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Abstract

We report the synthesis of high-quality single crystals of ReSo and ReSes transition
metal dichalcogenides using a modified Bridgman method that avoids the use of a halo-
gen transport agent. Comprehensive structural characterization using x-ray diffraction
and electron microscopy confirm a distorted triclinic 1T’ structure for both crystals,
and reveal a lack of Bernal stacking in ReSs. Photoluminescence measurements on ReSg
show a layer independent bandgap of 1.51 eV, with increased PL intensity from thicker
flakes, confirming interlayer coupling to be negligible in this material. For ReSes, the
bandgap is weakly layer dependent and decreases from 1.31 eV for thin layers to 1.29
eV in thick flakes. Both chalcogenides show feature-rich Raman spectra whose exci-

tation energy dependence was studied. The lower background doping inherent to our
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crystal growth process results in high field effect mobility values of 79 cm?/Vs and 0.8
cm?/Vs for ReSy and ReSey respectively, as extracted from FET structures fabricated
from exfoliated flakes. Our work shows ReXs chalcogenides to be promising 2D materi-
als candidates, especially for optoelectronic devices, without the requirement of having

monolayer thin flakes to achieve a direct bandgap.

Introduction

The rhenium-based dichalcogenide materials ReXy (X= S, Se) are relatively unexplored
members of the class of layered transition metal dichalcogenides (TMDC) that have at-
tracted recent research interest'™® due to their unique structural and electronic properties.
Most of the well-established TMDCs like MoSs and WS, have interesting electronic and
optical properties? that make them ideally suited for a range of device applications. 1015
However, these properties are strongly dependent on layer thickness with the best results
typically being obtained from monolayers of these 2D materials. '8 For example, in mono-
layer form, MoS, has a direct band gap, but the band gap turns indirect with increasing
number of layers. 92 This puts severe constraints on the versatility of such TMDC materi-
als for optoelectronic device fabrication where a direct bandgap, and sufficient active region
thickness are important. Recently, ReS; was shown to behave as a stack of electronically
and vibrationally decoupled monolayers even in bulk form, with its Raman spectrum and
photoluminescence properties being independent of the number of layers. 132! This suggests
that ReS, could offer a novel system to study mesoscopic physics of 2D systems without the
limitation of obtaining large-area, monolayer-thick flakes. Interestingly, another member of

8 is isoelectronic to ReS, and could also have

the rhenium-based dichalcogenides, ReSe,%?®
unconventional optical and electronic properties. The inherent lattice distortion in ReSe,
makes it a suitable candidate for tuning the magnetic and optical properties via strain en-

gineering.® The crystal growth of ReX, is, however, a challenge since Re has one of the

highest melting points of all metals whereas S and Se have relatively low melting points
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and high vapour pressures. Hence these crystals are typically grown using a halogen vapour
transport route using Bry or I, as a transport agent. This, however, leads to unintentional
background doping and changes the electrical properties of the material. Crystals grown by

22,23 while the use of Bry usually results

the I, vapour transport technique are typically p-type
in n-type material. 2> 2 In this paper we report the growth, under appropriate conditions,
of high-quality ReSy and ReSes single crystals by a modified Bridgman method which does
not involve the use of any transport agent. We perform comprehensive structural, optical,
and electrical characterization of these crystals, and obtain field effect mobility values of 79

cm?/Vs and 0.8 cm?/Vs for ReS, and ReSe, respectively, significantly higher than previously

reported for similar device structures.

Single Crystal Growth

Single crystals of ReSs and ReSes; were grown from the constituent elements directly via
a modified Bridgman method, by a careful optimization of the growth process using an
appropriate temperature profile. The growth was performed in a 2 cm diameter, 20 cm
long quartz tube, which was cleaned using HF:H,O (1:10) solution and rinsed thoroughly
with distilled water prior to the growth process. This step is critical, as apart from removing
impurities, the etchant also causes a slight roughening of the inner surface of the tube, which
is beneficial in promoting nucleation during the growth. The constituent elements — 5N pure
Re, and S/Se were weighed in the stoichiometric proportion individually, introduced into the
tube and sealed under vacuum (2x107% mbar). The growth was initiated by placing the
ampoule into a vertical Bridgman furnace, with the following temperature profile used to
obtain single crystals of the ReX, materials. Initially, the temperature was increased to 1100
°C over a 72 hr period.* Following a stabilization time of 24 hr, the temperature was very

slowly decreased to 900 °C at the rate of 1 °C/hr over a period of 10 days, after which the tube

2Since the phase diagrams for Re-S and Re-Se and melting point data are not available in the literature or
in standard materials databases, we chose a temperature similar to that used for the tungsten chalcogenides.
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was cooled down to room temperature at the rate of 60 °C/hr. This resulted in the formation
of shiny crystals in the form of very thin plate-like flakes of hundreds of pm thickness and
approximately 4x5 mm? in lateral size. The optical micrographs and SEM images of the
grown crystals are shown in the Supporting Information, Fig. S1. For measurement of layer
dependent photoluminescence, Raman spectra, and electrical properties, thin sheets were
mechanically exfoliated from these flakes and transferred to SiOs-coated Si substrates for

measurements.

Results and discussion

Unlike the common hexagonal (e.g. MoSs) or octahedral (e.g. WSs) structures seen in most
TMDCs, the rhenium-based dichalcogenides, ReSy and ReSe, crystallize in a distorted 1T’
structure having a triclinic symmetry P1. Schematic diagrams of the side and top view of
such a structure are shown in Fig. 1(a) and (b), respectively. The d? electron configuration
in the outermost shell of Re is responsible for the displacement of the metal (Re) atoms
from their octahedral position at the centre of the anion cage. As a result of the Peierls
distortion, the Re atoms dimerize to form diamond-shaped Re chains that extend along the
in-plane b-axis. This results in the ReX, materials crystallizing in a stable semiconducting
1T” phase with an in-plane anisotropy. The X-Re-X sandwiched layers are stacked along the
c-axis by weak van-der-Waals forces to form a layered structure. We discuss the detailed

characterization of these materials in the sections below.

Structural analysis

High resolution X-ray diffraction (HRXRD) measurements were used to evaluate the struc-
tural properties of the ReSs and ReSe; single crystals, the data are shown in Fig. 2(a) and
(b) respectively. An expanded view of the most prominent (00!) peak is shown in the in-

set. For both samples, we observed only the (00) reflections with all other (hkl) reflections
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Side view (a)
®Re
@5(Se)

Top view

Figure 1: Schematic diagram of atomic arrangement in ReX, (X=S, Se): (a) side view and
(b) top view along the c-axis. Here, blue and green color circles represent the transition
metal and chalcogenide, respectively.

being absent, suggesting a highly-oriented single crystal in the c-axis direction. The most
significant (001) peak, was observed at 20 = 14.5° and 20 = 13.5°, for ReS, (Fig. 2(a))
and ReSe, (Fig. 2(b)), respectively. The narrow and sharp diffraction peaks, all with <0.1°
FWHM values, point to the high crystalline quality of our material, showing that the conven-
tional Bridgman method without utilizing a halogen transport agent can provide high-quality
ReXs crystals. The crystalline quality of grown crystals were also reaffirmed from diffraction
measurements using transmission electron microscopy (TEM) discussed subsequently. The
detailed structural parameters such as lattice constants, FWHM, and d-spacings extracted
from the measured data are presented in Table-S1 in the Supplementary Information along

with powder diffraction data(Fig. S2).
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Figure 2: HRXRD 26-scan for (a) ReSy and (b) ReSes single crystals. The patterns were
indexed with ICDD database 00-052-0818 and 04-007-1113, for ReS, and ReSe,, respectively.
The y axis is plotted on a log scale. Insets show expanded views of the most prominent
reflection. The absence of other (hkl) reflections and the small FWHM values of 0.1° and
0.06° for (001) reflection of ReSy and ReSes, respectively, point to the high crystal quality.

Transmission electron microscopy

The detailed atomic arrangement of the ReXs crystals was investigated using High Resolu-
tion Transmission Electron Microscopy (HRTEM) performed using a 200 kV FEI Tecnai-20
system. Sample preparation details are described in the Supplementary Information. In
order to get information about the in-plane and out-of-plane atomic arrangements, TEM
images were obtained for both crystals for two orthogonal viewing axes, parallel to (cross
sectional view) and perpendicular to the basal plane (top view).

Figs. 3 and 4 show HRTEM images ((a) and (c¢)) and the corresponding diffraction
patterns ((b) and (d)) for the ReS, and ReSes crystals, respectively. Fig. 3(a) shows the
cross sectional TEM image of an ReS, sample; the corresponding diffraction pattern along
the [-1 2 1| zone axis is shown in Fig. 3(b), with the simulated pattern shown in the
inset. The diffraction patterns were simulated using the JEMS software. The absence of
diffraction spots from odd planes of reflection such as (101), (303), etc., indicates a lack of
Bernal stacking between the successive layers in ReSy which is consistent with the previously

reports by Tongay et al.! Fig. 3(c) shows the top view of the ReS, along the [0 0 1] zone

6
ACS Paragon Plus Environment

Page 6 of 24



Page 7 of 24

©CoO~NOUTA,WNPE

Chemistry of Materials

axis, normal to the basal plane, where the Re chains can be clearly seen. The corresponding
diffraction pattern and simulation are shown in Fig. 3(d). It is interesting to note that
the intensity of the (2h2k0) diffraction spots are higher in intensity compared to those from
the (hk0) planes, owing to an anisotropic ordering of the Re atoms, with small in-plane
displacements from the equilibrium positions.

The HRTEM images and diffraction patterns for ReSes are shown in Fig. 4. Similar to
the case of ReSs, the cross-sectional view and corresponding diffraction pattern are shown in
parts (a) and (b) with top view and corresponding diffraction pattern shown in parts (c) and
(d). An immediate noticeable point of difference while comparing the diffraction pattern in
Fig. 4(b) with that of ReS, in Fig. 3(b) is the presence of the diffraction spots from the
odd planes of reflection (such (001), (1-21), etc.) in the ReSes case, suggesting that the
layers in ReSes have a Bernal stacking arrangement, unlike in ReSs;. As expected, the top
view is rather similar, with the familiar Re chains being present, and the diffraction pattern

pointing to an anisotropic atomic arrangement.

7
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Chemistry of Materials Page 8 of 24

(b) Zone axis:[-1 2 1] -

o1
(2 o'z')‘/x (29-2)

51/nm

(d) anev axis:[0 0 1]

(1-10)

-(1099
' (0'10) 47

21/nm-

Figure 3: HRTEM images of ReS,. (a) Cross sectional view with electron beam directed
parallel to the basal plane, (b) the corresponding diffraction pattern centered on the |-1 2
1| zone axis with the simulate diffraction pattern shown in the inset. Here, the absence of
the diffraction spots from the (1 0 1), (3 0 3),... planes of reflection shows the lack of Bernal
stacking in ReSs. (¢) Top view, with the electron beam direction normal to the basal plane,
and (d) the corresponding diffraction pattern centered on the [0 0 1] zone axis with the
simulated diffraction pattern shown in the inset.
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40 Figure 4: HRTEM images of ReSe,. (a) Cross sectional view with electron beam directed
parallel to the basal plane, (b) the corresponding diffraction pattern centered on the [2 1
0] zone axis with the simulated diffraction pattern shown in the inset. (c) Top view, with
44 the electron beam direction normal to the basal plane, and (d) the corresponding diffraction
45 pattern centered on the [1 0 0] zone axis with the simulated diffraction pattern shown in the
46 inset.
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X-ray photoelectron spectroscopy

The compositional and core level elemental analysis of the crystals were characterized by
energy dispersive x-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS).
The stoichiometry of the sample was determined from EDX analysis, where the observation
of a 1:2 atomic ratio of metal (Re) to chalcogenide (S, Se) (see section-4 in SI for details)
confimed the formation of the ReX, phase. The core level elemental analysis of the valence
band energy levels of the Re-atom (Fig. 3(a),(c)) shows the f-shell splitting into the 4f7/,
and 4f5/ sub-levels with an energy difference of 2.4 eV, consistent with the expected Re-
metal peak splitting. However, the peak positions of the 4f7/, and 4f5/, features at 42.18
eV and 44.58 eV for both ReS; and ReSes, respectively, indicate a blue shift by 1.68 eV in
comparison to the standard position?® of the 4f core level peaks of metallic Re at 40.5 eV
and 42.9 eV. Such energy shifts of the 4f levels could be due to the bonding of chalcogens
atoms to rhenium in the ReX,. In the case of chalcogens, the 2p core level peaks, 2p3/, and
2py /2 of S atom, and 3d core level peaks, 3d5/, and 3d3/; of Se atoms are located at 161.58 eV
and 167.28 eV, and 55.48 eV and 56.28 eV, respectively, consistent with the reported work
on bulk ReS,.3° The details of the peak positions and corresponding linewidths are listed in

Supplsementary Information (Table-S6).
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Figure 5: XPS spectra of the ReS; and ReSey crystals. The core level 4f-shell peaks, 4f7/,
and 4f; /5 of the Re atom for (a) ReS, and (c) ReSe,. The chalcogens’ outer shells are, 2ps/o
and 2pq/, core levels for the (b) S 2p feature, and 3ds/, and 3ds/, core levels for the (d) Se
3d feature.

Raman spectroscopy

The atomic vibrational spectra of layers exfoliated from the ReS, and ReSe, crystals were
recorded using three different laser excitation wavelengths, 514 nm, 532 nm, and 633 nm
to understand the wavelength-dependent behavior of the Raman modes. The exfoliation
was carried out mechanically using scotch tape with the layers being transferred to silicon
substrates coated with a 300 nm thick thermal oxide layer on top of it. All the measurements
were recorded at room temperature. The laser power was kept at 0.5 W to avoid heating
the samples. The Raman spectra of 2 nm thick flakes of ReS, and ReSe,, excited at different
laser wavelengths, are shown in Fig.6 (a) and (b). Unlike other members of TMDCs such

11
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as MoXsy and WXj,, the Raman spectra of the Re-based dichalcogenides are feature-rich
with about 18 first-order Raman active modes in the range of 100-300 cm ! which are
non-degenerate because of their low symmetry structure. Interestingly, they exhibit novel
vibrational properties such as the absence of active in-plane vibrational modes E,g' and Eyg?
(Fig.6) mode below < 100 cm™! due to the presence of only one layer in their unit cell rather
than two in MoS, or three in WSy unit cell, respectively. All expected active in-plane and
out-of plane vibrational modes along with the contracted mode of Re, S and Se are observed.
Two intense and characteristic vibration modes are observed at 150 ¢cm ~! and 212 ¢cm ™! for
the ReS, and 124 cm™' and 158 cm™! in the case of ReSe, which is consistent with the

17431 The observed in-plane and out of plane vibrations are reasonable agreement

literature.
with the recent simulated and experimental values reported by Feng et. al.® The in-plane
vibrational modes appear at 156 cm ™!, 168.4 cm ™!, 212.2 cm ™!, and 236.8 cm ™! for Re-atoms
and 308.2 c¢cm~!, and 313.5 cm~! in the case of S-atoms. The same matching was observed
for out-of plane vibrations located at, 133.1 cm ™!, 141.9 cm~! and 421.7 cm ™, 445.8 cm~! for
Re and S atom, respectively along with the contracted vibrations of Re-S atoms, 275.1 ¢cm ~!,
and 280.4 cm~!. Apart from the difference in the outer most electron configuration, ReSe,
belongs to the same structure formation as ReSs, and as expected shows nearly same number

of active vibrational modes in its Raman spectrum, as seen in Fig. 6(b). Comparative Raman

spectra for layers of different thickness are shown in Supporting Information section-5.
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Figure 6: The normalized Raman scattering spectra measured at 514 nm, 532 nm, and 633
nm excitation energy for exfoliated (a) ReSs and (b) ReSey on a SiOs/Si substrate. The
thickness of the flake was ~2 nm.

Photoluminescence measurements

The dependence of photoluminescence (PL) properties with sample thickness provides a
simple way to verify the weak interlayer coupling in the 1T’ stucture, and check for a cross-
over from direct to indirect band gap. Fig. 7(a) shows the room temperature PL spectra
from exfoliated ReS, flakes of two different thickness, denoted as the thin (~2 nm) and
thick (~10 nm) samples. The PL peaks were observed at the same energy position, 1.51
eV, for both thin and thick flakes, consistent with the previously reported values for the
bulk.! Further, the peak intensity is higher for the thicker layer than thinner one, as was
also reported in Ref.( 1,7). This is in sharp contrast to the typical behavior seen in Mo and
W-based TMDCs and confirms that ReSy behaves as a stack of decoupled monolayers even
in bulk form. In the case of ReSe,, the corresponding PL spectra for thick and thin samples
are shown in Fig. 7(b). The peak position shifts slightly from 1.31 eV for the thin layer to
1.29 eV for the thick layer. This is similar to the report by Zhao et. al.?? (~ 1.27 eV for 10L
and &~ 1.32 eV for 2L), and also agrees with the observations of Yang et. al.® (~1.44 eV for
a monolayer flake, with much of the blueshift with reducing thickness occurring close to the

one ML limit).
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Further, the intensity of the luminescence is also weaker for the thicker layer. However
the drop in luminescence with thickness is not as drastic as that for the Mo- and W-based
TMDCs, suggesting that there is a very weak, but non-negligible interlayer coupling. Unlike
MoS,, the presence of structural distortion results in a lesser charge difference between the
Re-layer and chalcogens (S,Se) layers leading to a weaker inter-layer interaction in ReX,.
These observations are consistent with the structural information evaluated from XRD and
electron microscopy reported in the earlier sections where the presence of structural distor-

tion is lesser in ReSe, compared to ReS..

(@) ReS, 1.51ev ——Thick flake
B =—Thin flake

(b) ReSe, 131ey —Thick flake
B ——Thin flake 1

Normalized Intensity (arb. unit)

—~ Normalized Intensity (arb. unit)

- -

1.2

-
-

(eV)

I
I

I
"
3
)%

Ener

Figure 7: Room temperature PL spectra of thin (~2 nm) and thick (~10 nm) flakes of
(a) ReSy and (b) ReSes. The flakes were exfoliated onto a SiO./Si substrate and a 633 nm
laser was used for excitation.

Electrical measurements

Electrical properties of the ReSy and ReSe; crystals were evaluated by characterizing thin-
film field effect transistors (FET) fabricated on mechanically-exfoliated flakes transferred to
a 300 nm SiO, coated p*t™* Si wafer. Thin flakes were identified by optical contrast and
AFM. FETs were fabricated with these flakes as channel using standard lithography tech-
niques. Source and drain contacts were defined by thermal evaporation of 10/70 nm Cr/Au

followed by lift-off in acetone. The transfer characteristics for ReS, and ReSey devices are
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shown in Fig. 8 (a) and (b), respectively, with optical images of the fabricated devices
shown in the insets. [;,—Vys curves are provided in the Supporting Information. On per-
forming electrostatic gating, ReS, and ReSes, both, are observed to be n-type. For ReSes,
this behavior is contrary to previous reports.® We attribute this to the absence of a trans-
port agent, like Iy, during the growth process, which can cause charge compensation. We
extract field-effect mobility from the linear part of the gating curve using the formula prp =
(dlgs/dVy) < (L/W) X (1/(€0zVhias)), where €,, is the capacitance per unit area between chan-
nel and back-gate. For our case, ¢,, = 1.15x10™* F/m?. The mobility for ReS is calculated
to be 79.1 cm?/Vs, while for ReSey it is 0.8 cm?/Vs. The mobility values for the two materials
are significantly higher than those previously reported values for multi-layered ReS, (15.4
cm?/Vs)** and ReSey (0.10 ¢cm?/Vs)® FETs, again reflecting the improved crystal quality. A
summary of mobility values obtained by various groups is presented in Table 1. We report
an Lo, /I,pp of 2.7x10% for ReS, and 3.0x10* for ReSe,. The transconductance of the device

is observed to be 780 nS/pum and 0.11 nS/pum for ReS, and ReSes, respectively.

1

15 20 25

Figure 8: Electrical characterization (I145-Vy,) of FET structures: Room temperature transfer
characteristics at Vg5 = 200 mV for (a) ReSs and (b)ReSe,. The insets show optical images
of the devices, the scale bar is 10 um in both images. The two steps in the curve for ReSy
arise from the flake having regions of two different thicknesses. See Supporting Information
for an enlarged view of the device.
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Table 1: Comparison of electrical data reported for ReSy and ReSe, Field Effect Transistor
(FET) structures.

References Mobility Io,./Ioff Channel V45
(no. of layers) ratio dimension (V)
(cm?/Vs) (pm)
n-ReSq(our data)  79.1(28L) 750 L-0.7; W-2.1 200 mV
n-ReS, 3! 0.072 (1L) 10° L-2; W-5
0.1-2.6 (1L 107 100 mV
n-ReS, ™ 15.4 (6L() ) 107(7L)
93.1(1L)(IIb axis)  10° [-0.7; W-0.3 -3V
n-ReS, 3! 14.8(1L) (L-b axis)
4.7 (few layer)
n-ReSy % 30 (11L) 10%-10°  L-16; W-1.6 150 mV
n-ReS, % 5-30 (3-6 layers) 108 v
n-ReSe, (our data) 0.8 (35L) 10* L-6.4; W-2.5 200 mV
9.78 (1L, -2, W-2 v
p-ReSe,” 0.10 E4L;
Conclusion

Using a modified Bridgman method, we have successfully grown high-quality single crystals
of ReSy and ReSey without the use of a halogen transport agent. The crystals were com-
prehensively characterized using HRXRD and TEM, which revealed a distorted triclinic 1T’
structure for both crystals. However, the lack of Bernal stacking in ReSy was confirmed
from the HRTEM. Both chalcogenides show rich Raman spectra whose excitation energy
dependence was studied. Photoluminescence measurements revealed a layer independent
bandgap value of 1.51 eV for ReS,, with increased PL intensity for thicker flakes, thus con-
firming the absence of interlayer coupling in this material. For ReSes, the bandgap decreased
from 1.31 eV for thin layers to 1.29 eV in thick flakes, suggesting a non-neglible interlayer
interaction, which is however weaker than the usual Mo and W based TMDCs. Electrical
measurements on FETs fabricated show a remarkably improved field effect mobility due to
the lower background doping. Our studies confirm the recently observed atypical proper-
ties of these materials, and show the ReXs series to be useful candidates for optoelectronic

TMDC devices without the necessity to achieve monolayer thin flakes of the materials.

16
ACS Paragon Plus Environment

Page 16 of 24



Page 17 of 24

©CoO~NOUTA,WNPE

Chemistry of Materials

Supporting Information

Optical and SEM images of crystals; powder XRD profiles and analysis; additional TEM
images; compositional analysis using EDX and XPS; additional Raman, PL and electrical

measurements.
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Methods

Mechanical Exfoliation of ReX 5

Few-layer ReX, nanosheets were exfoliated mechanically using scotch tape from bulk ReS,
and ReSe, single crystals individually and transferred to doped-Si substrates covered with

thermally-deposited oxide of 300 nm thickness.

XRD, EDX and XPS analysis

The high resolution X-ray diffraction and the powder X-ray diffraction were measured using
Panalytical X’Pert Pro system for single crystal and powder samples, respectively, using a
CuK, source, and a step size of 0.016°. The EDX measurement was done using an Oxford
Inca Energy EDS. The core level elemental analysis of the present elements was carried
out using an X-ray photoelectron spectroscope (AXIS ULTRA-DLD, Shimadzu) with AIK,,

source using an X-ray monochromator.
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Electron Microscopy

The surface morphology of the as-grown crystals was observed by scanning electron mi-
croscopy using a Zeiss Ultra FESEM at an accelerating voltage of 5 kV. Transmission elec-
tron microscopy (TEM) was carried out using a FEI Tecnai 20 at an operating voltage of
200 kV (filament: LaBg). For sample preparation for in-plane view, bulk flakes were stuck
face-to-face using G1 epoxy and cured at 130°C for 15 min. This sandwich material was
placed in a slotted Ti grid and again cured at 130°C for 5 min. The sample was next thinned
down upto 80-100um by polishing from both sides of the disc. After making a dimple of
around 20pum, sample was ion-milled at 3 kV till a hole appeared at the center. As a final
step, it was polished at 0.5 kV till the region around the hole became thin enough to be

electron transparent.

Raman and PL measurements

To understand the layer dependent atomic vibrational properties of the ReX, samples, the
Raman measurement was carried out on different thickness flakes, thin flake (~2 nm) and
thick flake (~10 nm), at three different laser excitation wavelengths (Fig. S6). The Raman
signals at 514 nm, and 633 nm wavelengths were measured using a Renishaw PL/Raman
system, whereas, the 532 nm wavelength measurement was recorded using a Witec alpha
300R confocal Raman microscope. The variation of the bandgap with the number of layers
was also checked using photoluminescence(PL) spectroscopy. The luminescence was mea-
sured at three different excitation wavelengths, 514 nm, 532 nm, and 633 nm, for both ReS,

and ReSe,. All the measurements were carried out at room temperature.

Device fabrication

FET devices were demonstrated on mechanically-exfoliated flakes transferred to 300 nm

SiOs-coated heavily-doped Silicon wafers using the scotch-tape technique. Thin flakes were

18
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identified by optical contrast and AFM. FETs were fabricated with these flakes as channel
using standard electron beam lithography techniques. Contacts of Cr/Au (10 nm/70 nm)

were realized by thermal evaporation at ~ 5 A /s followed by liftoff in acetone. All electrical

©CoO~NOUTA,WNPE

10 measurements were performed on wire-bonded samples in a home-made measurement setup

12 under vacuum condition (< 107® mbar) at room temperature in dark.
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