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We present a systematic investigation of the electronic properties of bulk and few layer ReS2 van
der Waals crystals using low temperature optical spectroscopy. Weak photoluminescence emission
is observed from two non-degenerate band edge excitonic transitions separated by ∼ 20 meV. The
comparable emission intensity of both excitonic transitions is incompatible with a fully thermalized
(Boltzmann) distribution of excitons, indicating the hot nature of the emission. While DFT calcu-
lations predict bilayer ReS2 to have a direct fundamental band gap, our optical data suggests that
the fundamental gap is indirect in all cases.

Emerging transition metal dichalcogenides (TMDs)
such as MoS2, MoSe2, MoTe2, WS2 and WSe2 are at-
tracting great attention due to their remarkable elec-
tronic properties. In particular, the energy and the char-
acter of the band gap can be easily tuned by varying the
number of atomic layers in the crystal.1–5 The two di-
mensional confinement and reduced dielectric screening
in the single and few layer limit result in significantly
enhanced exciton and trion binding energies,6–9 while
the lack of inversion symmetry in the monolayer leads
to valley-selective optical selection rules.10–13

Recently, layered semiconductors with in-plane
anisotropy such as black phosphorus,14,15 and rhenium
dichalcogenides (ReX2, where X stands for Se or S
atoms)16 have joined the family of intensively inves-
tigated van der Waals crystals. The sizable in-plane
crystal asymmetry results in anisotropic optical,3,5,17–25

and electrical17,23,26–28 properties, which can be em-
ployed in field effect transistors,29–32 polarization sensi-
tive photodetectors,33 and new plasmonic devices.34 The
major advantage of Re dichalcogenides over black phos-
phorus is their stability under ambient conditions,35 mak-
ing them potentially interesting for applications.

Unlike the more extensively studied Mo and W based
dichalcogenides, Re based TMDs crystallize in the dis-
torted 1T’ structure (schematically shown in Fig. 1(a))
of lower triclinic symmetry.4,36–38 In rhenium dichalco-
genides, two non-degenerate direct excitons couple to
light, as observed in the reflectivity contrast and photo-
luminescence (PL) spectra.3,5,39 The strong linear polar-
ization of the excitonic transitions provides a new degree
of freedom to control the optical response40,41 of this ma-
terial. Despite the flurry of recent investigations of the

ReS2 and ReSe2,16 knowledge about their fundamental
electronic properties is extremely limited. For example,
the nature of the fundamental band gap remains contro-
versial.

Existing band structure calculations provide no con-
sensus concerning the nature of the fundamental band
gap.4,5,42–44 Studies regarding the absorption edge indi-
cate that both materials have an indirect band gap in the
bulk form.18–21,45 This assignment is supported by recent
angle-resolved photoemission spectroscopy (ARPES)44

and photoemission electron microscopy (PEEM)43 for
the few- and monolayer crystals. However, the observed
PL emission3,5,46 might suggest a direct nature of the
band gap in this semiconductor. Intriguingly, a compa-
rable emission intensity is observed from both excitonic
states at cryogenic temperatures, despite the fact that
they are separated by a few tens of meV.5 This clearly
indicates a strong departure from a thermalized (Boltz-
mann) exciton distribution, which is expected if the di-
rect excitons are the lowest states.

We have performed a systematic low temperature op-
tical investigation of bulk and few layers ReS2 combining
Raman, PL and reflectivity contrast measurements. Our
experimental results support the indirect character of the
band gap from bulk down to single layer ReS2 crystals.
The PL has features of hot emission. Their observation,
even in the presence of an indirect band gap, is related to
the relatively short radiative life time of direct excitons in
ReS2. Although the indirect nature of the gap is gener-
ally supported by density functional theory (DFT) band
structure calculations, intriguingly, our DFT calculations
predict a direct gap for bilayer ReS2, while experimen-
tally we detect only weak hot emission, characteristic for
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FIG. 1. (a) Representative Raman spectra from monolayer
(blue), bilayer (red) and thick (> 8 layers, bulk-like) (black)
regions of the ReS2 flake. The spectra have been normal-
ized with respect to the A1

g intensity. We adopt the system
used in previous work47,48 to enumerate Raman modes. (b)
Optical image of the investigated ReS2 flake. (c) Difference
∆E = EA1

g
− EA4

g
between the A1

g and A4
g Raman modes as

a function of the number of layers. Blue squares show data
from literature.4 Red spheres represent values from our mea-
surements.

the indirect gap.

Mono- and few-layer ReS2 was obtained from bulk
crystals (Hq-graphene) by scotch tape exfoliation onto
a surface of degenerately-doped Si covered with a 270 nm
thick layer of SiO2. A flake containing monolayer, bi-
layer and a thick region (> 8 layers) was selected for the
investigation. The flake thickness was confirmed by op-
tical contrast calibrated with Atomic Force Microscopy
on flakes of different thicknesses (see Supporting Infor-
mation). A microscope image of the flake is shown in
Fig. 1(b).

Raman measurements were performed in back scatter-
ing geometry under ambient conditions, at room tem-
perature, and using a 532 nm laser. The laser light was
focused on a spot of approximately 1 µm in diameter us-
ing a 100× objective (numerical aperture, NA, 0.9). The
spectral resolution of the setup was 0.5 cm−1. The PL
and reflectivity contrast measurements were performed in
a standard µPL setup in back-scattering geometry, with
a long working distance 50× objective having NA=0.55.
The sample was excited by CW 532 nm laser for PL or
with white light from a tungsten-halogen lamp for reflec-
tivity contrast measurements. The sample was mounted
in a helium flow cryostat.

For the density-functional theory (DFT) calculations,
all structures were fully optimized (atomic positions
and lattice vectors) using the PBE049 hybrid exchange-

correlation functional, London dispersion interactions as
proposed by Grimme,50 and Gaussian type basis func-
tions (S: all-electron 86-311G* and Re: effective core
potential (ECP) with large cores was employed, ac-
counting for scalar relativistic effects) as implemented
in Crystal14.51 Layered materials were built from the
bulk 1T’ structure of ReS2, with space group P1̄, lat-
tice parameters a = 6.199 Å, b = 6.318 Å, c = 6.416 Å,
α = 118.8◦, β = 91.7◦, γ = 105.5◦, and 12 atoms in
the unit cell (4 Re and 8 S). We have used Monkhorst-
Pack scheme for k-point mesh during optimization with
3×3×3 and 3×3×1 grid for the bulk and layered systems,
respectively. Electronic structure calculations were car-
ried out on the fully optimized structures using PBE52

exchange-correlation functional, D3 London dispersion
interactions,50 and with Becke and Johnson damp-
ing (PBE-D3(BJ)) as implemented in the ADF/BAND
package.53,54 Local basis functions (numerical and Slater-
type basis functions of valence triple zeta quality with
one polarization function (TZP)) were adopted, and the
frozen core approach (small core) was chosen. All calcu-
lations included the scalar relativistic corrections within
the Zero Order Regular Approximation (ZORA).55–58

The PBE-D3(BJ) functional underestimates the band
gaps, however the band structure shapes and the overall
trends with respect to the number of layers should be
fairly well represented.

FIG. 2. (a) PL spectrum of bulk-like part of the sample mea-
sured at 10 K (red curve) together with the reflection contrast
spectrum (black curve). (b) PL spectrum as a function of the
linear polarization detection angle. (c) Polar plot of the PL
intensity of X1 (black balls) and X2 (red balls) excitons as
a function of polarization detection angle together with the
fitted curves. For clarity points on polar plot are shifted by
about 25o comparing to results presented on (b) panel.

Few-layer ReS2 can be found in two different polytypes
depending on the stacking order referred as isotropic or
anisotropic.4,59 They differ in the relative orientation of
the Re-Re bonds in neighboring layers. The number of
layers and the stacking order can be determined using
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FIG. 3. Calculated DFT band structures of 1T’ ReS2 mono-, few-layer, and bulk. The arrows indicate the optical (red) and
the fundamental (black) electronic band gaps.

Raman spectroscopy.4,48 Fig. 1(a) shows typical Raman
spectra measured for different thicknesses of the crystal.
The colour coding of the spectra corresponds to that of
the labels in the optical image in Fig. 1(b). The pro-
nounced A1

g mode at around 155 cm−1, related to the
in-plane motion of Re and S atoms, together with lower
intensity A4

g, A5
g and A6

g are observed in all spectra. The
four peaks were fitted with Lorentzian curves to precisely
determine the characteristic vibration energy. With de-
creasing number of layers, the A1

g mode softens while the

A4
g mode hardens. This is characteristic for anisotropic

stacking order.4 Isotropic stacking order shows the op-
posite trend, i.e., the distance between A1

g and A4
g mode

decreases with increasing thickness. Therefore, the en-
ergy separation between A1

g and A4
g provides a reliable

signature of the number of layers. Comparing our data
with the previous work (see Fig. 1(c)), we identify ar-
eas of monolayer and bilayer thicknesses, together with
thicker regions at different positions on the flake.

A typical PL spectrum, collected from a thick part of
the crystal, is presented in Fig. 2(a). The two emission
peaks at 1.546 eV and 1.566 eV are non-degenerate di-
rect excitonic transitions, previously observed in reflec-
tivity contrast and PL.3,39,45 The free excitonic nature
of these PL peaks is further supported by the reflectivity
contrast, which is also plotted in Fig. 2(a). In the reflec-
tivity contrast, both excitonic features are Stokes-shifted
by ' 10 meV with respect to the PL peaks. The full po-
larization dependence of the PL spectrum of the bulk-like
sample is presented in Fig. 2(b). The emission intensity
of both excitons strongly depends on the detection polar-
ization angle, as demonstrated by the polar plot of Fig.
2(c). These data are plotted in a non-polar plot in the
Supplementary Information. The variation of the PL in-
tensity with the detection angle shows a characteristic
figure of eight dependence in the polar plot. This behav-
ior is well described using I0+Ix cos2(θ+θ0), from which
we extract the angle between the maximum PL intensity
for each exciton. In agreement with previous reports,3,40

the principal polarization axes of the excitons are rotated
by ' 60◦ with respect to each other.

To facilitate the interpretation of the optical data,
we have performed DFT band structure calculations of
the anisotropic ReS2 crystal with different number of
layers, as shown in Fig. 3. The optical gap at the Γ
point gradually increases with decreasing number of lay-
ers (see also Table 1 in Supporting Information). In-
triguingly, the fundamental band gap is predicted to be
direct only for the bilayer and becomes again indirect
for the monolayer case. Our calculations are in agree-
ment with bulk ReS2 absorption measurements,18–21,45

and recent photo-emission electron microscopy (PEEM)
and GW calculations.43 However, the predicted direct
nature of the the bilayer ReS2 is not supported by the
PL behavior, as we show in the next paragraphs.

The evolution of the PL spectrum with the flake thick-
ness is presented in Fig. 4(a). As the number of layers
decreases, there is a systematic increase of the emission
energy, related to the opening of the band gap at the Γ
point. The dependence of X1 and X2 transition energies
versus number of layers is summarized in Fig. 4(b). In our
sample, six and four layers thick ReS2 corresponds to a
narrow stripe (see Fig. 1(b)). The PL spectra measured
in these regions received some contribution from the bi-
layer emission, visible around 1.62 eV. The twin-peak
PL structure can be consistently observed in all places
on our sample with thickness ≥ 4 layers (see Fig. 4(a)).
The PL emission from monolayer area of the flake was
too weak to be observed, consistent with the predicted
indirect nature of the gap. For bilayer, the PL spectrum
is dominated by a weak, single PL peak attributed to
the X1 exciton, with a weak, high energy shoulder corre-
sponding to the X2 emission. Given that the X2 of the
bilayer is weak in the unpolarized PL spectrum, we de-
termine its transition energy based on the polarization
resolved PL measurements shown in the Supplementary
Information. The evolution of the amplitude of the X1

PL peak with the number of layers is shown in the in-
set of Fig. 4(a). The emission from the bilayer clearly
matches the trend, with no sign of enhanced emission,
which is expected to be orders of magnitude stronger if
the fundamental gap were direct.
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FIG. 4. (a) PL spectra measured at T = 10 K for different number of layers. The arrows indicate the position of X1 and
X2 transitions. The inset shows the amplitude of the X1 PL as a function of the number of layers n. (b) Dependence of X1

(red triangles) and X2 (blue triangles) transition energy as a function of the number of layers and their energy separation. (c)
Scheme of carrier relaxation (dashed arrows) and radiative recombination process (red and blue arrows) in the presence of an
indirect fundamental gap. (d) Ratio of the X1 to X2 PL intensity calculated as function of τr/τs (or τr/τx for the direct band
gap case with τs =∞) by solving the rate equation model described in the Supplementary Information. For the indirect gap,
the ratio was calculated for the three different values of τx/τs indicated.

The observation of both X1 and X2 emissions is at
first sight surprising since they are separated by at least
20 meV, which is more than an order of magnitude larger
than kBT at 10 K (∼ 0.8 meV). If the exciton population
follows a Boltzmann distribution, the intensity ratio be-
tween two peaks should be vanishingly small (∼ 10−9),
i.e., the higher energy X2 emission should not be ob-
served. The observed PL peaks must arise from hot PL
involving emission from excitons which are not fully ther-
malized. For this to occur, the radiative lifetime must be
sufficiently short, compared to the non-radiative relax-
ation time. In addition, if there is an effective way to
depopulate both X1 and X2, the intensity of both will be
reduced, while the ratio of the intensities will be pushed
towards unity. The presence of the indirect band gap
below the direct band gap transitions provides such an
effective depopulation path. The scheme of the carrier ki-
netics with the band structure and relaxation paths are
indicated schematically in Fig. 4(c). Here, τr is the ra-
diative lifetime of the direct excitons, τs is the lifetime
for scattering to the indirect dark exciton state, and τx
is the lifetime for scattering from X2 to X1. The radia-
tive recombination time of the direct exciton transition
is not known for ReS2. We expect, however, that it lies
in the picoseconds time scale, as for other TMDs.60–62

We estimate that the PL intensity here is ' 2 orders of
magnitude weaker than in direct band gap TMDs. As-
suming τr ' 1 ps, this gives a reasonable ball park figure
for the non radiative lifetime τs ' 10 fs. We have solved
the rate equation model to see what conditions should
be fulfilled to obtain the observed ratio of X1 and X2 PL
intensity for the direct and indirect case, which is plot-
ted as a function of τr/τs in Fig. 4(d) (see Supplementary
Information for more details). If the fundamental gap is
direct, the ratio of the emission intensities diverges, as

expected for τr/τs > 1. When the fundamental gap is
indirect, for τr/τs > 1 the ratio reproduces nicely the
experimental observations, saturating between ' 1 − 6
depending the value of τx/τs used. For the direct gap,
reproducing the X1 to X2 intensity ratio observed exper-
imentally would require τr/τx ≤ 1, which is not expected
for semiconductors and incompatible with weak PL. We
therefore conclude that the observation of hot PL emis-
sion is a smoking gun signature of the indirect gap. Since
both excitonic transitions are observed for all thicknesses,
we deduce that in all cases the gap is indirect.

To conclude, we have presented a combined low tem-
perature PL and reflectivity contrast investigation of dif-
ferent thicknesses ReS2 with anisotropic stacking order.
The weak PL emission observed from two direct excitons
(X1 and X2) separated by ' 20 meV indicates their hot
nature, together with the presence of a lower lying in-
direct band gap. This conclusion is supported by the
solution of the rate equations. The weak intensity of the
PL, observed for both excitons, is consistently observed
down to the bilayer, which points to an indirect funda-
mental band gap of ReS2, independent of the number of
layers. For bilayer ReS2, this contradicts the predictions
of our DFT calculations, as well as the GW calculations
and PEEM investigation found in the literature.43 How-
ever, the difference between optical and fundamental gap
is small, as the DFT and GLLB-SC calculations do not
include the exciton binding energy.
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