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ABSTRACT
Rhenium disulﬁde (ReS2) is a semiconducting two-dimensional material with marked in-plane structural anisotropy. This lattice anisotropy
is the stem of many quasi-1D properties observed in this material. In this work, we focus on strain engineering of optical and vibrational
properties through mechanical deformations of the lattice. In particular, the exciton energy can be shifted by applying uniaxial strain, and
the gauge factor is six times more pronounced when the strain is applied along the b-axis than in perpendicular to the b-axis of the ReS2 lattice. Moreover, we also observed how the two most prominent Raman modes can be shifted by uniaxial strain, and the shift strongly depends
on the alignment between the uniaxial strain direction and the a- and b-axes of the ReS2 lattice.
C 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
V

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0081127

Strain engineering provides a powerful route to tune electrical,
optical, thermal, and mechanical properties of two-dimensional (2D)
materials at will.1–16 In fact, this family of materials is very resilient to
mechanical deformations, and they can sustain strains up to 20% without breaking, fully recovering when the strain is released.17–19
Moreover, the applied strain can be effectively adjusted by simply placing a 2D material onto a ﬂexible substrate and bending it in a controlled way.20,21 This method allows one to continuously tune the
properties of 2D materials.
Interestingly, for the 2D materials with strong in-plane anisotropy, uniaxial strain can have a different effect when applied along
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different crystal orientations.22–30 This provides an extra degree-offreedom to tune the properties of 2D materials through strain engineering. To date, however, only a few experimental works have
exploited this new degree-of-freedom.24,31–35 ReS2, as a 2D group VII
transition metal dichalcogenide, possesses a characteristic anisotropic
structure compared to molybdenum and tungsten dichalcogenides,
which contributes to anisotropic in-plane optical, vibrational, and
other properties.36–42 Although these anisotropic optical and vibrational properties of layered ReS2 crystals have been previously well
probed, strain engineering based on the anisotropy remains unexplored. Here, we study the effect of uniaxial strain, applied along

120, 063101-1

Applied Physics Letters

different crystal orientations on the vibrational and optical properties
of the exfoliated ReS2 ﬂakes. By testing the differential reﬂectance test
of layered ReS2 under strain along the two main crystalline orientations, a clear redshift on the excitonic peak could be observed, and the
redshift rate of the exciton reaches a maximum and a minimum when
uniaxial strain is applied along the directions that are parallel and perpendicular to the b-axis of ReS2, respectively. Furthermore, Raman
spectroscopy is carried out to study vibrational anisotropy under strain
along different directions, from which it is shown that the gauge factor
of Raman redshift for the different vibrational modes reaches a maximum with uniaxial strain applied along the speciﬁc crystalline orientations corresponding to these vibrational Raman modes. The results
presented here provide the ﬁrst step to use optical spectroscopy techniques to determine the in-plane strain proﬁles in ReS2 ﬂakes and
demonstrate the possibility to tune the anisotropic properties of ReS2
through uniaxial strain applied along different crystal axes.
ReS2 ﬂakes were prepared by mechanical exfoliation of bulk crystals both in-house grown (further described in the supplementary
material—Materials and Method section and Fig. S1) and commercially available (HQ Graphene) with Nitto SPV 224 tape. The cleaved
ReS2 are then transferred onto a gel-ﬁlm (WF 4 6.0 mil, by Gel-Pak)
substrate by adhering it to the Nitto tape surface and peeling it off
gently. Next, suitable ReS2 ﬂakes are identiﬁed by transmission-mode
optical microscopy and transferred onto the center of a disk-shaped
polycarbonate substrate by an all-dry deterministic transfer
method.43–45 This disk-shaped ﬂexible substrate can be mounted into
a custom-built three-point bending apparatus to apply strains along
different in-plane directions as described in detail in our previous
work (see also the supplementary material—Materials and Method
section and Fig. S2).31
Figure 1(a) shows an optical micrograph of a ReS2 ﬂake (7 nm
thick, see Fig. S3 in the supplementary material) transferred onto the
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center of a polycarbonate disk-shaped substrate. Several techniques
can be used to ﬁnd the crystal orientation of the exfoliated ﬂakes.
Among these techniques, differential reﬂectance49 provides a convenient and nondestructive way of determining the crystalline orientations. Figure 1(b) shows a collection of differential reﬂectance spectra
acquired when illuminating the sample with linearly polarized light
along different directions. In our experiment, the angle between the
linear polarization axis and the horizontal axis is labeled as h. It has
been reported that ReS2 differential reﬂectance spectra present a strong
peak feature attributed to the generation of excitons, whose intensity
depends on the alignment between the incident linearly polarized light
and the crystal directions of the ReS2 ﬂake.40 When the light is linearly
polarized parallel to the b-axis of the ReS2 lattice, the intensity of this
excitonic peak reaches a minimum value (see the supplementary material of Ref. 40). Figure 1(c) shows a polar plot summarizing the relationship between the angle h and the intensity of the excitonic peak
feature. The polar plot shows how the minimum intensity is reached
when the light is polarized almost parallel to the horizontal axis, indicating that the b-axis of the crystal is also oriented along this direction.
We have also used polarized Raman spectroscopy as a complementary approach to determine the crystal axes of ReS2 ﬂakes. For this
experiment, the excitation laser is kept ﬁxed [polarized along the vertical axis in the microscope image of Fig. 2(a)], and the ReS2 sample is
being rotated. The angle between the ﬂake edge highlighted with the
dashed blue line and the excitation polarization axis is labeled now as
h. Figure 2(a) shows an example of a ReS2 ﬂake (1–2 layers thick
according to its reﬂectance spectra,40 see Fig. S4 in the supplementary
material) whose crystal orientation is characterized through polarized
Raman spectroscopy. Figure 2(b) shows a collection of Raman spectra
collected for different h values. The spectra present two prominent
Raman peaks,36,46 labeled as Raman modes III (Ag1) and V (Ag7)
according to Refs. 31 and 47. The intensity of these two Raman peaks

FIG. 1. The identiﬁcation of the crystalline
orientation of a ReS2 ﬂake by differential
reﬂectance measurements. (a, top) 3D representation of the crystal structure of ReS2
where the in-plane anisotropy and crystalline orientations can be clearly identiﬁed
(blue atom: Re, yellow atom: S). (a, bottom)
Optical micrograph of a layered ReS2 ﬂake.
In the polarization-dependent reﬂectance
measurements, h is deﬁned as the angle
between the cleaved long straight edge of
the ﬂake and polarized light. (b) Microreﬂectance spectra of the ReS2 ﬂake (unintentionally strained during fabrication) as a
function of the polarized light rotation (counterclockwise direction) angle from 0 to 90
(the cleaved edge is parallel to the horizontal axis corresponding to 0 ). The spectra
have been vertically offset by 15% to facilitate the comparison. (c) Polar plot of the differential reﬂectance intensity at 1.5 eV for
different angles between the incident linearly polarized light and the cleaved edge of
the ReS2 ﬂake. The specially colored circles
correspond to the spectra shown in (b).
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FIG. 2. The identiﬁcation of the crystalline
orientation of the ReS2 sample by Raman
spectroscopy. (a) The optical microscopy
image of the ReS2 ﬂake. In the
polarization-dependent Raman measurements, h is deﬁned as the angle between
the cleaved long straight edge of the ﬂake
and polarized light. (b) Raman spectra of
the ReS2 ﬂake (unstrained) as a function
of the sample rotation (counterclockwise
direction) angle from 0 to 361 while incident light is linearly polarized parallel to
the vertical axis. The spectra have been
vertically offset by 400 counts to facilitate
the comparison. (c) Polar plot of the
Raman intensity under mode III and mode
V for different angles between the polarized light and the cleaved edge of the
ReS2 ﬂake.

strongly depends on the angle h. In fact, it has been reported how the
intensity of mode V reaches a maximum intensity, when the excitation
polarization is parallel to the b-axis of the ReS2 ﬂake.31 Mode III, on
the other hand, becomes maximum when the b-axis and the linear
polarization form an angle of 30 .39 Figure 2(c) shows a polar plot
with the intensity of the mode III and mode V Raman peaks as a function of the angle h. This plot conﬁrms that the b-axis of the ReS2 ﬂake
is parallel to the crystal edge highlighted with the dashed blue line in
Fig. 2(a).
In the following, we will study the effect of uniaxial strain, applied
along different crystal orientations, on the differential reﬂectance spectra of ReS2. As described above, the ReS2 ﬂake under study was transferred on the center of a disk-shaped polycarbonate substrate that can
be mounted in a three-point bending apparatus to apply uniaxial
strain by controllably bending the disk. By rotating the disk-shaped
substrate between different straining cycles, one can apply the uniaxial
strain to ReS2 along different crystal orientations. All along these strain
engineering experiments, the incident light is linearly polarized perpendicular to the b-axis of the crystal to optimize the intensity of the
observed excitonic feature in the differential reﬂectance spectra. Then,
several differential reﬂectance spectra are acquired as a function of the
angle between the straining direction (horizontal axis) and the b-axis
of the crystal (previously determined by linearly polarized differential
reﬂectance and Raman spectroscopies). Figure 3(a) shows an optical
micrograph of a ReS2 ﬂake with the straining direction almost parallel
to the b-axis of the crystal (with an angle of 1 ) and the differential
reﬂectance spectra collected as a function of the uniaxial strain applied.
The excitonic peak, which at zero strain is centered around at
1.55 eV, shifts toward lower energies upon increasing tensile uniaxial
strain. Interestingly, when the sample is rotated and the strain is
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applied perpendicular to the b-axis of the crystal [Fig. 3(b)], the excitonic peak shifted as small as 4 meV upon 0.39% straining. Figure
3(c) shows the extracted exciton energies as a function of the applied
uniaxial strain for some selected alignments between the straining
direction and the b-axis of the ﬂake. One can see how the exciton
energy shift rate depends on the crystal direction along different
straining directions. From the slope of these datasets, one can extract
the gauge factor, i.e., the exciton energy shift per percentage of uniaxial
tension. For a conﬁguration where the strain is applied almost parallel
to the b-axis of the crystal, the gauge factor is 60 meV/% while it
drops to 10 meV/% when the strain is applied perpendicular to the
b-axis. Figure 3(d) summarizes all the extracted gauge factors for different angles between the straining direction and the b-axis. The
experimental dataset can be ﬁtted to a cosine function with the maximum at 0 , 180 , and 360 of 70 meV/% and the minimum at 90
and 270 of 15 meV/%. This experimentally observed anisotropic
strain tuning of the exciton peaks can be understood in terms of the
band structure changes undertaken by ReS2 when uniaxial strain is
applied along different crystal directions. Yu et al. predicted, through
density functional calculations, a bandgap reduction (that would translate into a exciton energy reduction) of 60 meV/% for strains along
the b-axis and of 30 meV/% for strain along the a-axis,48 in reasonable agreement with our experimental observation.
The anisotropy ratio of the gauge factor can be deﬁned as
Anisotropy ratio ¼ ðGFmax  GFmin Þ=ðGFmax þ GFmin Þ  100%;
where GFmin and GFmax stand for the minimum and maximum gauge
factors, respectively. This magnitude will be 0% for perfectly isotropic
materials. From the cosine-function ﬁt of Fig. 3(d), we can estimate an
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FIG. 3. Angle-resolved micro-reﬂectance
spectra of ReS2 under different uniaxial
strain from 0% to 0.39%. (a) and (b)
Micro-reﬂectance spectra collected when
the uniaxial strain direction is parallel and
perpendicular to the b-axis of the ReS2
ﬂake, respectively. (c) Exitonic peak
energy as a function of the applied uniaxial strain under different orientation angles
(1 , 35 , and 80 ). A linear ﬁt is used to
extract the gauge factor. The shaded area
around the dashed lines represents the
uncertainty of the gauge factor extracted
from the linear ﬁt. (d) Angular dependence
of the ReS2 exciton gauge factor as a
function of the sample rotation angle. A ﬁt
to a cosine function is used to study the
dependence between the polarized angle
and the exciton gauge factor. Red shaded
area around the dashed ﬁt indicates the
uncertainty of the cosine function ﬁt. All
the tests are carried out with the ﬂake
b-axis direction perpendicular to the incident linearly polarized light for obtaining
the maximum peak intensity. Then the
strain direction is kept ﬁxed while the sample and polarization are rotated simultaneously in a counterclockwise direction to
keep the polarized incident light and the
b-axis perpendicular along the whole
experiment.

anisotropy ratio of 80%, much larger than the reported value for
black phosphorus, another 2D material with a remarkable in-plane
structural anisotropy that reached 3%.33 This value is even comparable with the anisotropy ratios recently found in ZrSe3, the material
with the largest anisotropy measured so far, which ranges between
73% and 100%.
We have also studied the effect of uniaxial strain, applied
along different crystal directions, on the Raman modes of ReS2.
The measurement is carried out with the excitation laser linearly
polarized perpendicularly to the direction of uniaxial strain. By
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rotating the disk-shaped substrate, we can apply the strain along
different crystal directions in the sample. The sample starts with its
b-axis parallel to the strain direction (deﬁned as 0 ), and it is subjected to a uniaxial straining cycle. Figure 4(a) shows Raman spectra upon different uniaxial strains up to 0.65%. The spectra have
been zoomed-in around mode V to facilitate tracking the subtle
strain-induced shift of the Raman mode. After the strain cycle is
completed, the sample is rotated by 20 to perform another
straining cycle. Figure 4(b) shows an example of another straining
test carried out when the sample has its b-axis forming 80 with

120, 063101-4

Applied Physics Letters

ARTICLE

scitation.org/journal/apl

FIG. 4. Angle-resolved Raman spectra of
ReS2 at mode V under different uniaxial
strain from 0% to 0.65%. (a) and (b)
Raman spectra collected when the uniaxial strain direction is parallel and nearly
perpendicular to the b-axis of the ReS2
ﬂake, respectively. (c) Raman shift at
mode V as a function of the applied uniaxial strain under different orientation angles
(0 , 40 , and 81 ). A linear ﬁt is used to
extract the gauge factor. The shaded area
around the dashed lines represents the
uncertainty of the gauge factor extracted
from the linear ﬁt. (d) Angular dependence
of the ReS2 Raman shift gauge factor as
a function of the sample rotation angle in
polar coordinates. All the tests are carried
out with the straining direction parallel to
the horizontal axis and the laser polarized
parallel to the vertical axis. Then the strain
direction and the polarized laser light are
kept ﬁxed while the sample is rotated in
the counterclockwise direction during the
experiment to collect the Raman spectra.

the straining axis. For this conﬁguration, uniaxial strain has a negligible effect on the position of Raman mode V, indicating the
anisotropic effect of uniaxial strain in strain-tuning of the vibrational properties of ReS2.
Figure 4(c) shows a summary of Raman peak positions vs uniaxial strain for datasets collected when the strain is applied along different crystal directions (0 is parallel to the b-axis; 120 is parallel to the
a-axis). Linear ﬁts have been used to extract the Raman gauge factors
and the Raman peak shift in cm1 per % of uniaxial strain.
For simplicity, we have focused the discussion above to Raman
mode V. Similar results for Raman mode III are depicted in supplementary material, Fig. S5.
The resulting gauge factors for different crystal orientations
are shown in Fig. 4(d). There the anisotropic character of the strain
tunability is evident: For mode V, the strain-induced redshift
becomes maximal when the strain is applied parallel to the b axis,
reaching a gauge factor of around 3.18 cm1/%. A minimum
gauge factor of around 0.90 cm1/% is obtained when the strain
is applied parallel and perpendicular to the b axis. For mode III,
the gauge factor maximizes for strain applied at an angle of 30 relative to the b-axis, reaching a value of around 2.04 cm1/%. For
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strain perpendicular to this direction, the gauge factor decreases to
1.09 cm1/%.
It is worth noting that, according to recent literature works for
polarization-resolved Raman spectroscopy of ReS2, Raman vibrational
modes III and V reach a maximal coupling with the electric ﬁeld of
light for polarization oriented at 30 and 0 , respectively, relative to
the b crystalline axis. These angles of polarization accurately match the
directions of strain for which we obtain maximal strain gauge factors.
In summary, we subjected thin ReS2 ﬂakes to uniaxial tensile
strain applied along different crystal directions and studied the effect
of this strain on their optical and vibrational properties. We observed
how the exciton peak, present in the differential reﬂectance spectra,
redshifts at a different rate when strain is applied along different directions. When the strain is parallel to the b-axis of the crystal, it reaches
the maximum strain tunability (60 meV/%), and it reaches a minimum when the strain is applied perpendicular to the b-axis
(10 meV/%). Regarding the vibrational properties, we found that
two Raman modes (mode III and mode V) are the most sensitive to
strain. We also observed a shift of these Raman peaks upon straining,
but now each mode responds differently to strains along different
directions. Mode V reaches a maximum shift rate when the strain is

120, 063101-5

Applied Physics Letters

applied parallel to the b-axis (3.3 cm1/%) and a minimum for
strain perpendicular to the b-axis (1 cm1/%). Mode III, on the
other hand, presents a different symmetry: it reaches a maximum
strain tunability for tension parallel to an axis forming 30 with the baxis (2 cm1/%) and a minimum value for strain perpendicular to
that axis (1 cm1/%). This work provides a better understanding
of the role of strain on the properties of two-dimensional materials
with strong in-plane anisotropy.
See the supplementary material for materials and methods,
atomic force microscopy characterization of the ReS2 ﬂake measured
for reﬂectance tests in the main text, differential reﬂectance of the ReS2
ﬂake measured for Raman spectroscopy tests in the main test, angleresolved Raman spectra of ReS2 at mode III under different uniaxial
strains from 0% to 0.65%, and growth of ReS2 crystals.
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