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ABSTRACT: Rhenium disulﬁde (ReS2) is a semiconducting layered transition metal dichalcogenide that exhibits a stable
distorted 1T phase. The reduced symmetry of this system leads to in-plane anisotropy in various material properties. Here, we
demonstrate the strong anisotropy in the Raman scattering response for linearly polarized excitation. Polarized Raman scattering
is shown to permit a determination of the crystallographic orientation of ReS2 through comparison with direct structural analysis
by scanning transmission electron microscopy (STEM). Analysis of the frequency diﬀerence of appropriate Raman modes is also
shown to provide a means of precisely determining layer thickness up to four layers.
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widely studied TMDC crystals. While these studies were crucial
ﬁrst steps in the thin-ﬁlm characterization of this material, an
important aspect remains unaddressed: the role of in-plane
anisotropy in single- and few-layer crystals. Strong anisotropy of
the optical and electrical properties of ReS2 has been
established for bulk crystals14−16 and is also expected in thin
layers. In fact, a recent report that was published during the
review of this Letter has demonstrated anisotropy in the
electrical properties of few-layer samples.17 Additionally, the
Raman scattering response, while not yet directly characterized,
is also expected to be anisotropic based upon studies performed
previously on structurally similar ReSe218 and thus to provide a

henium disulﬁde (ReS2) is a semiconducting transition
metal dichalcogenide (TMDC) with an optical bandgap
around 1.4 eV in bulk crystals synthesized by the vapor
transport method.1,2 The layered TMDCs, including MoS2,
MoSe2, WS2, and WSe2, have generated signiﬁcant interest in
the research community as stable direct-gap semiconductors in
the monolayer limit with properties tunable by interlayer
coupling,3−5 as well as potential for electronic, piezotronic, and
optoelectronic applications.6−12 ReS2, as a thin ﬁlm material,
has only recently attracted attention, with reports of the
photoluminescence, Raman scattering response, and transconductive properties of ReS2 which have been measured in the
few-layer limit.1,13
These previous investigations did not identify signiﬁcant
variation in the vibrational, optical, and electrical properties of
ReS2 crystals as a function of layer thickness, suggesting that the
interlayer coupling is weaker in this material than in the more
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Figure 1. Crystal structure and an example of an exfoliated ReS2 ﬂake. (a) Ball-and-stick model of ReS2 (yellow, S; teal, Re) monolayer with direction
of the Re chains represented by the black double arrow. (b) Optical micrograph of an exfoliated sample. (c) Atomic force microscopy (AFM) image
of the sample indicated in the box in the optical micrograph. (d) The AFM scan along the dotted red line in c.

silicon substrates. In Figure 1b, we show an optical micrograph
of a single ﬂake that contains regions of monolayer (1L),
bilayer (2L), and trilayer (3L) attached to a thicker bulk-like
ﬂake. Atomic force microscopy imaging, depicted in Figures 1c
and 1d, conﬁrms a thickness of ∼0.7 nm per layer.1
We study the anisotropic behavior of thin ReS2 using angleresolved polarized Raman spectroscopy, which has been
previously used in a wide variety of applications including
studying strain-induced changes in the electronic structure of
graphene,27 as well as determining the orientation of ReSe218
and black phosphorus crystals.25,28 We measure the Raman
spectra in a backscattering geometry using a 532 nm laser with
a ﬁxed linear polarization. The sample is rotated to an angle θ
between the incident polarization and the direction normal to
the cleavage plane (depicted by a white dashed line in all
subsequent ﬁgures). The scattered light is measured by a
spectrometer with a 2400 l/mm grating, using a linear polarizer
to independently measure components parallel and perpendicular (cross) to the incident laser polarization. We also study the
spectra for unpolarized detection by summing the parallel and
perpendicular intensities after correcting for the relative
collection eﬃciency. This provides Raman spectra equivalent
to those that would be measured with an ideal, polarizationindependent detection system.
Figure 2a shows the unpolarized Raman spectrum for a ReS2
monolayer. At least 16 Raman-active vibrational modes can be
identiﬁed. A previous report on the ReSe2 system, which
possesses the same distorted crystal structure, predicted 18
Raman-active vibrational modes.21 For the present study, we
restrict our attention to the range of Raman shifts between 120
and 240 cm−1, since the strongest modes occur in this
frequency range (Figure 2b). Figure 2c depicts the evolution of
the Raman spectrum as the sample is rotated about the surface
normal. The intensity of each peak varies strongly with angle,
while the peak positions are unchanged.
Before examining the orientation dependence more closely,
we study the layer dependence of the unpolarized Raman
spectra (Figure 3). Figure 3a is a micrograph of a sample
containing regions that are 1L, 2L, 3L, and 4L thick. A few of
the layers cleaved with well-deﬁned edges, as highlighted with
black dashed lines. Figure 3b shows the Raman spectra for each

simple optical means of establishing the crystallographic
orientation of single- and few-layer samples.
Here, we present a detailed investigation of the Raman
scattering in single- to few-layer ReS2. Our study demonstrates
that, like the previously measured bulk optical and electrical
properties, the Raman scattering response is also anisotropic.
We show that the anisotropic angle- and polarization-resolved
Raman spectra of ReS2 provide a method for the determination
of crystallographic orientation by a purely optical technique, as
we conﬁrm using scanning transmission electron microscopy
(STEM) to image the crystal lattice. Analysis of the diﬀerence
in frequency between appropriate Raman modes is also found
to provide a means of determining the thickness of a given
sample.
In contrast to the more studied group VI metal
dichalcogenides like MoS2 and WSe2, ReS2 monolayers exhibit
a distorted 1T structure as the stable phase, as shown in Figure
1a.19,20 Previous studies of bulk ReS2 have noted that, due to
the extra valence electron on the group VII rhenium atoms,
ReS2 exhibits both metal-chalcogen and metal−metal bonds.
The metal−metal bonds are responsible for creating a
superlattice structure of rhenium chains, indicated by a black
double arrow in Figure 1a. These chains distort the monolayer
crystal from the more symmetric 1T structure.2,21,22 Experimentally, crystals synthesized by vapor transport cleave with
well-deﬁned edges parallel to the rhenium chains, typically
denoted as the b-axis, providing a rapid method of crystal
orientation identiﬁcation convenient for studying the anisotropic optical and electrical properties.16 While we ﬁnd
exfoliated mono- to few-layer samples that are attached to
bulk crystals with well-deﬁned edges, there is often ambiguity as
to whether thinner samples also cleave along the b-axis, as well
as which of the cleaved edges follows the b-axis. Moreover,
recent progress and the technological demand for producing
large-scale samples of TMDC thin ﬁlms by chemical vapor
deposition23,24 necessitate the development of nondestructive
techniques for determining crystal orientation in thin ﬁlm
materials that are independent of the preparation technique.18,25,26
For this study, we mechanically exfoliate bulk ReS2 crystals
(source: HQ Graphene) onto silicon dioxide (285 nm) on
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marginally from one to four layers, as does mode IV (not
shown). The position of mode I, on the other hand, varies from
133.1 ± 0.1 cm−1 in the 1L to 136.2 ± 0.2 cm−1 in the 4L. The
weaker mode II shows a similar thickness-dependent tuning
(see Supporting Information). The III−I frequency diﬀerence is
16.8 ± 0.2 cm−1, 14.9 ± 0.3 cm−1, 14.0 ± 0.3 cm−1, and 13.5 ±
0.2 cm−1 for monolayer, bilayer, trilayer, and tetralayer,
respectively, and converges to 12.7 ± 0.3 cm−1 in the bulk.
(Note: The error bars derive from the diﬃculty of ﬁtting
overlapping Lorentzians.) This result provides a method for
identifying thickness of samples in the few-layer regime like the
technique used for MoS2.4 Since the peak positions do not shift
signiﬁcantly with polarization angle, these results are robust
enough to allow comparison between diﬀerent samples.
Crucially, this analysis requires using an orientation where all
of the relevant peaks are suﬃciently strong. This can be
achieved simply by rotating the sample. We have performed
this experiment on numerous samples on diﬀerent substrates,
and the behavior is consistent (see Supporting Information).
Figure 4 depicts the orientation-dependent polarization
response of mode V in the 4L region with cross-polarized
(blue) and parallel-polarized (red) collection, as well as
unpolarized (black) collection. The cross- and parallel-polarized
spectra yield 4-lobed and 2-lobed shapes, respectively. With this
data, it is possible to gain insight into the character of the
Raman tensor.18 For our present purposes of developing a
convenient optical method to determine crystallographic
orientation, we will concentrate on the parallel polarization
data for which the Raman response is signiﬁcantly stronger.
In Figure 5, we present the parallel polarization Raman
response of modes III (green) and V (violet). Figure 5a is a
polar plot of the intensity of modes III and V for the 4L region.
Mode III exhibits a maximum intensity at an angle of ∼58°.
Mode V exhibits a maximum intensity at an angle of ∼91°,
which also happens to be parallel to one of the edges of the
exfoliated ﬂake. These two modes were previously calculated in
the literature by DFT simulations. Mode III was shown to
consist of mostly in-plane vibrations, and mode V was shown to

Figure 2. Raman spectra for monolayer ReS2. Full (a) and detailed (b)
view of the monolayer ReS2 Raman spectrum. (c) Unpolarized Raman
spectra as a function of sample orientation angle. The spectra taken
every 20° from 0° to 180° by rotating sample about its surface normal
are presented with a vertical oﬀset and with relative intensities
preserved.

region at a ﬁxed orientation (θ = 120 degrees). We choose this
orientation because all modes of interest are suﬃciently strong
for further analysis. For simplicity, we label the modes from
lowest to highest wavenumber with Roman numerals I through
V, with approximate peak positions of 135 cm−1, 141 cm−1, 150
cm−1, 160 cm−1, and 211 cm−1.
This study reveals that it is in fact possible to quantify the
number of ReS2 layers by examining the Raman peak positions,
as has been shown for other 2D materials.4 Figure 3c displays
the peak positions of Raman modes I, III, and V as a function of
thickness. The positions of modes III and V change only

Figure 3. Raman spectra of ReS2 samples as a function of layer thickness. (a) Optical micrograph of 1L, 2L, 3L, and 4L samples. The dashed black
lines indicate the well-deﬁned edges as cleaved. The green double arrow represents the polarization of the 532 nm incident laser. (b) Stacked plot of
Raman spectra in 1L, 2L, 3L, and 4L ReS2 taken with sample at an orientation of θ = 120°. (c) Frequencies for modes I, III, and V, labeled in b, as a
function of thickness (1L, 2L, 3L, 4L, and bulk) on the left vertical axis with the frequency diﬀerence between modes I and III on the right vertical.
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mechanical exfoliation process, the eﬀects of which are expected
to diminish in each subsequent layer. The variation in mode V
with layer thickness is not reﬂected in the behavior of mode III,
suggesting that mode III is less sensitive to the cause of this
variation. Nonetheless, it is clear that mode V displays a
maximum intensity when the excitation is roughly parallel to
one of the edges of the cleaved crystal. We have observed
consistent behavior on >20 samples on diﬀerent substrates
including at least four of monolayer, bilayer, and trilayer
thicknesses.
In Figure 6, we use annular dark-ﬁeld scanning transmission
electron microscopy (ADF-STEM) to image the crystal lattice
and conﬁrm that the Raman spectra can be used to determine
the crystal orientation. Figure 6a shows the low-magniﬁcation
ADF-STEM image of a ReS2 sample that was transferred onto a
Quantifoil TEM grid. The sample contains regions ranging
from bulk to monolayer, with some regions that are completely
suspended. During the transfer process, some regions tore with
well-deﬁned edges, such as the one marked by the yellow arrow.
Figure 6b shows a higher magniﬁcation image of this region and
conﬁrms that the b-axis (rhenium chains) runs parallel to the
cleaved edge. In Figure 6c, we present a higher magniﬁcation
ADF-STEM image taken from the few-layer region marked by
the blue arrow. The bright spots represent the rhenium atoms,
and the rhenium chains, which run in a direction ∼90°
measured clockwise from the vertical, are easily visible. Figure
6d depicts the parallel polarization response of the Raman
spectra for modes III (green) and V (violet) taken on the bulk
region of the sample, as denoted by the red arrow in Figure 6a.
Mode III is a maximum at an angle of ∼55° measured clockwise
from the vertical and is denoted by the green line in Figure 6c.
Mode V is a maximum at an angle of ∼91°, which corresponds
to the direction parallel to the rhenium chains.

Figure 4. Raman intensity of mode V in the 4L region with
unpolarized (black), cross-polarized (blue), and parallel-polarized
(red) collection.

contain out-of-plane vibrations of the sulfur atoms along with
in-plane vibrations of the rhenium atoms in the direction of the
b-axis.1 We hypothesize that the angle of maximum intensity for
mode V should be in the direction of the b-axis.
We examine the consistency of the Raman polarization
dependence of each mode as a function of layer thickness.
Figure 5b depicts the polarization dependence of mode III in
the 1L, 2L, 3L, and 4L regions. This mode polarization
behavior is unchanged for all four diﬀerent thicknesses, with
maximum intensity located at ∼58°. Figure 5c shows the
thickness dependence of mode V. In contrast to mode III, the
polarization of mode V varies slightly with thickness, with
maximum intensity for this mode at 83° for 1L, 90° for 2L, and
91° for 3L and 4L. This variation may be due to interlayer
coupling, substrate interactions or strain induced from the

Figure 5. Angle-resolved Raman response with parallel-polarized collection for modes III and V, centered at ∼150 and 211 cm−1, respectively. (a)
Optical micrograph of an exfoliated ReS2 sample. The white dashed line represents the reference sample orientation. (b) Angle-resolved Raman
intensities of modes III (green squares) and V (purple triangles) in a 4L sample of ReS2 presented in a polar plot. (c) Variation with sample
orientation of the intensity of mode III for samples of 1L−4L thickness. The data for each layer thickness are normalized and oﬀset in the plot. The
gray solid lines represent the angle of maximum intensity. (d) As in c for mode V.
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Figure 6. Annular dark-ﬁeld scanning transmission electron microscopy (ADF-STEM) of bulk to monolayer ReS2. (a) Low magniﬁcation ADFSTEM image of ReS2 sample on a Quantifoil TEM grid. Inset: optical micrograph of sample on PDMS before transfer. (b) Medium magniﬁcation
ADF-STEM image of suspended ReS2 where the sample tore during the transfer process. (c) High-magniﬁcation ADF-STEM image of a few-layer
region. (d) Polarization- and orientation-resolved Raman spectra of bulk region. White double arrows depict direction of rhenium chains in a−c.
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These results conﬁrm the utility of angle-resolved polarized
Raman spectroscopy in determining the crystal orientation in
layered TMDCs possessing the distorted 1T structure. These
observations and conclusions are supported by atomic-scale
imaging with ADF-STEM and will prove invaluable in the
future study of the anisotropic optical and electrical properties
in thin ﬁlm ReS2. ReS2, however, is only just one of the
TMDCs exhibiting the distorted 1T phase to be explored in the
few-layer limit, and lessons learned here should serve to inform
future experiments in similar material systems.
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