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Absorption-edge anisotropy in ReS2 and ReSe2 layered semiconductors
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Polarization-dependent absorption measurements of ReS2 and ReSe2 single crystals have been carried out in
the temperature range between 25 and 500 K. A significant shift towards lower energies has been observed in
the transmittance spectra ofEib polarization with respect to those corresponding toE'b polarization. Analy-
sis reveals that the absorption edges of ReS2 and ReSe2 are indirect allowed transitions. The parameters that
describe the temperature dependence of the absorption edges with different polarizations in the van der Waals
plane are evaluated. The results indicate that the electron-phonon coupling constants forEib polarization are
considerably larger than those ofE'b polarization.@S0163-1829~98!02748-9#
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I. INTRODUCTION

ReS2 and ReSe2 are diamagnetic semiconductors that b
long to the family of the layered-type transition-met
dichalcogenides.1,2 The properties of the transition-met
dichalcogenides have been reviewed by Wilson and Yof1

The layered-type transition-metal dichalcogenides crysta
in a lattice with strong covalent bonds within a layer a
weak interactions, usually of the van der Waals type,
tween the individual layers. The strong anisotropy in t
chemical bonds leads to anisotropy in many material prop
ties, such as their electrical and optical properties para
and perpendicular to the layers.3 Unlike most of the layered
transition-metal dichalcogenides, ReS2 and ReSe2 are in a
distorted CdCl2 structure, leading to triclinic symmetry.2,4

Crystals with triclinic symmetry are optically biaxial. There
fore, anisotropic response of ReS2 and ReSe2 are expected
for linearly polarized light, incident normal to the basal pla
@Ei(001), k'(001)#. This behavior differs from that o
transition-metal dichalcogenides with hexagonal struct
~e.g., 2H-MoS2, 2H-MoSe2!, which are optically uniaxial
with the optical axis perpendicular to the van der Wa
plane. Although Wilson and Yoffe1 claimed biaxial behavior
in ReS2 and ReSe2, to our knowledge up to now only a few
experimental papers have been reported.5 Recently, Friemelt,
Lux-Steiner, and Bucher5 reported anisotropy effects in th
van der Waals plane of ReS2 single crystals and mentione
that ReS2 may be of interest for fabrication of polarizatio
sensitive photodetectors in the visible wavelength regi
However, to date, no detailed study on the anisotropy in
absorption edge has been reported.

In this paper, we report on the detailed polarizatio
dependent optical-absorption study of single crystals of R2
and ReSe2 over temperature ranging from 25 to 500 K.
notable shift towards lower energies was observed in
transmittance spectra ofEib polarization with respect to
those corresponding toE'b polarization. Analysis of the
PRB 580163-1829/98/58~24!/16130~6!/$15.00
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absorption curves suggests that the interband transition
ReS2 and ReSe2 are indirect and their band gaps are pola
ization dependent. The polarization-dependent energy g
of these materials at various temperatures are determined
their temperature dependence is analyzed by the Var
equation,6 an empirical expression proposed by O’Donn
and Chen,7 and an expression containing the Bose-Einst
occupation factor for phonons.8,9 The parameters that de
scribe the temperature dependence of band gaps are e
ated and discussed.

II. EXPERIMENTAL DETAILS

Single crystals of ReS2 and ReSe2 were grown using the
chemical-vapor transport method with Br2 as a transport
agent. Prior to the crystal growth, quartz tubes containing2
and the elements~Re, 99.95% pure; S, 99.999%; S
99.999%! were evacuated and sealed. The quartz tube
placed in a three-zone furnace and the charge prereacte
24 h at 800 °C with the growth zone at 1000 °C, prevent
the transport of the product. The furnace was then equ
brated to give a constant temperature across the reac
tube, and was programmed over 24 h to produce the t
perature gradient at which single-crystal growth takes pla
Best results were obtained with temperature gradients of
proximately 1060→1010 °C for ReS2 and 1050→1000 °C
for ReSe2. Both ReS2 and ReSe2 formed thin silver-colored,
graphitelike platelets up to 2 cm2 in area and 100mm in
thickness. X-ray diffraction patterns confirmed the triclin
symmetry of ReS2 and ReSe2 with all parameters consisten
with those previously reported.2,10 Hall effect measurement
reveal n-type semiconducting behavior. At room temper
ture, the carrier concentrations were 131017 and 7
31016 cm23, the Hall mobilities were 20 and 10 cm2/V s
and the resistivities were 3 and 8V cm for ReS2 and ReSe2,
respectively. The weak van der Waals bonding between
layers of the material means that they display good cleav
16 130 ©1998 The American Physical Society
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properties parallel to the layers, which can be exploited
obtain thin-single specimens. With a razor blade, thic
samples have been successfully thinned to a limiting th
ness of;10 mm.

Measurements of the reflectance and transmittance
near-normal incidence were made on a Bruker model
120 HR in the range of 8000–13 500 cm21, with a resolution
of 4 cm21. Transmission intensity was closely monitored
obtain an incidence as close to 90° as possible. The re
tivity studies were done on the as-grown surface~001! and
compared against an evaporated gold mirror. The Oriel n
infrared dichroic sheet polarizers were employed
polarization-dependent measurements. Single crystals w
thickness of about 10mm were used for transmittance me
surements. Plate-shaped crystals were selected and mo
on a copper sample holder fitted into a Dewar with opti
windows. As shown in Fig. 1, theb anda axes are the short
est and second shortest axes in the basal plane; theb axis is
parallel to the cluster chains, which corresponds to the lo
est edge of the plate.5,11 Measurements were made at seve
temperatures between 25 and 500 K with a temperature
bility of 0.5 K or better.

III. RESULTS AND DISCUSSION

The transmittance of ReS2 and ReSe2 were measured a
near-normal incidence. The absorption coefficienta was de-
termined from the transmittanceTr by taking into account
the spectral dependence of the reflectanceR using the
relation12

Tr5
~12R!2e2ad

12R2e22ad . ~1!

Equation ~1! assumes that there are multiple reflectio
within the sample, but that they add incoherently due
sample inhomogeneity or a sufficiently large spread of
incident angles. Sincead is large for the sample crystals, th
second term in the denominator of Eq.~1! can be neglected

Figure 2 displays the absorption coefficient as a funct

FIG. 1. Top view of the van der Waals plane of ReX2 ~X5S,
Se! layered structure.
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of photon energy, as determined for~a! ReS2 and ~b! ReSe2
at several representative temperatures between 25 and 5
The dashed curves in Fig. 2 correspond to theEib polariza-
tion, while the solid curves representE'b polarization. It is
noted that a significant shift towards lower energies for
Eib polarization is observed as compared to theE'b polar-
ization. The polarization dependence of the transmitta
curves provides conclusive evidence that both optical
sorption edges are associated with the interband transit
from different origins. Detailed theoretical study of the a
isotropic optical properties in the van der Waals plane
ReS2 and ReSe2 is needed and is at present beyond the sc
of this work. As is generally expected, the absorption ed
shifted toward higher energies as the temperature of
sample is lowered. Analysis of the experimental data show
that the absorption coefficienta to be proportional to (\v
2Eg)n with n5260.1. This suggests an indirect allowe
transition for these materials.

A more complete analysis, taking into account both t
absorption and emission phonons, is given as follows. Fo
indirect allowed transition, the absorption coefficienta for a
single-phonon process can be expressed as12

a\v5
A~\v2Eg1Ep!2

exp~Ep /kT!21
1

B~\v2Eg2Ep!2

12exp~2Ep /kT!
, ~2!

where\v is the energy of the incident photon,Eg the band
gap,Ep the energy of the phonon assisting the transition, a

FIG. 2. Polarization-dependent absorption coefficient vs pho
energy for~a! ReS2 and~b! ReSe2 at several representative temper
tures between 25 and 500 K. The dashed lines and solid lines
respectively, deduced from the transmittance spectra ofEib and
E'b polarizations.
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A andB are constants. The first term on the right-hand s
of Eq. ~2! corresponds to an absorption of a photon an
phonon, whereas the second term corresponds to an ab
tion of a photon and emission of a phonon and contribu
only when\v>Eg1Ep . There is a large residual absor
tion at photon energies below the absorption edge. The la
values of the absorption coefficienta below absorption edge
of ReS2 and ReSe2 most probably indicate the existence
impurities or defects in the materials. At this point, we ha
not considered in detail the effect of these impurity or def
states. For simplicity, in our present study, the residual
sorption is assumed to be a constant and subtracted ou
the evaluation of the band gapEg and phonon energyEp .
The data of ReS2 and ReSe2 at different temperatures wer
then to be fitted to Eq.~2!. Representative results are show
in Fig. 3, where the hollow circles and solid squares
representative experimental points deduced from differ
polarization~Eib andE'b polarizations, respectively! trans-
mittance spectra and the solid lines are fitted to Eq.~2!. The
results strongly indicate that ReS2 and ReSe2 are indirect
band-gap semiconductors, in whichEib polarization exhibits
a smaller band gap and a single phonon makes impor
contributions in assisting the indirect transitions. The no
uniform thicknesses and unsmooth sample surface will t
to deviate the incident angles from the normal direction,
sulting in some variations in the absorption spectra. Differ

FIG. 3. Experimental points of (a\v)1/2 vs \v that are deduced
from polarization-dependent absorption measurements for~a! ReS2

and ~b! ReSe2 at several representative temperatures between
and 500 K. The hollow circles~solid squares! are data points from
the Eib (E'b) polarization measurements and the solid lines
the least-squares fits to Eq.~2!.
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values ofEg andEp could be obtained by fitting a differen
energy range, i.e., by rejecting some points at lower
higher photon energies. From this selective omission of d
an error of the order60.02 eV can be deduced for the es
mation ofEg . Fitting data on different samples give simila
parameters, even though there are differences in the abs
tion spectra due to differences in sample thicknesses.

From our experiments, the indirect gaps at room tempe
ture, denoted asEgi (Eg'), are, respectively, determined t
be 1.3560.02 (1.3860.02) eV for ReS2 and 1.1760.02
(1.2060.02) eV for ReSe2. Here,Egi andEg' refer, respec-
tively, to the indirect gap of theEib andE'b polarizations.
It is noticed that the values forEg' are larger than those o
Egi , and are similar to those of our previous report ofEg ,
which determined from the absorption data of the unpo
ized incident light.13 Our values differ slightly from previous
published works.2,14–16The first available data, 1.33 eV fo
ReS2 and 1.15 eV for ReSe2, were obtained by Wildervanck
and Jellinek2 from transmittance measurements. Koffybe
Ouight, and Wold14 analyzed the photoelectrochemic
spectral-response data resulting in a lowest-energy indir
optical band gap of 1.4 eV for ReS2. From optical-absorption
measurements, Marziket al.15 determined the indirect-
optical band gaps of ReS2 and ReSe2 to be 1.32~5! eV for
n-type ReS2 and 1.17~5! eV for n-type ReSe2. Recent at-
tempts to determine the energy gaps ofp-type ReS2 and
p-type ReSe2 using the photoresponse spectra obtained
semiconductor-electrolyte interfaces were carried out
Wheeler, Leland, and Bard.16 The values obtained wer
1.3160.01 and 1.2260.01 eV for ReS2 and ReSe2, respec-
tively.

ReX2 ~X5S, Se! can be thought of as distorted 1T-MX2
dichalcogenides.17 The 1T-MX2 phases consist of edge
sharedMX6 octahedra. In eachMX2 layer, the metal-atom
sheet is sandwiched by chalcogen-atom sheets, and the m
atoms of an undistortedMX2 layer form a hexagonal lattice
ReS2 and ReSe2 have ad3 electron count, and their meta
atom sheets exhibit a clustering pattern of ‘‘diamo
chains.’’ The atoms comprising the Re4 diamonds are copla
nar, but each diamond unit is canted at a small angle fr
the basal plane. This canting results in a small variation
the Re atom heights perpendicular to the basal plane.
distortion of the Re atom sheet from perfect hexagonal sy
metry further creates a distortion of the chalcogen she
both perpendicular and parallel to the basal plane. One c
sequence of this distortion is the opening of an energy ga
the band structure due to the mutual repulsion of the orbi
around the Fermi energy level. Recently, Keltyet al.,18 and
Kertesz and Hoffmann19 employed simple tight-binding elec
tronic band-structure calculations of the extended Huck
type on ReS2 and ReSe2, respectively. The results show th
the band levels around the band gap are dominated by th
metal d orbitals. The contribution of chalcogenpz orbitals
are much stronger at the top portion of the valence band t
at the bottom portion of the conduction band. For the ch
cogenpx andpy orbitals, the top portion of the valence ban
has nearly equal contributions from all chalcogen atoms. T
values of the theoretical indirect gap for a single Re2
layer,18 the three-dimensional ReS2 ~Ref. 18! and ReSe2
~Ref. 19! lattices are 1.27, 0.81, and 0.87 eV, respective
The value of 1.27 eV for a single layer of ReS2 ~Ref. 18! is

5
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PRB 58 16 133ABSORPTION-EDGE ANISOTROPY IN ReS2 AND . . .
in approximate agreement with the absorption band gap
1.3560.02 (1.3860.02) eV. However, the calculated valu
for the three-dimensional lattice18,19 are much smaller than
that actually obtained in our optical-absorption measu
ments. The calculated value of 0.81 eV for ReS2 is smaller
than that of ReSe2, which is exactly in the opposite trend o
the experimental values. These discrepancies indicate th
adequacy of the tight-binding method for studying semic
ductors with a layer structure and a more effective metho
needed in this area.

Plotted in Fig. 4 are the temperature variations of
polarization-dependent indirect energy gaps of ReS2 and
ReSe2 with representative error bars. A least-squares fit~the
solid line! to the Varshni semiempirical relationship6

Egi~T!5Egi~0!2aiT
2/~bi1T! ~3!

yields parameters as given in Table I. Herei 5i , ', Egi(0) is

FIG. 4. The temperature dependence of polarization-depen
indirect band gaps of ReS2 and ReSe2. Representative error bars a
shown. The solid lines are least-squares fit to the Varshni equa
~see Ref. 6!. The dotted curves are least-squares fit to an empir
expression proposed by O’Donnel and Chen~see Ref. 7!. The
dashed curves are fitted by an expression containing the B
Einstein occupation factor of phonon~see Ref. 8!.
of
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e

the band gap at absolute zero;ai and bi are constants re
ferred to as Varshni coefficients. The constantai is related to
the electron-phonon interaction andbi is closely related to
the Debye temperature. For comparison purposes we h
also listed numbers for the polarization-dependent dir
band edge excitonic-transition energies of ReS2 and ReSe2,

20

and the unpolarized results of absorption measuremen13

The Debye temperature was estimated to be approxima
196 K for ReS2 and 181 K for ReSe2.

21 Our values ofbi

equals 133650 (150650) K andb' equals 128650 (140
650) K for ReS2 (ReSe2) are in reasonable agreement wi
the theoretical estimation. It is noted that the values ofai are
much larger than those obtained from the direct band-e
excitonic transitions.21 We will discuss the differences in
later section.

The temperature dependence of the indirect band ga
two different polarizations have also been fitted~dotted
curves in Fig. 3! by an empirical expression proposed b
O’Donnel and Chen,7

Egi~T!5Egi~0!2Si^\V&@coth~^\V&/2kT!21#, ~4!

wherei 5i ,', Egi(0) is the indirect band gap at 0 K,Si is a
dimensionless coupling constant related to the strength
electron-phonon interaction, and^\V i& is an average phonon
energy. The obtained values of the various parameters
given in Table II. For comparison purposes the numb
from previous reports on direct band-edge excitonic tran
tion energies of ReS2 and ReSe2,

20 indirect band gaps of
Si,22 RuS2 and RuSe2 ~Ref. 23! are also included in Table II
As shown in Table II, our values of the electron-phon
coupling parameterSi are much larger than the exciton
transition energies of ReS2 and ReSe2 as reported in Ref. 20
The values ofSi are also much larger than the indirect ga
of Si,22 RuS2, and RuSe2.

23 From Eq. ~4!, with kT much
larger than̂ \V i&, dEgi(T)/dT52kSi . The calculated val-
ues for dEgi /dT and dEg' /dT equal 20.66 ~20.62! and
20.68 ~20.66! meV/K are in good agreement with the va

nt

on
al

e-
indirect
.

TABLE I. Fitting parameters that describe the temperature dependence of polarization-dependent
band gaps and direct band-edge excitonic-transition energies of ReS2 and ReSe2 using the Varshni equation
Also listed are the numbers determined with absorption of the unpolarized incident light.

Materials Polarization
Eg(0)
~eV!

a
~meV/K!

b
~K!

ReS2
a Eib 1.5160.02 0.7360.05 133650

E'b 1.5260.02 0.6860.05 128650
ReSe2

a Eib 1.3560.02 0.8160.05 150650
E'b 1.3660.02 0.7660.05 140650

ReS2 (E1
ex)b Eib 1.55460.005 0.3760.05 175675

ReS2 (E2
ex)b E'b 1.58860.005 0.3960.05 180675

ReSe2 (E1
ex)b Eib 1.38760.005 0.4560.05 175675

ReSe2 (E2
ex)b E'b 1.41560.005 0.5160.05 170675

ReS2
c 1.5260.02 0.6260.05 115650

ReSe2
c 1.3660.02 0.7560.05 135650

aThis work.
bReference 20.
cReference 13.
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ues of20.74 ~20.7! and 20.77 ~20.74! meV/K for ReS2
(ReSe2) as obtained from the linear extrapolation of the e
perimental data.

The temperature dependence of the polarizati
dependent indirect band gaps can also be fitted~dashed
curve! by an expression containing the Bose-Einstein oc
pation factor of phonon:8,9

Egi~T!5EiB2aiBH 11
2

exp~Q iB /T!21J , ~5!

wherei 5i or', aiB represents the strength of the electro
phonon interaction, andQ iB corresponds to the average ph

TABLE II. Values of the fitting parameters of the expressi
proposed by O’Donnel and Chen that describe the temperature
pendence of polarization-dependent indirect band gaps and d
band-edge excitonic transition energies of ReS2 and ReSe2, and
indirect band gaps of Si, RuS2, and RuSe2.

Materials
Eg0

~eV! S
^\V&

~meV!

ReS2 (Egi)a 1.5060.02 4.360.5 2363
ReS2 (Eg')a 1.5160.02 4.160.5 2262
ReSe2 (Egi)a 1.3460.02 4.560.5 1864
ReSe2 (Eg')a 1.3560.02 4.3460.5 1663
ReS2 (E1

ex)b 1.55460.005 2.060.1 1963
ReS2 (E2

ex)b 1.58860.005 2.060.1 2063
ReSe2 (E1

ex)b 1.38760.005 2.860.1 2563
ReSe2 (E2

ex)b 1.41560.005 2.860.1 2164
Si (Eind)

c 1.17 1.49 25.5
RuS2 (Eind)

d 1.4360.01 2.4160.2 19.662.0
RuSe2 (Eind)

d 0.8960.01 1.9460.2 12.562.0

aThis work.
bReference 20.
cReference 22.
dReference 23.
-

-

-

-

non temperature. The fitted values forEiB , aiB , andQ iB are
given in Table III, and the corresponding values for the
rect band-edge excitonic transition energies of ReS2 and
ReSe2,

21 GaAs~Ref. 8! and ZnSe~Ref. 24! are also listed for
comparison. The parameterai of Eq. ~3! is related toaiB and
Q iB of Eq. ~5! by taking the high-temperature limit of bot
expressions. This yieldsai'2aiB /Q iB . Comparison of
Tables I and III shows within error bars this relation is s
isfied.

As shown in Tables I, II, and III, the results of th
electron-phonon coupling constantsai in Eq. ~3!, Si in Eq.
~4!, andaiB in Eq. ~5!, which describe the temperature d
pendence of the indirect band gaps for ReS2 and ReSe2 are
larger than those for the direct band-edge excitonic-transi
energies.20,21 These results are similar to that of the previo
report on 2H-MoS2 and MoSe2 layered crystals.25 Goldberg
et al.25 reported a detailed study of the low-energy abso
tion in layered crystals of MoS2 and MoSe2. The experimen-
tal results showed that the temperature shift of the absorp
tails is larger than those of the excitons. The phenomena
be interpreted as follows: as the temperature is lowered,
reduction in the thermal broadening of the exciton cause
faster shift of the absorption tail. In addition, it is also n
ticed that the electron-phonon coupling constantsai , Si , and
aiB for Egi are larger than those ofEg' . At this point we
suspected that the electron-phonon coupling constants
Eib polarization are larger than those ofE'b polarization,
and may be general characteristics of the crystals with la
structure of triclinic symmetry. However, a more systema
experimentation should be carried out to verify this proper

IV. SUMMARY

In summary, the polarization-dependent optic
absorption study of ReS2 and ReSe2 single crystals was car
ried out over temperatures ranging from 25 to 500 K. T
transmittance spectra ofEib polarization shift towards lower
energies with respect to those corresponding toE'b polar-
ization. Analysis of the absorption curves suggests that

e-
ct
dence
TABLE III. Values of the Bose-Einstein-type fitting parameters that describe the temperature depen
of band gaps and excitonic transition energies of ReS2, ReSe2, GaAs, and ZnSe.

Feature Materials
EB

~eV!
aB

~meV!
QB

~K!

Egi ReS2
a 1.5760.02 66621 194650

ReSe2
a 1.4160.02 73622 196650

Eg' ReS2
a 1.5860.02 62618 193650

ReSe2
a 1.4260.02 68621 193650

E1
ex ReS2

b 1.58360.008 32610 200650
ReSe2

b 1.42860.01 45615 224675
E2

ex ReS2
b 1.61960.008 34610 200650

ReSe2
b 1.46260.010 53620 225675

Eg
d GaAsc 1.51260.005 57629 2406102

Eg
d ZnSed 2.80060.005 7364 260610

aThis work.
bReference 21.
cReference 8.
dReference 24.
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interband transitions in ReS2 and ReSe2 are indirect and thei
band gaps are polarization dependent. The polariza
dependent temperature variation of the energy gaps are
lyzed by the Varshni equation, an empirical expression
posed by O’Donnel and Chen, and a Bose-Einstein-
expression. The parameters that describe the temperatu
pendence of band gaps are evaluated. The results show
on-
ana-
ro-
pe
de-

that

the electron-phonon coupling constants forEib polarization
are considerably larger than those ofE'b polarization.
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