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Transient Absorption Measurements on Anisotropic
Monolayer ReS2
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and Hui Zhao*

Anisotropic optical and transport properties of monolayer ReS2 fabricated
by mechanical exfoliation are reported. Transient absorption measurements
with different polarization configurations and sample orientations reveal that
the absorption coefficient and transient absorption are both anisotropic, with
maximal and minimal values occurring when the light polarization is parallel and
perpendicular to the Re atomic chains, respectively. The maximal values are about
a factor of 2.5 of the minimal values. By resolving the spatiotemporal dynamics of
excitons, it is found that the diffusion coefficient of excitons moving along Re atomic
chains is about 16 cm2 s−1 at room temperature, which is about a factor of three larger
than those moving perpendicular to that direction. An exciton lifetime of 40 ps is also
extracted. These findings establish monolayer ReS2 as an anisotropic 2D transition
metal dichalcogenide.
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1. Introduction
Since 2010, there have been growing interests in developing
2D materials from layered transition metal dichalcogenides (TMDs), such as MoS2. These 2D materials have several exotic properties, including transition to a direct band
gap in monolayers,[1,2] valley-selective optical coupling,[3–5]
large binding energies of excitons, trions, and biexcitons,[6–9]
and strong nonlinear optical responses.[10–14] Utilizing these
superior properties, significant progress has been made in
developing applications of these materials in electronic[15,16]
and optoelectronic[17–20] technologies. In addition, these 2D
materials can be used as building blocks to fabricate new van
der Waals heterostructures.[21–23]
Currently, the most extensively studied TMD members
are MoS2, WS2, MoSe2, and WSe2. They all have 1H lattice
structure, which dictates that their transport and linear
optical properties are largely isotropic in the atomic plane.
A TMD with sizable in-plane anisotropic electronic and
optical properties would bring a new degree of freedom to
controlling the electronic and optical responses, and allow
development of TMD heterostructures with anisotropic
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responses when combined with other TMDs. Here we show
that monolayer ReS2 possesses large optical and transport
anisotropy.
Bulk ReS2 is a semiconducting TMD with a room-temperature band gap of about 1.5 eV, an absorption coefficient of
about 8 × 106 cm−1 in visible range, an exciton binding energy
of about 30 meV, and room-temperature charge mobilities of
about 20 cm2 V−1 s−1.[24–29] Unlike other TMDs, ReS2 forms
a stable distorted 1T structure with triclinic symmetry.[30–33]
Owing to the lower lattice symmetry, bulk ReS2 possesses
in-plane anisotropic optical[28,34] and transport properties.[33]
Hence, monolayer ReS2 can potentially offer anisotropic
optical and transport properties to the 2D TMD family. Very
recently, monolayer ReS2 samples have been successfully fabricated by mechanical[30,35] and liquid[36] exfoliation. It was
shown that monolayers and bulk ReS2 have similar bandstructures due to the weak interlayer coupling.[30] However,
the electronic and optical properties of monolayer ReS2 have
been largely unexplored.
We studied charge carrier and exciton dynamics in monolayer ReS2 by transient absorption measurements with high
time and spatial resolution. In these measurements, electron–
hole pairs were excited in a monolayer ReS2 flake by interband absorption of a pump pulse. Excitons were formed from
these electron–hole pairs and were detected by measuring
differential reflection of a time-delayed and spatially scanned
probe pulse. We found that the magnitude of the transient
absorption signal depends on the crystalline direction of
the sample with respect to the polarization directions of the
pump and probe pulses. Both the pump absorption and the
probing efficiency were anisotropic. By performing spatially
resolved measurements, we found that the
exciton diffusion coefficient is also anisotropic. There results establish monolayer
ReS2 as an anisotropic 2D material.

chains break the in-plane hexagonal symmetry, which is
expected to introduce in-plane anisotropy.
Spectroscopic ellipsometry was employed to determine
the complex dielectric function of the bulk ReS2 crystal that
was used to fabricate the monolayer. The results are shown in
Figure 1d. The imaginary part shows a pronounced excitonic
transition at 820 nm, with a width of about 17 nm. Due to the
limited size of the monolayer sample, spectroscopic ellipsometry was not carried out here. Alternatively, we measured the
photoluminescence of the monolayer under the excitation of
a 405 nm laser beam. As shown in the inset of Figure 1d, we
observed a peak centered at 800 nm with a width of about
80 nm, which is similar to a previously reported result.[30]
In our transient absorption measurements, we used a 100 fs
and 730 nm pump pulse to excite the sample. The photon
energy of the pump pulse is about 150 meV above the photoluminescence peak of the sample. Hence, we expect that the
pump pulse excites electron–hole pairs with a large excess
energy. It has been well established that the reduced dielectric screening in monolayer TMDs results in significantly
enhanced exciton binding energies.[37] Since the exciton
binding energy in bulk ReS2 is about 30 meV, which is above
the thermal energy at room temperature, it is reasonable to
assume that in ReS2 monolayers excitons will form from the
injected electron–hole pairs, which will be stable at room
temperature. The dynamics of the photocarriers and excitons were detected by measuring differential reflection of a
time-delayed and spatially scanned probe pulse of 810 nm,
which is near the center of the photoluminescence peak.
The differential reflection, ΔR/R0, is defined as the relative
change of the probe reflection caused by the pump. In all the

2. Sample and Transient
Absorption Scheme
The monolayer ReS2 sample was fabricated by mechanical exfoliation. Figure 1a
is a microscope image of the flake that
contains a large and thin region. Atomic
force microscope measurement indicated
that the thickness of this region is about
0.8 nm, confirming its monolayer thickness (see Figure S1, Supporting Information). Figure 1b,c show the side and top
views of the crystal structure of monolayer
ReS2. As discovered by density functional
calculations,[30] the stable crystal structure of monolayer ReS2 is a distorted 1T
structure. Its unit cell, indicated by the red
lines in Figure 1c, contains 4 Re and 8 S
atoms. Along the b lattice vector direction,
Re atoms form zigzag chains, as indicated
by the black dashed line in Figure 1c, due
to the Peierls transition. These Re atomic
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Figure 1. a) The monolayer ReS2 sample fabricated by mechanical exfoliation. The x–y
coordinates represent the laboratory frame. The orientation of the sample with respect to
the laboratory frame is described by the angle θ. b) The side view of the crystal structure of
monolayer ReS2, which contains one Re atomic layer (dark) and two S atomic layers (light).
c) The top view showing the a and b lattice vectors. Zigzag chains of Re atoms are formed
along b. d) Complex dielectric function of the bulk ReS2 crystal obtained by spectroscopic
ellipsometry. The inset shows a photoluminescence spectrum of the monolayer sample.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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measurements, the pump pulse is linearly polarized along the
horizontal direction in the laboratory frame, defined as x in
Figure 1a. The probe polarization is either horizontal or vertical (y). We use the angle (θ) from the +x direction to one of
the edges of the flake, indicated as the red arrow in Figure 1a,
to describe the crystalline orientation with respect to the
polarizations. By mounting the sample on a rotation stage, θ
can be varied with an accuracy of better than 1°.

3. Time Resolved Transient Absorption
We first present time-resolved ΔR/R0 with x-polarized pump
and probe pulses, and with the sample orientation of θ = 0°,
as shown as the black squares in Figure 2a. Here the pump
fluence is 25 µJ cm−2. By using an absorption coefficient of
8 × 106 m−1 (bulk value)[24] and assuming that each pump
photon absorbed generates one electron–hole pair, we estimate that an area carrier density of 5 × 1011 cm−2 is injected at
the center of the pump spot. We found that the signal reaches

a peak slightly after zero probe delay, indicating immediate
response of the probe to the injected carriers. The decay of
the signal can be fit by a biexponential function (red line),
with two time constants of 10 ± 1 and 40 ± 2 ps, respectively.
Next, we rotated the sample to θ = 90° and repeated the measurement. As shown as the blue circles in Figure 2a, the magnitude of the signal is decreased by about a factor of 7, while
the bi-exponential function with the same time constants (red
line) can satisfactorily describe the decay of the signal. These
two measurements were repeated with a y-polarized probe.
The results are shown in Figure 2b. We found that these two
curves have similar magnitudes, both being smaller than θ = 0°
but larger than θ = 90° in the x–x pump–probe configuration.
Furthermore, the decay of both curves can also be described
by the biexponential function with time constants of 10 and
40 ps (red lines). By repeating the measurements with different values of the pump fluence, we found that the dynamics
are independent of the pump fluence, and the magnitude
of the signal increases linearly with the fluence, as shown in
Figure 2c,d for x–x and x–y configurations, respectively.

Figure 2. a) Differential reflection signal as a function of the probe delay measured with both pump and probe pulses being polarized along x,
and with the angle θ being 0° (squares) and 90° (circles), respectively. The red lines are biexponential functions with two time constants of 10 and
40 ps. b) Same as a) except a y-polarized probe is used. c) Magnitude of the differential reflection signal (represented by the signal measured with
a probe delay of 3 ps) as a function of the pump pulse fluence. The pump and probe pulses are both x-polarized and θ = 0°. The red line is a linear
fit. d) Same as c) except a y-polarized probe is used.
small 2015, 11, No. 41, 5565–5571
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From these measurements, we conclude that the exciton
dynamics observed is independent of the probe polarization
and sample orientation. Upon injection, the hot carriers relax
their energy and form excitons. In this process, even without
carrier and exciton recombination, the differential reflection
signal is expected to decrease since free carriers are more
efficient than excitons in changing the absorption coefficient
at the exciton resonance. Based on this argument, we assign
the short time constant of 10 ps to energy relaxation of hot
carriers and exciton formation. The long time constant of
40 ps can then be assigned to the lifetime of excitons. Given
the extremely low photoluminescence yield of monolayer
ReS2, such a short lifetime is limited by nonradiative recombination of excitons.

4. Anisotropic Transient Absorption Response
Figure 2 clearly shows that the magnitude of the differential reflection signal depends on the crystalline orientation
and pump–probe polarizations. To systematically study the
anisotropic properties of the differential reflection signal,
we repeated these measurements as we varied the angle
θ. In these measurements, the pump fluence was kept at
25 µJ cm−2. Figure 3 shows the signal with a probe delay of
3 ps as a function of θ for x–x (black squares) and x–y (blue
circles) pump–probe polarizations, respectively. A rather
large anisotropy was observed in the x–x configuration,
where the data can be fit with Acos2θ + B with A = 1.0 × 10−3
and B = 0.63 × 10−4. The variation of the data in x–y configuration is smaller.
The angular dependence of the differential reflection can be induced by anisotropic interactions of the
sample with both the pump and the probe. To consider the
effect of pump, we compare the differential reflection at
θ = 0° of x–x and θ = 90° of x–y configurations, as shown
as the purple double arrow in Figure 3. In both cases, the

probe polarization is parallel to the direction indicated by
the red arrow in Figure 1a. The only difference is that the
pump polarization is parallel (x–x, θ = 0°) or perpendicular
(x–y, θ = 90°) to that direction. From the two signal values
of 1.06 × 10−3 and 0.42 × 10−3, we conclude that the pump
polarized along the direction indicated by the red arrow in
Figure 1a injects a factor of 2.5 higher carrier density that
the pump polarized perpendicular to that direction. That
indicates that the absorption coefficient of the sample is
anisotropic by that factor, with the maximal absorption
occurring when the polarization is along that direction. Early
studies have shown that in bulk ReS2, the absorption coefficient is maximal when the polarization is along the b direction.[34] Based on this, we can assign the sample direction
indicated by the red arrow in Figure 1a as the b direction,
that is, the direction of the Re atomic chains.
To understand the anisotropic effects of the probe, we
compare the results of x–x and x–y configurations both at
θ = 0°, as shown as the orange double arrow in Figure 3.
In this case, the pump polarizations are both parallel to b.
Hence they inject the same (and maximal) carrier density.
With the signal values of 1.06 × 10−3 (x-probe) and 0.38 × 10−3
(y-probe), we conclude that the probe polarized along b is
a factor of 2.8 more efficient in sensing carriers and excitons than that polarized perpendicular to b. That is, the same
exciton density induces a maximal change in absorption coefficient when the probe is polarized along b. We note that the
anisotropic effects of pump and probe have similar magnitudes (2.8 and 2.5, respectively), which is reasonable since
they both originate from the interband transition matrix element. The fact that the pump and probe effects both peak
along b with similar magnitudes of anisotropy suggests that
the variation of signal in x–y configuration should be smaller
than x–x, as observed in Figure 3. Finally, the magnitudes of
anisotropic effects of pump and probe suggest that in the
x–x configuration, the signal at θ = 0° (where both effects are
maximal) should be a factor of 7 larger than θ = 90° (where
both effects are minimal). This is reasonably consistent with
the results shown in Figures 2a and 3.

5. Anisotropic Exciton Transport

Figure 3. Differential reflection signals at a probe delay of 3 ps measured
with pump–probe polarizations of x–x (squares) and x–y (circles). The
angle θ is defined in Figure 1a). The red solid line is a fit.
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Having identified the direction of b, we next discuss the
anisotropic exciton transport property in monolayer ReS2
by comparing the diffusion coefficients of excitons when
they move parallel and perpendicular to the direction of
the Re atomic chains. The diffusion coefficient of excitons
can be measured by time resolving the evolution of the
exciton density profile. According to the diffusion model,
with the initial density profile being a Gaussian function,
the density profile remains Gaussian and expands due to
diffusion.[38] Quantitatively, the area of the profile increases
linearly, with the rate determined by the diffusion coefficient, σ2(t) = σ2(0) + 4Dt, where D and σ(0) are the diffusion coefficient and the 1/e half width of the initial spatial
profile at t = 0.[38]
To measure the diffusion coefficient along the b direction, we rotated the sample so that b is along x (θ = 0°), and
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Figure 4. a) Differential reflection signal as a function of probe delay and probe position, as the probe spot is scanned along the b direction. The
pump and probe polarizations are also along b. b) Spatial profiles of the differential reflections signal at probe delays of 0 (squares), 10 (circles),
and 20 ps (triangles). The solid lines are Gaussian fits. c) Squared width of the profiles as a function of probe delay. The lines are linear fits for
the time ranges of 0 to 10 ps and 10 to 50 ps, respectively. Panels d–f) are the same as a–c), but with the probe spot scan direction and probe
polarization being perpendicular to b.

measured the differential reflection signal as a function of
probe delay as we scan the probe spot along x. The pump and
probe were both polarized along x, too, with a pump fluence
of 36 µJ cm−2. The result of this spatiotemporal scan is shown
in Figure 4a. At each probe delay, the profile is a Gaussian
function. A few examples of the profiles are shown in
Figure 4b, with probe delays of 0 (black squares), 10 (red circles), and 20 ps (blue triangles), respectively. By fitting each
profile with a Gaussian function, we deduced its 1/e width.
The squared width is plotted as a function of probe delay in
Figure 4c. Despite the rather large uncertainties, an expansion of the profile is clearly seen. By fitting the data in the
range of 10–50 ps (the red solid line), we obtained a diffusion
coefficient of 16 ± 4 cm2 s−1.
Next, we studied diffusion of excitons along the direction perpendicular to b by rotating the sample by 90° so
that b is along y direction. The pump polarization was also
changed to y in order to inject the same carrier density. We
repeated the measurements described above under otherwise same conditions. The results are plotted in panels (d),
(e), and (f) of Figure 4 in a similar fashion as (a), (b), and
(c). We found that the diffusion coefficient along this direction is 5 ± 2 cm2 s−1, about a factor of 3 smaller than along
the b direction.
Based on the diffusion coefficients obtained from these
measurements, we can deduce the corresponding exciton
mobilities, µ, from the Einstein relation D = µkBT/e, where
kB, T, and e are Boltzmann constant, the temperature, and
small 2015, 11, No. 41, 5565–5571

elementary charge, respectively. We found the mobilities of
about 620 cm2 V−1 s−1 along b and about 200 cm2 V−1 s−1 perpendicular to b, respectively. Furthermore, we deduced the
exciton diffusion lengths ( L = Dτ ) of about 250 nm along
b and about 80 nm when moving perpendicular to b, by
using the measured exciton lifetime of τ = 40 ps. Similar to
the lifetime, this diffusion length is limited by fast nonradiative recombination of excitons. Nevertheless, these values are
similar to other TMD monolayers, such as WSe2 (160 nm),[39]
MoSe2 (400 nm),[40] and WS2 (350 nm).[41]
Finally, Figure 4c shows that in the duration before
10 ps, the slope appears to be larger. A linear fit in this
range (the blue solid line) results in a diffusion coefficient of 40 ± 10 cm2 s−1. This fast diffusion in early delays
could be attributed to the hot exciton effect. Initially, the
electron–hole pairs are injected with a large excess energy,
which then form excitons with a temperature higher than
the lattice temperature. As indicated by the Einstein relation, these excitons with higher thermal energy have larger
diffusion coefficient, since the mobility is determined by
the lattice temperature, and is insensitive to the exciton
temperature. We note that this time range is consistent with
the short time constant of 10 ps deduced from Figure 2,
which was attributed to the exciton formation and energy
relaxation. Our interpretations of these two observations
are consistent. We note that the low signal-to-noise ratio
in Figure 4f does not allow identification of such a regime
along the direction perpendicular to b.
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6. Conclusion
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We showed that monolayer ReS2 possesses in-plane anisotropic optical and transport properties. The absorption coefficient is maximal for light polarized along the b lattice vector
direction, which is the direction of the Re atomic chains, and
decreases by about a factor of 2.5 when the polarization is
perpendicular to b. The differential reflection signal induced
by excitons of a certain density also reaches a maximum
when the probe polarization is along b, which reduced by a
similar factor when the probe polarization is perpendicular
to b. From time-resolved measurements, we extracted an
exciton formation and relaxation time of 10 ps and an exciton
lifetime of 40 ps. By resolving the spatiotemporal dynamics
of the excitons, we found that the diffusion coefficient of
excitons moving along b is about 16 cm2 s−1, which is about a
factor of three larger than along the direction perpendicular
to b. These findings establish monolayer ReS2 as an anisotropic 2D transition metal dichalcogenide.
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7. Experimental Section
The ReS2 monolayer sample was obtained by polydimethylsiloxane
(PDMS)-assisted mechanical exfoliation. A thin film of ReS2 was
first peeled off by a scotch tape. After exfoliation of several times,
it was transferred to the surface of PDMS. A flake containing a
large and uniform monolayer region was identified, and then transferred to a Si substrate with a 90 nm oxide layer. The thickness of
the sample was determined by atomic force microscope (Figure S1,
Supporting Information).
In the transient absorption setup, the 532 nm output of a
diode laser was used to pump a Ti:sapphire laser, which generates 100 fs pulses with a central wavelength of 810 nm. A beamsplitter was used to pick off 8% of this pulse, which was used as
the probe. The majority of the 810 nm pulse was used to pump an
optical parametric oscillator, which generates a signal output with
a central wavelength of 1460 nm. By focusing the 1460 nm pulse
to a beta barium borate crystal, we generated its second harmonic
at 730 nm, which was used as the pump. Each pulse goes through
a half-wave plate and a polarizer to control its polarization and
power. Two dichroic beamsplitters were used to combine the two
pulses, which were both focused to the sample by a microscope
objective lens. The reflected probe pulse from the sample was sent
to a silicon photodetector, output of which was measured by a
lock-in amplifier. The pump pulse was modulated by a mechanical
chopper at about 2 KHz to improve the signal-to-noise ratio. The
sample was fixed on a rotation stage, which was installed on a
translation stage. With assist of an imaging system, the laser spots
were located at the central region of the monolayer flake, and
overlap with the rotation center.

Supporting Information
Supporting Information is available from the Wiley Online Library
or from the author.
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