed
a chemical vapor transport (CVT) technique to grow single crystals. The
complete growth procedure for ReS,, ReSSe, and ReSe, is described in
a previous publication by the authors, wherein the synthesized single
crystals were comprehensively characterized [26].

X-ray diffraction (XRD) patterns were recorded utilizing a Phillips
X’PERT MPD powder X-ray diffractometer, and the unit cell structure
and phase were determined employing Powder X software [26]. The
chemical composition and constituent element bonding mechanisms
were studied via X-ray photoelectron spectroscopy (XPS) employing a
PHI5000 Versa probe II. The surface morphologies of the single crys-
tals were studied via field emission scanning electron microscopy (FE-
SEM) utilizing NOVA 450. Transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) were performed utilizing a
JEOL JEM-2100 HR electron microscope to characterize the as-grown
single-crystal samples. Device fabrication for the photoresponse study
involved fresh single crystals exhibiting optically flat surfaces. Electri-
cal contacts were created using flattened copper wires, which were me-
chanically abraded with a glass slide edge to remove the enamel coat-
ing. The enameled-removed wire ends were flattened by hammering,
followed by rinsing in a 2% HCI solution in double-distilled water to
eliminate any residual contaminants. Ohmic contacts were developed
on the single-crystal surfaces by applying a silver paste, ensuring opti-
mal contact between the flattened copper wire ends and the flat crystal
surface. Two such contacts were positioned at opposite ends of the crys-
tal, with a separation distance of 2 mm. Following contact formation,
the silver paste—crystal contact portion was treated by placing the en-
tire assembly under an incandescent lamp for 1 h. This incandescent
exposure gently warmed the contacts, facilitating the incorporation of
silver paste onto the crystal surface. Subsequently, the crystal wire as-
sembly was secured onto a custom-designed printed circuit board (PCB)
for photoresponse characterization. The copper wires were affixed to
the PCB using a suitable bonding adhesive, followed by soldering of the
other copper wire ends to the designated PCB contacts. This adhesive
ensured the integrity of the contacts during the measurement process,
thereby minimizing the risk of dislodgement during handling.

The photoresponse and switching behaviors of the single crystals
were studied using a Keithley 4200 SCS. The photoresponse study
was conducted at three different incident wavelengths—blue (approxi-
mately 470 nm), green (approximately 540 nm), and red (approximately
670 nm)—as well as in dark conditions.

3. Results and discussion

The XRD patterns of the ReS,_,Se, (x = 0, 1, 2) single crystals are
presented in Fig. 1. The crystalline structure and lattice parameters were
determined utilizing the Powder X software. The analysis revealed that
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Fig. 1. XRD spectra for ReS, ,Se, (x = 0, 1, 2) single crystals.
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the crystal exhibited a triclinic unit cell structure. The sharp peaks ob-
served in the XRD patterns indicate that the synthesized materials were
high-quality single crystals. As shown in the patterns, (001) plane ori-
entation is most dominant for all ReS,_,Se, (x =0, 1, 2) single crystals.
The introduction of Se results in minute shifts in the curves attributed
to Vegard’s law [26].

The XPS spectra of the as-grown ReS,_,Se, (x = 0, 1, 2) single crys-
tals are shown in Figs. 2(a)-(j). The Re 4f spectrum exhibits peaks cor-
responding to the 4f;/, and 4f5/, core levels. The binding energies cor-
responding to these peaks shift slightly as the Se content is increased
(x): 4f;/, at 42.34 eV (x = 0), 42.16 eV (x = 1), and 42.31 eV (x = 2);
4fs/, at 44.08 eV (x = 0), 44.55 eV (x = 1), and 44.68 eV (x = 2). The
absence of significant peak broadening or chemical shifts indicates the
presence of Re in its metallic state without substantial oxidation.

The S 2p spectrum reveals peaks for the 2p;/, and 2p,/, core lev-
els. The S 2p;/, peaks are located at 162.72 eV (x = 0) and 161.37 eV
(x = 1), while the S 2p,/, peaks are positioned at 164.33 eV (x = 0) and
162.88 eV (x = 1). These values are consistent with the binding energies
reported for S in transition metal dichalcogenides [27,28].

For samples with Se content (x = 1, 2), the XPS spectra revealed
peaks corresponding to the Se 3d core levels. The Se 3ds/, peaks are
located at 55.12 eV (x = 1) and 54.20 eV (x = 2), while the Se 3d;/,
peaks are positioned at 56.38 eV (x = 1) and 55.49 eV (x = 2) [28,29].

The elemental XPS profiles of the ReS,_,Se, (x = 0, 1, 2) samples
are shown in Figs. 2(a)-(c). Here, the binding-energy axis is extended
to 600 eV. This range covers all elements present in the samples, as
indicated by their respective binding energies.

The observed binding-energy shifts results from the incorporation
of Se atoms. As the proportion of Se increases, a slight shift in the Re
binding energy is observed. This shift occurs because selenium, which
exhibits lower electronegativity than sulfur, reduces the effective charge
on Re. The observed minor shifts in the peak positions, particularly in
the case of ReSSe (x = 1), are likely owing to the interaction between
the Se and S atoms within the crystal lattice.

Surface morphology plays a critical role in determining the photore-
sponse characteristics. Ideally, flat surfaces are preferred for optimizing
light absorption, photocurrent generation, repeatability, and stability.
Uneven surfaces result in light scattering and dispersion, thereby reduc-
ing the overall photoresponse performance.

FESEM images of the as-grown ReS,_.Se, (x = 0, 1, 2) single crys-
tals, presented in Fig. 3, reveal a promising surface morphology. The
crystals exhibit flat surfaces with well-defined layer edges. This char-
acteristic morphology is highly beneficial for efficient light absorption
and contributes to the observed optoelectronic behavior.

The observed flat surfaces and distinct layer edges strongly suggest a
layer-by-layer growth mechanism for the ReS,_,Se, single crystals. This
observation closely aligns with previous studies on the CVT growth of
layered transition metal dichalcogenides [26,30].

High-resolution transmission electron microscope (HRTEM) images
and SAED patterns of the CVT as-grown ReS, Se, (x = 0, 1, 2) sin-
gle crystals are shown in Figs. 4(a)(b). The samples for HRTEM were
prepared by exfoliating a dispersion of single crystals in N methyl 2
pyrrolidone. The HRTEM images of ReS, exhibiting distinct sharp edges
indicate a layered two-dimensional structure consisting of thin layers
with minimal defects. These layers offer significant potential for exfo-
liation and adaptable electronic properties, thereby enhancing the like-
lihood of improved photocurrent generation. This observation is con-
sistent with the FE-SEM results. Furthermore, the SAED images exhibit-
ing distinct spot patterns validate the single-crystal nature of the ma-
terial. The SAED patterns show sharp diffraction spots in ReS,, indi-
cating a highly crystalline structure exhibiting long-range order, which
can potentially enhance its photodetection capability. However, a slight
broadening of the spot pattern in ReSSe is observed, likely owing to
the lattice strain caused by the mismatch in the atomic radii of S and
Se.
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Fig. 2. XPS spectra of as-grown ReS,_,Se, (x = 0, 1, 2) single crystals, (a)-(c) XPS full scan spectra up to 600 eV of the samples, (d)-(j) elemental XPS spectra.
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Fig. 3. FESEM images of ReS,_,Se, (x =0, 1, 2) single crystals (a) ReS,, (b) ReSSe, and (c) ReSe,.

50 nm

Fig. 4. HRTEM images of (a) ReS,, (b) ReSSe, and (c) ReSe,. SAED patterns of (d) ReS,, (e) ReSSe and (f) ReSe,.

A schematic diagram of the photoresponse setup is shown in
Fig. 5(a). The ohmic characteristics of the contacts were verified by I-V
measurements, as shown in Fig. 5(b). Current was measured across an
applied voltage range of +3 V. The resulting I-V plots in the dark exhibit
a linear behavior passing through the origin, validating the formation
of ohmic contacts. These ohmic contacts minimize carrier injection bar-
riers, thereby ensuring efficient current flow between the crystal and
electrodes.

The photoresponse of as-grown ReS,_,Se, (x = 0, 1, 2) single crys-
tals was investigated under three different illumination wavelengths:
blue (4 ~ 470 nm), green (4 ~ 540 nm), and red (4 ~ 670 nm).
Light sources were LEDs emitting light at these wavelengths with a
constant power of 50 mW/cm? on the crystal surfaces. Photoresponse
measurements were performed under two external bias conditions: 0
and 3 V. Current—voltage (I-V) characteristics were recorded for each
light wavelength and under dark conditions employing a Keithley 4200
SCS.

383

The photoresponse of the single-crystal copper wire assemblies was
assessed by illuminating optically flat crystal surfaces with the three se-
lected incident wavelengths. The photocurrent switching behavior was
investigated by modulating the light source with finite ON—OFF cycles
of 5 s each. Light was switched ON, followed by an OFF period of 5 s, as
illustrated in Fig. 6. The resulting photocurrent switching characteris-
tics were recorded for the three incident wavelengths (blue, green, and
red) at bias voltage of 0 and 3 V for all three as-grown ReS,_Se, (x =0,
1, 2) single crystals.

The photocurrent response in all three ReS,_Se, (x = 0, 1, 2) sin-
gle crystal samples exhibited a characteristic square-like shape at the
onset of illumination (Fig. 6). This rapid increase in the photocurrent
indicates instantaneous generation of electron—hole pairs upon light
incidence and absorption. Additionally, the minimal deviation in pho-
tocurrent and limited influence of external environmental factors dur-
ing measurements indicates good photoresponse stability. Photocurrent
measurements revealed a significant dependence on the applied bias



A.B. Ghetiya, S.H. Chaki, J.P. Tailor et al.

(2)

Light

Source

PCB
Keithley 4200]

. <
0.9 (b ) e
0.6 4 g

-
Q
0.3+
0.0 4

0.3

ChemPhysMater 4 (2025) 380-387

Voltage (V)

—_—X=0
—Xx=1
—_—X=2

-1 0 1 2 3

Fig. 5. (a) Schematic diagram of photoresponse assembly and (b) I-V characteristics in dark condition for ReS,_,Se, (x = 0, 1, and 2) single crystals.

voltage. Specifically, at a bias voltage of 0 V, the photocurrent was low
for all wavelengths of light. Conversely, the application of a bias volt-
age of +3 V resulted in a substantial increase in the photocurrent. These
observations indicate that the photoconductive response of these mate-
rials is significantly enhanced under an applied bias voltage, which is
attributed to several factors. At a bias of 0 V, no internal electric field
is present within the material. Light absorption generates electron-hole
pairs; however, in the absence of an electric field, these photogener-
ated carriers face difficulty in drifting towards the electrodes, resulting
in a low photocurrent. Moreover, in the absence of an electric field,
the charge carriers exhibit less directional motion, which are suscepti-
ble to external temperature fluctuations and minor variations in the in-
tensity of the incident light, contributing to a noisy photocurrent. Con-
versely, when a bias voltage is applied, an electric field is generated
within the material that facilitates the separation and collection of pho-
togenerated carriers at the respective electrodes, resulting in a higher
photocurrent.

All three materials exhibited a significantly higher photocurrent re-
sponse under blue light illumination compared with green and red
light. This observation indicates a stronger photoconductive response
for higher photon energies (blue light) across the ReS, ,Se, (x =0, 1,
2) single crystals system. Furthermore, under +3 V biasing conditions,
all three materials exhibited a gradual decay in photocurrent over time
within each illumination period (ON state). This decay is attributed to
factors such as carrier trapping or recombination within the material
[31]. Notably, the photocurrent returned to its baseline value during the
OFF state (darkness) for all three single crystals, indicating negligible
persistent photoconductivity. Furthermore, the photocurrent response
in ReSSe exhibited a dependence on the applied bias voltage and sign
reversal at a 0 V bias. At 0 V bias, the measured photocurrent was nega-
tive. In contrast, a positive photocurrent was observed at a bias voltage
of +3 V, as shown in Fig. 6. This observation indicates a change in the
majority carrier type or transport mechanism within ReSSe under finite
bias conditions. Two potential mechanisms may account for this phe-
nomenon: (i) At a 0 V bias, the photogenerated holes are the dominant
carriers contributing to the photocurrent, resulting in a negative current
flow (conventional current flows from positive to negative). When a pos-
itive bias voltage (+3 V) is applied, the dominance shifts to electrons,
resulting in a positive photocurrent; (ii) The ReSSe crystal—electrode
interface forms a rectifying contact, creating a built-in potential. At a
bias of 0 V, the built-in potential inhibits the collection of photogen-
erated electrons at the electrode, resulting in a negative photocurrent.
When a positive bias voltage (+3 V) is applied, the built-in potential is
overcome, enabling the efficient collection of photogenerated electrons,
thereby resulting in a positive photocurrent [32].

ReS,, as a pure sulfide-based chalcogenide material, exhibits a well-
ordered 1T’ crystal structure with weak interlayer coupling and high
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Table 1
Photodetection timing at different wavelengths for ReS, . Se, (x =0, 1, 2) single
crystals.

ReS, ,Se, Incident Rise Decay
Wavelength color time (s) time (s)

Bias=0V

x=0 Blue 0.41 0.38
Green 0.37 0.41
Red 0.32 0.42

x=1 Blue 0.32 0.24
Green 0.23 0.29
Red 0.29 0.25

x=2 Blue 0.34 0.32
Green 0.37 0.35
Red 0.32 0.38

Bias=3V

x=0 Blue 0.18 0.16
Green 0.16 0.16
Red 0.17 0.17

x=1 Blue 0.17 0.16
Green 0.16 0.17
Red 0.17 0.16

x=2 Blue 0.18 0.17
Green 0.17 0.17
Red 0.17 0.17

crystallinity. These structural characteristics minimize defects and trap
states compared with other materials, thereby reducing recombination
losses. Additionally, this structure supports the formation of interfacial
states with the electrodes, enhancing the efficiency of charge carrier
generation when exposed to light [15,33,34]. Prior studies have indi-
cated that ReS, retains a direct bandgap in both the bulk and monolayer
forms. However, incorporation of Se to the structure can change the
bandgap and density of states, resulting in increased carrier scattering,
lower absorption efficiency, and reduced photocurrent generation [25].
Overall, ReS, distinctively exhibits high crystallinity, better charge-
carrier mobility, fewer trap states, and a favorable band structure,
making it a promising candidate for optoelectronic applications. No-
tably, ReSe, exhibits the most stable switching behavior with minimal
noise.

The photocurrent (I,) measured in all single crystals was within
the nanoampere (nA) range. Notably, a discernible trend was observed,
wherein the photocurrent progressively decreased as the x value in-
creased across all samples (x = 0, 1, and 2). This observation indi-
cates that the photoconductive performance of a material composition-
dependent, as represented by the varying x values.

Photodetector performance parameters, including responsivity (R)
and detectivity (D), were calculated using established formulas from the
literature [31].
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Fig. 6. Multiwavelength photoresponse at 0 and +3 V bias for ReS, ,Se, (x = 0, 1, 2) single crystals.

The calculated rise and decay times are listed in Table 1 for multi-
wavelength conditions.

The responsivity exhibits a maximum value at x = 0 and subsequently
decreases for samples with higher x values (x = 1, 2), as shown in Fig. 7.
All three single crystals exhibit excellent detectivity (D), with values
reaching 10° Jones, as shown in Fig. 7. Although the detectivity varies
within the range of 108 to 10° Jones across the samples (x = 0 to x = 2),
it remains relatively high for all compositions. This highlights their
potential applicability to low-light detection scenarios. The rhenium
disulfide sample (x = 0) exhibited the highest photocurrent, responsiv-
ity, and detectivity. As the Se content increased (x = 1 and 2), these
parameters decreased, indicating that the introduction of Se in ReS,
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structure affects the photoconversion efficiency and carrier transport
properties.

The measured rise and decay times of the photocurrent response ex-
hibit minimal variation across all three ReS, ,Se, (x = 0, 1, 2) crys-
tals and across all repeated illumination cycles (Fig. 7). This consistent
behavior, irrespective of the illumination wavelength (blue, green, or
red), indicates the stable and repeatable photoresponse of the studied
single crystals. The consistently small rise and decay times indicate a
rapid response to light illumination and relaxation upon termination.
These characteristics make these materials promising candidates for ap-
plications that require fast photodetection, such as high-speed optical
communication and transient light sensing.
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Fig. 7. (a)(b) Responsivity and (c)(d) detectivity plots for ReS,_,Se, (x = 0, 1, 2) single crystals.
Table 2

Comparison of as-grown single crystal photodetection parameters with other similar materials.

Photodetector Applied Incident Incident Power Responsivity  Detectivity Rise time/Decay References
Voltage (V) wavelength (nm) intensity (mW/cm?) (LA/W) (Jones) time

ReS, 0 470 50.0 181 1.54 x 10° 0.41/0.38 This work
ReSSe 85 6.55 x 108 0.32/0.24

ReSe, 33 2.50 x 10° 0.34/0.32

ReS, 3 4780 9.16 x 10° 0.18/0.16

ReSSe 823 1.77 x 10° 0.17/0.16

ReSe, 486 6.80 x 10° 0.18/0.17

SnS, 35 670 0.3 91 1.40 x 108 8.56/12.23 [33]
MoS, 10 589 8.0 34.6 1.06 x 10° N/A [34]

WS, 5 514 6.5 92 N/A 0.053/0.053 [35]
MoSSe 1 660 175.0 1753 N/A 4.7/4.7 [36]

Table 2 shows a comparison of the photodetection parameter values
in the present work with those in previous studies.

4. Conclusion

The photoresponse of ReS,_Se, (x = 0, 1, 2) single crystals was in-
vestigated and XRD confirmed the triclinic unit cell structure of crys-
tals. XPS analysis of the crystals identified the constituent elements and
their pertinent binding. FESEM revealed that the crystal exhibited flat
surfaces with layered edges, indicative of layer-by-layer growth of the
crystals. These flat crystal surfaces are particularly advantageous for
photoresponse. Additionally, HRTEM confirmed a layered structure and
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single-crystal nature of the samples. The crystal-copper wire contacts
exhibited Ohmic behavior. Photoresponse measurements employing a
single-crystal copper-wire configuration demonstrated reliable switch-
ing repetition and performance. The spectral sensitivity for all three
incident wavelengths confirms the suitability of all the materials for
visible-light photodetector applications. Among these, ReS, exhibited
the highest photocurrent and detectivity across all conditions, making
it a strong candidate for high-sensitivity photodetectors, exhibiting re-
sponsivity of 4.78 x 10~3 A/W and detectivity in the range of 10° Jones.
The responsivity and detectivity parameters remain nearly unchanged
at a bias of 0 V, indicating efficient photodetection performance without
external bias. A minimal response time (approximately 0.2 s) was ob-
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served across all conditions. This comprehensive study of composition-
dependent optoelectronic behavior offers valuable insights for the de-
sign of next-generation photodetectors.
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