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Temperature dependence of energies and broadening parameters
of the band-edge excitons of ReSand ReSeg
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We have measured the temperature dependence of the spectral features in the vicinity of the direct gaps
Eg of ReS and ReSgin the temperature range between 25 and 450 K using piezorefledriRe From a
detailed line-shape fit to the PzR spectra we have been able to determine accurately the temperature depen-
dence of the energies and broadening parameters of the band-edge excitons. The parameters that describe the
temperature variation of the transition energies and broadening function have been evaluated.
[S0163-18207)00324-X]

[. INTRODUCTION eters of the interband excitonic transitions near band édge.
We have analyzed the temperature variation of the transition
ReS and ReSgare diamagnetic indirect semiconductors energies by the Varshni equatibhan empirical expression
and belong to the family of transition-metal dichalcogenidesProposed by O’Donnel and Chéhand an expression con-
crystallizing in the distorted octahedral layer structure of tri-taining the Bose-Einstein occupation factor for phontS.
clinic symmetry (space groupP1).%2 In recent investiga- The_ parameters that desc_rlbe the temperature depe_ndence of
citonic-transition energies are evaluated and discussed.

tions, these compounds have been attractive as electrode %ﬁe temperature dependence of the broadening function also
h lectr material f their Iytic properti L ; . .
photoelectrode materials because of their catalytic prope t%as been studied in terms of a Bose-Einstein equation that

e _7 . .
T B ot soretietele er contains the lecorescton-ongtucinl opial L0
: : ) . N A:)honon-coupllng constart:
as a catalytic material having potential application as
sulfur-tolerant hydrogenation and hydrodesulfurization
catalyst®* as a promising solar-cell material in electrochemi-

cal cells>® and as a material for fabrication of polarization Single crystals of ReSand ReSgwere grown by chemi-
sensitive photodetectors in the visible Wavelength re@ion.ca| vapor transport method, using eitherZB]r |C|3 as a
Despite their various technological applications, the theorettransport agent, leading totype orp-type conductivity, re-
ical and experimental understanding of the solid-state propspectively. Prior to the crystal growth quartz tubes contain-
erties of Reg and ReSg are still relatively incomplete. Re- ing the transport agent and elemef®e: 99.95% pure, S:
cently Friemeltet al® reported the temperature dependence99.999%, Se: 99.9990were evacuated and sealed. To im-
of the direct-energy gaﬁg by optical absorption, photocon- prove the stoichiometry, sulfur or selenium with 2 mol % in
ductivity, and photoacoustic measurements. However, thegxcess was added with respect to rhenium. The quartz tube
did not determine the temperature variation of the broadenwas placed in a three-zone furnace and the charge prereacted
ing function and the experiments were performed only in thefor 24 h at 800 °C with the growth zone at 1000 °C, prevent-
range of 50—-300 K. ing the transport of the product. The furnace was then equili-
In this paper we report a study of the temperature deperbrated to give a constant temperature across the reaction
dence of the piezoreflectand®zR measurements in the tube, and was programmed over 24 h to give the temperature
spectral range near the direct fundamental band gaps @fradient at which single crystal growth took place. Best re-
ReS and ReSgsingle crystals from 25 to 450 K. PzR has sults were obtained with temperature gradients of about
been proven to be useful in the investigation and charactet060—-1010 °C for Re$ and 1056-1000 °C for ReSg
ization of semiconductor€:!* The derivative nature of Both ReS and ReSg formed silver-colored, graphite-like,
modulation spectra suppresses uninteresting background ahin hexagonal platelets up to 2 érm area and 10Q:m in
fects and greatly enhances the precision of transition enethickness. X-ray diffraction patterns of single crystals were
gies. The sharper line shapes as compared to the conveobtained using Ni-filtered Cu &Kradiation. The patterns con-
tional optical techniques have enabled us to achieve a greatérmed the triclinic symmetry of ReSand ReSg with all
resolution and hence to detect weaker features. The PzParameters consistent with those previously repdrt@te
spectra are fitted with a form of the Aspnes equation of thaveak van der Waals bonding between the layers of these
first-derivative Lorentzian line shapg@From a detailed line materials means that they display good cleavage properties
shape fit we have been able to accurately measure the temparallel to the layers, which can be exploited to obtain thin
perature dependence of the energies and broadening parasingle specimens. Using a razor blade the thicker samples

IIl. EXPERIMENT
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-‘é of Eg of ReS and ReSg, respectively, for several tempera-
:j tures between 25 and 450 K. At lower temperatures the na-
< ReSe, ture of the lineshape indicates the presence of two oscillators
< PzR on the high-energy side of the spectra. The oscillations on
the lower-energy side are caused by the interference effects.
% Figure 2 shows the polarization dependence of the PzR spec-
""""" Expt. tra of Re$ in the vicinity of Eg at 25 K. The results indicate
Fitto Ea- () VT that feature 1 is absent iEL[010] polarization whereas
" . L L , BE feature 2 disappears Hl[010] polarization. We believe this
Lo nis 1200 125 130 135 140 145 150 provides conclusive evidence that both features 1 and 2 are
Photon Energy (eV) associated with the interband excitonic transitions from dif-

ferent origins. Detailed study of the anisotropic optical prop-
FIG. 1. The experimental PzR specti@gashed curvgsof (8)  erties in the van der Waals plane of Be&nd ReSg is
Re$S and (b) ReSe at 25, 80, 140, 220, 300, 380, and 450 K, needed and is at present beyond the scope of this work. We
respectively. The full curves are least-squares fits to(Bqwhich  have fitted the experimental line shape to a functional form
yields the excitonic-transition energieBY(' and E3’) indicated by  appropriate for excitonic transitions that can be expressed as

the arrows. a Lorentzian line-shape function of the forf’
have been successfully thinned to a limiting thickness of AR 2 e
~10 um. = =R ;1 APl 4 (E—EP+|T®) 2|, 1)

The PzR measurements were achieved by gluing the thin
single crystal specimens on a 0.15 cm thick lead-zirconates are AS% and #% are the amplitude and phase of the line
titanate(PZT) piezoelectric transducer driven by a 200, hape, Ian(Eiex alnd I'® are the energy and broadening pa-
smusmd.al wave at 200 Hz. The_ alternating expansion anﬁameter of the interband excitonic transitions. As shown by
cor!tractlon_ of t_he trans_,ducer subjects the sampée to an alte{ﬁe solid curves in Fig. 1 for the low-temperature spectra are
nating strain with a typical ”.“A”' value of~107". A 150 the least-squares fits using E@). The fits yield the param-

W tungsten-halogen lamp filtered by a model 270 McPher—eters A E® and I'®. However. for hioh-temperature
son 0.35 m monochromator provided the monochromaticS ectral ’iel ’when te'm' erature ié hi he? than F:)%OO K for
light. The reflected light was detected by an EG&G type 23 an,d 220 K for ReS‘g 0od fits car? be achieved usin
HUV-2000B silicon photodiode, and the signal was recordedjnly one oscillator. The obgtained values Bf* and ES* are 9

' 2

from an NF model 5610B lock-in amplifier. A RMC model - , ; .
22 closed-cycle cryogenic refrigerator equipped with gindicated by arrowsexm the figures. We note that the a_mpll—
model 4075 digital thermometer controller was used for low-{Ude of feature 1A;" decreases as the temperature is in-

temperature measurements. For high temperature expefleased. If the temperature of the sample is high enough so
ments the PZT was mounted on one side of a copper fingdpat KT>E,, whereE, is the excitonic binding energy of
of an electrical heater, which enable us to stabilize the&Xciton 1, exciton 1 will dissociate and the associated feature
sample temperature. The measurements were made betwediappeared. The lowest temperatufg,§) for such occur-

25 and 450 K with a temperature stability of 0.5 K or better.rénce is related to the dissociatidvinding energy of exci-
ton asE,=kT,q. A more accurate estimate can also be

performed by acting that the temperature dependence of
lll. RESULTS AND DISCUSSIONS AT may be expressed a&(T)=Aq exp(—E,/kT), where

Displayed by the dashed curves in Fig&)land Ib) are  E, is as defined earlier. An Arrhenius plot of the amplitude
the PzR spectra, first-derivative spectroscopy, in the vicinityof feature 1 will give a good estimated value fi,. We
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FIG. 3. The PzR spectra of both thetype andp-type Re$ and FIG. 4. The temperature dependence of the excitonic-transition

ReSg, respectively, at 80 K. The oscillations on the lower energyenergies of Resand ReSg. Representative error bars are shown.
side of the spectra are caused by interference effects. The fuifne fy) curves are least-squares fit to E2), the dotted curves are

curves are least-squares fit to E@) that yield the excitonic- |east-squares fit to Eq4) and the dashed curves are least-squares
transition energies indicated by the arrows. fits to Eq.(5).

have performed the estimation Bf, using both methods and : . . . i
the result is consistent. The excitonic binding energy of ex-IReSde'f5 denved;}o_m nonbondln% R;(]éorblltals.fTEe pa(ljc_:u
citon 1 is estimated to be 315 meV for Re$ and 223 ated direct gap at is 1.16 eV and the value of the in rect
meV for ReSg. From the estimates, we can deduce the low-J2P 1S O.87heV for”ReI%e Thﬁ calculatIFd vt;';llue ocl‘tt?e direct

. : ’ gap is much smaller than that actually obtained by our PzR
est direct gap EJ=EJ{*+E,) for ReS and ReSg to be

easurements. The fact that the calculated gap is smaller
1.579 and 1.401 eV at 80 K, and 1.517 and 1.322 eV at 30 an the experimental value is a general problem associated

K, respectively. The value d, at 80 K for Reg is compa- \yith tight-binding method for studying semiconductéfs.
rable with that of the prewously re%orted valug of 1.55eVat pjotied in Fig. 4 are the experimental values of the tem-
the same temperatufd=riemeltet al® have studied the tem- perature dependence &{(T) and ES(T) for ReS and

perature dependence of the Q|rect band gap of,RyDpti- ReSeg. Representative error bars are shown. The full curves

cal "?‘PSOfF’“OF" photoa_cogsnc spectroscqpy, and photocorih Fig. 4 are the least-squares fit to the Varshni empirical

ductivity. Their results indicate that the direct band gap forrelationshi63

p-type Re$ is 0.03 eV larger than that of-type materials.

However, from our experiments, the deduced vaIueEgjf a;T?

(from Fig. 3, within experimental errpfor both n-type and Ei(T)= Ei(o)_(b-+T) : 2

p-type Re$ and ReSg are similar. The discrepancy might :

be due to the larger uncertainty of the methods Friemelivherei=1 or 2, E;(0) is the transition energy at 0 K, and

et al? used for the band-gap determination. Since the bang, and b, are constants referred to as Varshni coefficients.

gap is generally expected to be the same for the nondegerhe constang; is related to the electrofexciton-phonon

eraten-type andp-type semiconductors. interaction andb; is closely related to the Debye tempera-
ReX, (X=S, Se) can be thought of as distorted ture. The obtained values @&;(0), a; andb; for the exci-

1T-MX, dichalcogenide$? The IT-MX, phases consist of tonic transitions for ReSand ReSgare listed in Table I. For

edge-shared MKoctahedra. In each MxXlayer, the metal- comparison purposes we also have listed numbers for indi-

atom sheet is sandwiched by chalcogen-atom sheets, and th&t band gaps of Re%ind ReSg (Ref. 21). Debye tempera-

metal atoms of an undistorted MXayer form a hexagonal ture can be estimated from the Lindemann’s forrfila

lattice. Re$ and ReSg have ad® electron count, and their

metal-atom sheets exhibit a clustering pattern of “diamond Op~120TH2A 5613, (3

chains.” The atoms comprising the Ré&diamonds” are co-

planar, but each diamond unit is canted by a small anglgvhereT, is the melting temperaturéy the atomic weight,

from the basal plane. The result is a small variation of theandp is the density of the material. Re&nd ReSgdecom-

Re-atom heights perpendicular to the basal plane. The distopose without melting at temperatures of 1150 and 1100 °C,

tion of the Re-atom sheet from perfect hexagonal symmetryespectively. Therefore taking these decomposition tempera-

further creates a distorting of the S or Se sheets, both petures asTy, in Eq. (3), A=83.44 g/mol or 99.07 g/mol,

pendicular and parallel to the basal plane. One consequenee=7.613 glcm (Ref. 2 or 9.237 g/cm (Ref. 23 leads to

of this distortion is the opening of an energy gap in the bandp~196 K for Re$ and 181 K for ReSg Our values of

structure due to the mutual repulsion of the orbitals around equals 17575 K for E$* and 156-75 K for ES* for both

the Fermi level. Kertesz and Hoffmann employed simpleReS and ReSgare in reasonable agreement with the theo-

tight-binding energy-band structure calculations of the ex+etical estimation. It is noticed that the valuesapfare much

tended Huckel type on Re$é® The results show that the smaller than that obtained from the indirect gabsve will

main part of both the conduction and the valence band imiscuss the differences in later sections.
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TABLE I. Values of the Varshni-type fitting parameters which describe the temperature dependence of
the excitonic transitions and indirect band gaps of Ra®l ReSe.

E(0) a b

Feature Materials (eV) (meV/K) (K)
ES ReS? 1.554+0.005 0.36-0.05 17575

ReSg? 1.387+0.005 0.44-0.05 17575
EY ReS? 1.588+0.005 0.3%0.05 150-75

ReSg? 1.415+0.005 0.5@-0.05 150-75
Eina ReSP 1.52+0.02 0.62-0.05 115-50

ReSg” 1.36+0.02 0.75-0.05 135-50

&This work.
bReference 21.

The temperature dependence of the interband transitiobdsually the indirect gap of a semiconductor is determined
energies have also been fitt@tbtted curves in Fig. by an  from analyzing the absorption tail of the material. The results
empirical expression proposed recently by O’Donnel andf the electror(exciton-phonon coupling constangs in Eq.
Chen}* (2) andS; in Eqg. (4) which describes the temperature depen-

dence of the excitonic transition energies for Reshd
Ei(T)=Eio— S(hQ)[(coth(n;)/2kT)=1], (4 Regg are smaller than that for the indi?ect banngaps are
wherei=1 or 2,Eq is the transition energy at 0 kS, is a  Similar to the previous report on 2H-Mg&nd 2H-MoSg
dimensionless coupling constant related to the strength dpyer crystals’ Goldberget al*’ reported a detailed study of
electron-phonon interaction, alti();) is an average phonon the low-energy absorption in layer crystals of Mo&nd
energy. The obtained values of the various parameters afd0Se&. The experimental results show that the temperature
given in Table Il. For comparison purposes the number$hift of the exciton is smaller than that of the absorption tail.

from previous reports on direct gap oftype andp-type The phenomena can b_e interpreted as when the temperature
ReS,? and GaAs* indirect gaps of ReS?! ReSg,?t Si?®  is lowered, the reduction in the thermal broadening of the

RuS,,% and RuSe (Ref. 26 are also included in Table II. €Xxciton causes the faster shift of the absorption tail. From

As shown in Table I, our value of the electrdexciton-  Ed. (4) for kT much larger than(AQ), dE;(T)/dT=
phonon coupling paramet&; is comparable to those of di- —2kS, (at higher temperature, the signal strengthEgt is
rect gaps of ReS° and GaA<$* indirect gaps of Sf°  negligible. The calculated values afESYdT equal —0.34
RuS,%® and RuSg.?® However the value ofS is much (ReS) and —0.48 (ReSg) meV/K are in good agreement
smaller than that for the indirect gap of Rehd ReSg.?!  with the values of-0.33 (Re$) and—0.44 (ReSg) meV/K

TABLE Il. Values of the fitting parameters of the expression proposed by O’Donnel and Chen that
describe the temperature dependence of the excitonic-transition energies and band gaps ®ReSgS
GaAs, Si, Rug, and RuSe.

Eo (hQ)
Materials (eV) S (meV)
ReS(E)? 1.551+0.005 2.0:0.1 19+3
ReS(ES)? 1.584+0.005 2.0-:0.1 20+3
ReSg(E)? 1.383+0.005 2.8:0.1 214
ReSg(ES)? 1.408+0.005 2.8-0.1 214
p-ReS(EY° 1.56 2.56 19
n-ReS(EY)° 1.53 2.24 16
ReS(Eing)° 1.51+0.02 4.05-0.50 20.0:2.0
ReSe(Eing)° 1.35+0.02 4.35-0.50 18.1:2.0
GaAsE])* 1.521 3.00 26.7
Si(Eng) 1.17 1.49 25.5
RUS(Eing) 1.43 2.41 19.6
RuSe(Eing)’ 0.89 1.94 125

&This work.
bReference 9.
‘Reference 21.
dreference 24.
®Reference 25.
fReference 26.
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TABLE Illl. Values of the Bose-Einstein type fitting parameters which describe the temperature depen-
dence of the excitonic transition energies and band gaps of RR&Seg, GaAs, and ZnSe.

Es ag O3
Feature Materials (eV) (meV) (K)
E ReS? 1.583+0.008 32:10 200+50
ReSg? 1.428+0.01 45+15 22475
ES ReS? 1.619+0.008 3410 200+50
ReSe? 1.462+0.010 53:20 225+75
E GaAg 1.512+0.005 57-29 240102
Eg ZnSé 2.800+0.005 734 260+10
#This work.
bReference 15.
‘Reference 28.
as obtained from linear extrapolation of dE§(T) data. wherei=1 or 2, the first term of Eq(6) represents, the

The temperature dependence of the interband excitoni@roadening invoked from temperature-independent mecha-
transition energies can also be fittédashed curyeby an  hisms, such as impurity, dislocation, electron interaction, and
expression containing the Bose-Einstein occupation factofuger processes, whereas the second term is caused by the

for phonon*>16 electron (exciton-LO phonon (Frohlich) interaction. The
quantity I'; o represents the strength of the electron

2 (exciton-LO phonon coupling whilé;, o is the LO phonon
E(T)=Eg—apgj 1+ (5)  temperaturé>®The solid curves in Fig. 5 are least-squares
[exp(©ig/T)—1] fit to Eg. (6), which made it possible to evaluate

g, T'iLo, and ©; ¢ for the excitonic transitions of RgS
and ReSeg. The obtained values of these quantities are listed
in Table IV together with the numbers for GaARef. 27)
and ZnSe®
The parameteg; of Eq. (2) is related toa;g and©,;g of
. Eq. (5) by taking the high-temperature limit of both expres-
comparison. o _ sions. This yieldsa;~2a,z/0,5. Comparison of Tables |
The experimental values dfi"(T) (half width at half  anq 1) shows that within error bars this relation is satisfied.
maximum) of the ET* and ES™ transitions as obtained from The temperature variation of excitonic-transition energies are
the lineshape fit for ReSand ReSgare displayed in Fig. 5 due to both the lattice-constant variations and interactions
with representative error bars. The temperature dependenggth relevant acoustic and optical phonons. According to the
of the broadening parameters of semiconductors can be e¥xisting theory this leads to a value 6fz significantly
pressed &$*° smaller than©;, . From Tables Ill and IV, it can be seen
that our observations are in a good agreement with this the-
o oretical consideration.
[exp(0;.0/T)—1] ®) Our values off";o andI';, for the excitonic transitions are
about 5 and #8 meV, respectively, for ReSand ReSg.
o This is an indication of the high quality of our single crys-
o tals. The values for the coupling constdht o andI' 5,  for
: ReS and ReSgare in the range of 40—70 meV, which are
considerably larger than those reported for a number of semi-
conductors, such as GaAs-20 me\) (Ref. 29 and ZnSe
(~24 me\).?8 At this point we suspected that the large val-
ues ofl' o may be general characteristics of the crystals with
layer structure. However, a more systematic experimentation
should be carried out to verify this property.

wherei=1 or 2, a;z represents the strength of the electron
(exciton-phonon interaction, an@;z corresponds to the av-
erage phonon temperature. The fitted valuesHgy, ag,
and©O;g are given in Table lll, and the corresponding values
for, GaAs (Ref. 15 and ZnSe(Ref. 28 are also listed for

[i(T)=Tjo+

ReS,
ReS,
ReSe,
ReSe,

60 |- e

s
re
Fit to Eq. (6)

50

® O m O

30

20 |-

Linewidth (meV)

IV. SUMMARY

In summary we have measured the temperature depen-
o0 5'0 1(',0 1;0 2(',0 2;0 3(',0 3;0 4(',0 4;0 500 dence of the energies and broadening parameters of the
Temperature (K) band-edge excitonic transitions of Re&nd ReSg using
PzR in the temperature range between 25 and 450 K. The
FIG. 5. The experimental temperature dependent linewidths ofemperature variation of the interband transition energies
the ES* andES* transitions of ReSand ReSg. Representative error  have been analyzed by Varshni, O’'Donnel and Chen, and a
bars are shown. The full curves are least-squares fits tqgEq. Bose-Einstein type expression. The temperature dependence
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TABLE IV. Values of the parameters which describe the temperature dependence of the broadening
function of the excitonic transitions of ReSReSg, and direct band gaps of GaAs and ZnSe.

l_‘0 FLO eLO
Feature Materials (meV) (meV) (K)
E ReS? 5.5+1.0 74+28 395100
ReSg? 5714 67+43 290+100
ES ReS? 7.8+1.0 42+8 363:50
ReSg? 8.4x1.5 7024 385100
Eq GaAs 2 20+1 417
Eq ZnSé 6.5+2.5 24+8 360
&This work.
bParameter fixed.
‘Reference 29.
YReference 28.
of the broadening function also has been interpreted in terms ACKNOWLEDGMENT
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