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Abstract

ReS and ReSe belong to the family of transition-metal dichalcogenides crystallized in the distorted octahedral layer structure of2 2

triclinic symmetry. Crystals with triclinic symmetry are optically biaxial. The interband transitions of ReS and ReSe are expected to2 2

show anisotropic character for linearly polarized light, incident normal to the basal plane. The optical anisotropic effects for Eib and E'b
polarizations were studied through polarization-dependent piezoreflectance (PzR) and optical absorption measurements. The polarization
dependence of the PzR spectra provides conclusive evidence that the features associated with the interband excitonic transitions are
originated from different origins. The results of absorption measurements indicate that ReS and ReSe are indirect semiconductors, in2 2

which E parallel to b-axis polarization exhibits a smaller band gap and a single phonon makes an important contribution in assisting the
indirect transitions. The electrical conductivity along the b-axis was shown to be several times higher than that perpendicular to b-axis for
both crystals.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction layered transition-metal dichalcogenides with hexagonal
structure (e.g. 2 H–MoS and MoSe ), which are optically2 2

Layered ReS and ReSe are diamagnetic semicon- uniaxial with the optical axis perpendicular to the van der2 2

ductors and belong to the family of the transition-metal Waals plane. Wilson and Yoffe claimed biaxial behavior in
dichalcogenides [1,2]. The properties of the transition- the triclinic ReS . Friemelt et al. [6] in a recent article,2

metal dichalcogenides have been reviewed by Wilson and reported anisotropic effects in the van der Waals plane of
Yoffe [1]. The layered-type transition-metal dichal- ReS single crystals and suggested ReS as a potential2 2

cogenides crystallized in a lattice with strong intralayer candidate for fabrication of polarization sensitive photo-
covalent bonds and weak interlayer interactions, usually of detectors in the visible wavelength region. However, to
the van der Waals type. The strong anisotropy in the date, no detailed anisotropic optical and electrical prop-
chemical bonds leads to anisotropy in many material erties for both ReS and ReSe in the van der Waals plane2 2

properties parallel and perpendicular to the layers [3]. have been reported.
Unlike most of the layered transition-metal dichal- In this paper, a systematic study of the anisotropic
cogenides, ReX (X5S, Se) exhibits a distorted CdCl optical and electrical properties of ReS and ReSe single2 2 2 2

structure, leading to triclinic symmetry [2,4,5]. Crystals crystals in the van der Waals plane is presented. The
with triclinic symmetry are optically biaxial. Therefore, in-plane anisotropy of the direct band-edge excitons and
anisotropic response of ReX is expected for linearly indirect band-edge absorption are respectively studied at2

polarized light, incident normal to the basal plane 25 and 300 K by polarization dependent piezoreflectance
[Ei(001), k'(001)]. This behavior differs from that of (PzR) and transmittance. In addition, the anisotropic

effects of the carrier transport property are studied by the
temperature dependent conductivity measurements along
and perpendicular to the b-axis in the temperature range
from 80 to 300 K. The results indicate a much larger
electrical conductivity along the b-axis than that perpen-*Corresponding author.

E-mail address: chhwho@ms28.hinet.net (C.H. Ho). dicular to the b-axis.
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2. Experimental details

Single crystals of ReS and ReSe were grown using the2 2

chemical vapor transport method with Br as the transport2

agent. Prior to the crystal growth, quartz tubes containing
bromine and the elements (Re: 99.95% pure, S: 99.999%,
Se: 99.999%) were evacuated and sealed. To improve the
stoichiometry, sulfur or selenium with 2 mol% in excess
was added with respect to rhenium. The quartz tube was
placed in a three-zone furnace and the charge prereacted
for 24 h at 8008C while the temperature of the growth zone
was set at 10008C to prevent the transport of the product.
The furnace was then equilibrated to give a constant
temperature across the reaction tube, and was programmed
over 24 h to produce the temperature gradient at which
single crystal growth takes place. Best results were ob-
tained with temperature gradients of about 1060→10108C
for ReS and 1050→10008C for ReSe . After approxi-2 2

mately 480 h, both ReS and ReSe single crystals formed2 2

thin, silver-colored, graphite-like, hexagonal platelets up to
22 cm in area and 100 mm in thickness. X-ray diffraction

patterns of single crystals confirmed the triclinic symmetry
of ReS and ReSe with all parameters consistent with2 2

those previously reported [2,5,7]. Electron probe micro-
analysis indicated a chalcogen deficiency of approximately
one percent in the crystals. Hall measurements revealed
n-type semiconducting behavior. The weak van der Waals
bonding between individual layers of the crystals means
that they display good cleavage properties parallel to the
layers and which can be exploited to obtain thin speci-
mens. Fig. 1. The crystal morphology and crystal structure in the van der Waals

plane of ReS single crystals. The as-grown thin dark lines in the crystalMeasurements of the reflectance and transmittance at 2

plane corresponds to the orientation of b-axis.near-normal incidence were made in the range 8000–
21 2113 500 cm , with a resolution of 4 cm . Transmission

intensity was closely monitored to obtain an incidence as perpendicular to b-axis) laid across the basal surface of the
close to 908 as possible. Single crystals with a thickness of thin crystal and attached to the crystal surface by means of
about 10 mm were used for transmittance measurements. conducting silver paint. The wires near each end of the
Plate-shaped crystals were selected and mounted on a rectangular crystal acted as current leads while the two
copper sample holder fitted into a Dewar with optical contact wires on either side of the central line were used to
windows. The PzR measurements were achieved by gluing measure the potential difference V in the crystal. The
the thin single crystal specimens on a 0.15 cm thick potential difference V measured by a sensitive potentiome-
lead-zirconate-titanate (PZT) piezoelectric transducer ter is the average value obtained on reversing the current
driven by a 200 V sinusoidal wave at 200 Hz. A 150 W through the sample. The crystal morphology and therms

tungsten-halogen lamp filtered by a 0.35 m mono- crystal structure in the van der Waals plane of ReS are2

chromator which provided the monochromatic light. The shown in Fig. 1. The as-grown thin dark line in the crystal
reflected light was detected by a silicon photodiode, and plane corresponds to the orientation of the b-axis. The b-
the signal was recorded from a lock-in amplifier. A closed- and a-axes are the shortest and second shortest axes in the
cycle cryogenic refrigerator equipped with a digital ther- basal plane; the b-axis is parallel to the Re-cluster chains,
mometer controller was used for low temperature measure- which corresponds to the longest edge of the plate.
ments. A near infrared dichroic sheet polarizers were
employed for polarization dependent measurements.

The temperature dependence of conductivity was studied 3. Results and discussion
between 80 and 300 K by using a four-probe potentiomet-
ric technique. The selected sample was cut into a rectan- The polarization dependent PzR spectra of ReS and2

gular shape. Electrical connections to the crystal were ReSe in the vicinity of the direct gap at 25 and 300 K are2

made by means of four parallel gold wires (parallel or shown in Fig. 2a and b, respectively. The dashed curves
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near the direct band edge of ReX (X5S, Se) indicated2
exthat exciton 1 (E ) is present only in the Eib polarization1

exwhile exciton 2 (E ) only appears in the E'b polariza-2

tion. The unpolarized spectra can be regarded as a random
superposition of the Eib and E'b polarized spectra. We
believe this provides conclusive evidence that both feature
1 and 2 are associated with interband excitonic transitions
from different origins.

The absorption-edge anisotropy in ReS and ReSe2 2

single crystals can be studied by measuring the
polarization-dependent transmittance spectra. The linearly
polarized light used as the probe source was incident
normal to the basal plane [Ei(001), k'(001)]. The absorp-
tion coefficient a was determined from the transmittance
T by taking into account the spectral dependence of ther

reflectance R using the relation [10]

2 2ad(1 2 R) e
]]]]T 5 (1)r 2 22ad1 2 R e

where d is the thickness of the sample.
Eq. (1) assumes that there are multiple reflections within

the sample, but that they add incoherently due to sample
inhomogeneity or a sufficiently large spread of the incident
angles. We also note that the nonuniform thickness and
unsmooth sample surface will tend to deviate the incident
angles from the normal direction, resulting in some
variations in the absorption spectra. Since ad is large for
the sample crystals, the second term in the denominator of
Eq. (1) can be neglected for the determination of the
absorption coefficient a.

Fig. 2. The polarization dependent PzR spectra (dashed curves) of ReS A more complete analysis, taking into account both the2

and ReSe at (a) 25 K and (b) 300 K. The solid lines are least-squares fits2 absorption and emission of phonons, is given as follows.
to the Lorentzian line-shape form which yields the excitonic transition For an indirect allowed transition, the absorption coeffi-
energies indicated by arrows.

cient a for a single phonon process can be expressed as
[10]

are the experimental PzR spectra and the full curves are
2 2least-squares fits to a derivative Lorentzian lineshape form A hn 2 E 1 E B hn 2 E 2 Es d s dg p g p

]]]]] ]]]]]ahn 5 1 (2)of the Aspnes equation [8], which yield parameters of exp(E /kT ) 2 1 1 2 exp(2E /kT )p p
transition energies indicated by arrows. Listed in Table 1
are the values of the excitonic transition energies of ReS where hn is the energy of the incident photon, E is the2 g

and ReSe at 25 and 300 K. The oscillatory structures on band gap, E is the energy of the phonon assisting the2 p

the lower energy side in Fig. 2 are the result of interference transition, and A and B are constants. The first term on the
effects. There are two dominant features in each of the right-hand side of Eq. (2) corresponds to an absorption of
unpolarized spectra which were related to the band-edge a photon and a phonon, whereas the second term corre-

ex exexcitonic transitions and were denoted as E and E [9]. sponds to an absorption of a photon and emission of a1 2

The in-plane anisotropic effects of the interband transitions phonon and contributes only when hn $E 1E . There is ag p

Table 1
The energy gaps and excitonic transition energies of ReX (X5S, Se) which are derived from the analysis of polarization-dependent absorption and PzR2

measurements at 25 and 300 K
ex exMaterial E E E E E Temperatureguu g' p 1 2

(eV) (eV) (meV) (eV) (eV) (K)

ReS 1.5160.02 1.5260.02 2265 1.55560.002 1.58760.002 252

1.3560.02 1.3860.02 2565 1.48560.005 1.51960.005 300
ReSe 1.3560.02 1.3660.02 2165 1.38760.002 1.41060.002 252

1.1860.02 1.2060.02 2565 1.30560.005 1.32360.005 300
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large residual absorption at photon energies below the energy range, for example, by rejecting some points at
absorption edge. The large values of the absorption lower or higher photon energies. From this selective
coefficient a below the absorption edge of ReS and omission of data, an error of the order60.02 eV and652

ReSe most probably indicate the existence of impurities meV can be deduced for the estimation of E and E ,2 g p

or defects in the materials. In our present study, the respectively. The fitted values of energy gap and phonon
residual absorption is assumed to be a constant and energy of ReS are also summarized in Table 1. The value2

subtracted out for the evaluation of the band gap E and of the phonon energy is 2565 meV and seems to beg

phonon energy E . The data of ReS and ReSe at 25 and insensitive to the temperature. The value of phonon energyp 2 2

300 K were then fitted to Eq. (2). Representative results shows that it is not an acoustic phonon and very likely
are shown in Fig. 3a and b, where the open circles and originates from one of the numerous optical branches since
solid squares are representative experimental points de- the optical branches are relatively flat as compared with
duced, respectively from Eib and E'b polarizations the acoustic branches. In addition, since the phonon
transmittance spectra and the solid lines are fitted to Eq. momentum needed for an indirect interband transition is
(2). The absorption edge shifted toward higher energies as large, agreement of the phonon energies with the zone-
the temperature of the sample is lowered. The results center LO phonon energies are not expected. As shown in
strongly indicate that ReS and ReSe are indirect band Table 1, the indirect gaps at 25 and 300 K, denoted as E2 2 gi

gap semiconductors, in which Eib polarization exhibits a (E ), are respectively determined to be 1.5160.02g'

smaller band gap and a single phonon makes important (1.5260.02) eV and 1.3560.02 (1.3860.02) eV for ReS ,2

contribution in assisting the indirect transitions. Differing and 1.3560.02 (1.3660.02) eV and 1.1860.02
values of E and E could be obtained by fitting a different (1.2060.02) eV for ReSe . Here, E and E referg p 2 gi g'

respectively to the indirect gap of the Eib and E'b
polarizations. It is noticed that the value of E as de-g

termined from the absorption data of the unpolarized
incident light lies between E and E . The origin of thegi g'

unpolarized spectra can be regarded as a random superpo-
sition of both the Eib and E'b polarizations spectra.
Analysis of the absorption spectra revealed that the values
of energy gaps E and E are slightly different than thegi g'

previous published works of unpolarized measurements
[11,12]. The absorption anisotropy in the van der Waals
planes may be a general characteristic of materials with
triclinic layered structures.

A study of electrical anisotropy of ReX along the2

b-axis and perpendicular to the b-axis were done by
temperature dependent conductivity measurements in the
temperature range of 80 to 300 K. For comparison
purpose, the conductivity measurement along the c axis
was also carried out. Shown in Fig. 4a and b are the
temperature dependence of electrical conductivity of ReS2

and ReSe , where the solid squares, open circles and solid2

diamonds are data points deduced from the conductivity
measurements with the electrical fields along c-axis,
perpendicular to b-axis and parallel to b-axis, respectively.
The results indicate that s is larger than s and at leastib 'b

three orders higher than that of s for both ReS andic 2

ReSe . The low value of s is a general electrical property2 ic

of layer-type crystals due to the weak van der Waals
bonding between individual layers [1]. The highest value
of conductivity parallel to b-axis is most likely related to
the strongest bonding force of ReX which exists along the2

crystal orientation of Re cluster chains.

1 / 2Fig. 3. The experimental points of (ahn) vs. hn that are deduced from Acknowledgements
polarization-dependent absorption measurements for (a) ReS and (b)2
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Fig. 4. Temperature dependence of the electrical conductivity of (a) ReS2

and (b) ReSe . The solid squares, open circles, and solid diamonds are2

data points deduced from the conductivity measurements with the applied
fields along c-axis, perpendicular to b-axis and parallel to b-axis,
respectively.


