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We report the thermoreflectance spectra of the layer compounds GaSe and GaS at liquid-ni-
trogen temperature in the energy interval 2-6 eV. The spectra were subjected to a Kramers-
Kronig analysis, and the changes in the real and imaginary parts of the dielectric constant, in-
duced by the temperature change of the samples, were obtained. The optical constants of the
two materials were computed by processing the known ref lectivity spectra. A phenomenological
interpretation of the observed experimental results is presented. It is shown that under certain
conditions it is necessary to invoke the presence of excitons at saddle-point singularities in
order to achieve reasonable agreement between theory and experiment.

I. INTRODUCTION

Temperature modulation is observed as a change
in the reQectance of a semiconductor induced by a
periodic variation of the reflecting-surface temper-
ature. '2 Since the reflectance modulation gives
rise to a pronounced structure of peaks at approxi-
mately the photon energies of interband transitions,
this effect adds to the information on band-structure
analysis extracted from optical studies on semicon-
ductors. Moreover, the differential nature of the
effect considerably enhances the structures in com-
parison with ordinary reQectance studies, providing
much higher resolution and sensitivity.

Thermoreflectance measurements on semicon-
ductors and semimetals have been made by Batz
on Ge, ~'~ by Lange and Henrion on Cds and Se, 4

by
Balzarotti and Grandolfo on graphite' and Si, s by
Matatagui, Thompson, and Cardona~ on seventeen
semiconductors having diamond (Si), zinc-blende
(AISb, GaP, GaSb, InP, InAs, InSb, Zns, ZnSe,
ZnTe, CdTe, Hgse, and HgTe) and wurtzite (ZnO,
Cds, and CdSe) structures, and more recently by
Iliev and Assenov on CdS at the excitonic region
and by Georgobiani and Fridrikh on ZnS near the
fundamental absorption edge. All these experi-
ments have demonstrated that the effect of a tem-
perature variation on the optical properties of the
material corresponds to a shift of the energy thresh-
old and to a broadening of the involved critical
points. The shift of the energy gap is caused by

two distinct mechanisms: the thermal expansion
and the electron-phonon interaction. The broaden-
ing is only due to the electron-phonon interaction,
and generally speaking this effect is small com-
pared to the total shift. Experimental evidence,
however, exists for a strong temperature modula-
tion only of the broadening parameter at least in
the case of M, saddle-point singularities in strongly
anisotropic materials. '

In recent years the III-VI compound semiconduc-
tors such as GaSe and GaS have attracted consider-
able attention. Most of the studies have been con-
cerned with the crystal structure, ' the electrical
transport properties, and the optical properties~
in the vicinity of and well above the fundamental
absorption edge. The crystal structures of GaSe
and GaS are composed of isomorphous fourfold
atomic layers and differ only in the way these
layers are stacked. The Se and S atoms occupy
equivalent sites, and the bonding between a multiple
layer is predominantly covalent with a small ionic
contribution. Owing to the fact that the bonding
between layers is of the van der Waals type, the
optical properties are largely governed by the
structure of an individual fourfold layer; most of
the theoretical work on the electronic structure of
these compounds has therefore been based on a two-
dimensional approximation, that is, the interaction
between different crystal planes has not been taken
into 'account. '

In this paper we present the results obtained by
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thermally modulating the reflectivity of GaSe and
GaS samples, at liquid-nitrogentemperature, and
at near-normal incidence using unpolarized light,
for photon energies up to about 6 eV. The energy
dependence of the optical constants has been ob-
tained by processing the known reflectivity spec-
tra of GaSe and GaS. The experimental results have
been thereby subjected to a Kramers-Kronig analy-
sis in order to determine the phase changes h3 and
the corresponding changes in the real and imagin-
ary parts of the dielectric constant of both mate-
rials. These derived spectra are then compared
with theory in an attempt to identify the nature of
the critical points giving rise to the transitions.

II. EXPERIMENTAL LAYOUT

The experimental arrangement that has been used
is shown in Fig. 1. Light from a xenon lamp
(Hanovia 976 C-1) was focused on the entrance slit
of a Hilger and Watts D331 double-grating mono-
chromator. The monochromatic light was focused
on the samples, reflected at an angle of about 8',
and refocused on a Philips 56 TUVP photomultiplier.
A resolution of 10 A or better was used, depending
on the spectral region. The electronic system was
the standard one in the technique of solid-state
modulation spectroscopy. The dc portion of the
output current from the photomultiplier, proportion-
al to the reflectance of the sample R, is kept con-
stant throughout the experiment by a servomech-

anism varying the photomultiplier power-supply
voltage. '4 The ac component, proportional to the
reflectance change AR induced by the periodic tem-
perature modulation, is detected by a Tekelec
model No. TE 9000 lock-in amplifier, whose refer-
ence signal is supplied by the same square-wave
generator that settles the modulation frequency and
supplies power to heat the sample.

The advantage of using a square wave instead
of a sine wave for thermal modulation is easily
realized. If we define a modulation efficiency y as
the ratio of the modulation amplitude aT to the rise
in the average temperature, it is possible to show2

that in the two cases y assumes the following ex-
pressions:

4Qv Q7'
@quare wave 2

7T C

Q& Q&
~sine wave

v2mC
(2)

where Q is the heat leak per unit time and unit
temperature difference between samples and sap-
phire sink, 7 is the period of the applied modula-
tion voltage, and C is the heat capacity of the sam-
ples. By comparing Eq. (1) with Eq. (2) it is pos-
sible to realize that the efficiency yis almost a factor
of 2 higher for square-wave modulation than for
sine waves. The frequency used was a compro-
mise between signal strength and noise level and
was usually fixed at 3 Hz. An x-y recorder si-
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FIG. 2. Heal and imaginary parts
of the dielectric constant of GaSe
(solid line) as obtained from the
Kramers-Kronig transformation of
the experimental spectrum R. The
dot-dashed curve is the energy-loss
function-Im e ~ and the dashed line
represents the extrapolated region.
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multaneously receives at the y input the in-phase
output of the amplifier and at the x input a voltage
linearly varying with wavelength, so that the ratio
~A A v
The

8 versus wavelength is directl bt
' d.y o aine .

e crystals were in platelet form and the speci-
mens suitable for ref lectivity measurements were
readily obtained by cleavage using a razor blade
and not further tr
l

treated. The samples were typical-
y 10 mm long and 4 mm wide, withtheir thickness

ranging from 50 to 300 p, . They were bonded with
silicone grease to a vacuum-evaporated gold film
on a sapphire substrate acting as a heat sink and
mounted on the copper cold finger of a metal cryo-
stat fitted with quartz windows. A vacuum of the
order of 10 Torr was kept inside the cryostat
while liquid nitrogen was added to the reservoir in

order to measure at a fixed temperature. The dc
temperature rise of the samples was measured b
a thermocouple attached to their surfaces, away
from the incoming light beam. The ampl'tude of
the temperature modulation aT, although not ac-
curately measured in our experiment, did not ex-
ceed 2 C.

III. RESULTS AND DISCUSSION

On the other hand, the quantities 6&, and he»
whose physical meaning is more direct, may be
deduced from the knov n values of AR/R by means

14-
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of the density-of-states function induced ' the
neighborhood of critical points by this variation.
The measured values of AR/8 are related to the
variation 6&„. A&, of the real and imaginary parts
of the complex dielectric constant by the well-
known equation

6R/8 = &(Eg, 62)A6g+P(6g, f2)662 ~

It was mentioned in Sec. I that the high spectral
resolution allows one to observe a characteristic
pattern in which the structure responds to the tem-
perature changes. The extent to which this charac-
teristic pattern can be evaluated in terms of type
and location of critical points will depend upon a
theoretical understanding and a subsequent analy-
sis of the effect. The basis of such an analysis is
provided by the relation between the pe d'

tion of temperature and the corresponding change

I I I I I I I I I I I I
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6 8 10 12 &a &6 &8 20

FIG. 3. Heal and imaginary parts of the dielectric
constants of GaS (so1.id line) as obtained from the Kramers-
Kronig transformation of the experimental spectrum R.

and the dashed line represents the extrapolated region.
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of the dispersion equations.
We obtained the values of &, and &2 necessary

for this computation by processing the absolute
ref lectivity spectra obtained by Bassani, Green-
away, and Fischer. "

KVe also obtained by the same calculation the real
and imaginary parts n and k of the complex refrac-
tive index, the effective dielectric constant &0 ff,
the effective number of free electrons n,«contrib-
uting to the optical properties, and the energy-loss
function —Im(1/e).

In Figs. 2 and 3 we show the spectral dependence
of e, , &2, and -Im(1/&) for GaSe and GaS, re-
spectively, while the other above-mentioned quanti-
ties, not directly related to the experiment de-
scribed in this paper, are reported elsewhere. '

It is evident that although the calculated optical
constants are believed to be nearly correct at en-
ergies well below the limit of experimental data,
more definitive results require a further extension
of the ref lectivity data into the ultraviolet region as
well as a more refined extrapolation procedure.

The thermoreflectance spectra at liquid-nitrogen
temperature of GaSe and GaS are shown in Figs.
4 and 5, respectively. In the case of GaSe the
dominant structure at about 2. 09 eV arises from
the direct-gap region and can be directly related to
the temperature-modulated reflectance at the
ground-state exciton line. 7 At energies well
above the fundamental edge, three structures at
least are present.

The fractional ref lectivity change of GaS presents
only two prominent structures in the measured en-

6 'hw(eV)

—3—

GaS

T=77 K

FIG. 5. Temperature-modulated reflectance spectrum of
GaS at 77 K.
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ergy interval, corresponding to the fundamental

edge region and to transitions at the point Q in the
Brillouin zone.

One would be tempted to correlate directly the
observed structures in the thermoreflectance spec-
tra with the band-structure critical points. In ef-
fect, the overlapping of the contributions of 6&,

FIG. 4. Temperature-modulated reflectance spectrum
of GaSe at 77 'K.

FIG. 6. be& (dashed line) and bf-'2 (solid line) for GaSe
at liquid-nitrogen temperature as obtained from the K»m-
ers-Kronig analysis of the data of Fig. 4.
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and 6&3 we reported above may generate accidental
structures in AR/A. Before proceeding to a dis-
cussion of the experimental results we will sepa-
rate these terms by performing a Kramers-Kronig
analysis of bR/R to extract from it Ae, and b, g2.

By differentiation with respect to temperature of
the dispersion relation

2(u in~((u)
3(Id) =—@ —,~ 2- du'

r
0

(d —CO

we obtain

bD(~) 2' „[ 1 aA d~'
7I Jo R 6T (d —(d

This integral can be transformed' into

b3(&d) 1 1 kR (d +(di
QT 2' g QT ~ ~ R —COg

hR d~ l. AR 2' —Ace—241 ~8 2+ ln
R DT C0 —(d R AT ~ ~ 2'+ A(d

Mg "2
—2(u —,—- (8)

1 AR dc'
AT QJ

co+ hey

a~, = A.(~„e,) (Sft/It) + B(e Ie, )za,
~~, = --,' a(~„~,)(~ft/ft)+2&(~„~, )~~ .

(7a)

(vb)

This computation was carried out for all the exper-
imental data, using the computed values of q, and

q~ to deduce the coefficients A and B. The results
for the cases of Figs. 4 and 5 are shown in Figs.
6 and 7, respectively.

In order to achieve a phenomenological interpre-
tation of the observed experimental results we focus
our attention initially on the strong dispersionlike
shape of he~ appearing in correspondence with the
strong negative peaks in the thermoreflectance
spectra of the two materials in the vicinity of the
gap region. The exciton-phonon interaction prac-
tically determines the line shape of the excitonic
structures, and leads to a I,orentzian shape of the
line, at least for the ground-state exciton line.
The temperature effect can be accounted for by two
distinct mechanisms: a shift hE of the line without
broadening, or a symmetrical broadening At' with-
out shift. In the former case, differentiation of &2

with respect to E= A~ gives the following result:

(AId —E, + ,'hE)1"—
[(Iie —E, +DE) + —,'F ][(he —E,) + —,'13]

(8)
while in the latter one we get

(h&u —E, ) ——,
' I' ——,

' I'b. I'
[(8~ —E,)'+ (-,'r+ ~r )'] [(8~ —E, +-,'I')]

(8)
where E, is the energy position of the structure, I'

where h~, and 5+2 are the limits of the experiment-
al range. The value of AA~ used was chosen such
that the error in a3/hT was about 0. 1/o. The cor-
responding changes Ae, and he~ can be evaluated
from the experimental values of (I/A)bA/aT and the
calculated values of aB/AT taking into account the
expressions relating the optical constants &»
x, and 3. One obtains

is the Lorentzian parameter, and hE and AI' are
their temperature modulations. An attempt has
been made to fit the experimental 6&2 line shapes
with expression (8) or (8) or a linear combination
of both. The fitting was made by the least-squares
method, and the best fit was found using expression
(8). The experimental behavior of the ground-state
exciton lines seems to be accounted for (Figs. 8
and 9) in terms of only a nearly rigid shift of the
whole structure to lower energies. The agreement
with the experiment is rather good taking E0
= 2. 093 eV and I'= 4l. 0 meV for GaSe, and E0
=2. 646 eV and I'=187. 5 meV for GaS. From the
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FIG. 7. Ae& (dashed line) and Ae& (solid line) for GaS
at liquid-nitrogen temperature as obtained from the Kram-
ers-Kronig analysis of the data of Fig. 5.
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computed values of ~E we estimate a temperature
modulation AT of about 2 'K. The temperature de-
pendence of the exciton lines has also been mea-
sured and temperature coefficients of —5.49X10 4

and —7. 20&10 ' eV/'K have been found for GaSe
and GaS, respectively, in fairly good agreement
with the values obtained by other authors. '

At energies well above the gap both compounds
present strong structures which can be conveniently
related to the energy -band-scheme calculations of
Bassani and Parravicini and Kamimura and
Nakao. " These authors derived the detailed struc-
tures of the conduction and valence bands of GaSe
and GaS, pointing out the existence of two-dimen-
sional pair bands corresponding to transitions be-
tween m bands. From the evaluated band structures
strong peaks appear in the joint density of states
of the two materials, in correspondence with tran-
sitions at the Q point of the Brillouin zone, owing
to the fact that in this band scheme Q is a saddle
point. These peaks remain in e2(0, &u) and cor-
respond to the peaks obtained from absolute-reflec-
tivity experiments both in GaSe and GaS. They give
rise in the thermoreflectance spectra to the struc-
tures located at about 3. 6 and 3.9 eV in GaSe and
GaS, respectively. It is well known that in the two-
dimensional approximation, which consists of ne-
glecting the interaction between different layer
planes, the critical points reduce to those of Mo
and M, type, giving rise, respectively, to step and
logarithmic singularities in the joint density of

FIG. 8. Comparison between the experimental tem-
perature-induced change in e2 for GaSe at squid-nitrogen
temperature (solid line} and the change calculated {black
points) from the overlapping contributions of the structures
arising from the energy-gap region and the saddle-point
singularities. The M& critical point located at 3.658 eV
has been interpreted taking into account exciton effects.

states. Experimental results previously obtained
by thermally modulating the optical constants of
another layer-type compound such as graphite
suggested that for this material the effect of tem-
perature is mainly to shift the Mo critical point and
to broaden the M, saddle-point singularity occur-
ring at Q in the Brillouin zone. An attempt has
then been made to fit the line shapes of A&~ in
the vicinity of 3. 6 and 3.9 eV in GaSe and GaS with
Eg. (9), representing, as in the case of graphite,
a symmetrical broadening without a shift of the
Lorentzian line describing the M, logarithmic
singularity. As in the case of GaS, recently re-
ported, ~a the result of the fit of Eq. (9) for GaSe
is so poor also that we are led to recognize the
failure of the one-electron model in correctly in-
terpreting the observed line shape. Figures 8 and
9 show a comparison of our experimental results
with the theoretical behavior resulting from appli-
cation of Toyozawa's theory. The black dots are
obtained assuming that the observed structures
arise from an unique critical point built up from
the metamorphism of the two possible van Hove
singularities (M, and Mo), taking into a,ccount that
the effect of temperature, as observed in the case
of graphite, is to shift one of the critical points
(Mo) and to broaden the other one (M, ) because of the
electron-phonon interaction. The lifetime broaden-
ing of the Mo point has been introduced through a
convolution integral, using a Lorentzian param-
eter I'. The only adjustable parameters were the
energy position E, and the lifetime-broadening pa-

3 -x10

I

' I

2 T=77 K

2
"

3
I „( 6 4 m(eV)

FIG. 9. Comparison between the experimental tem-
perature-induced change in ~& for GaS at liquid-nitrogen
temperature (solid l.ine) and the change calculated {Mack
points) from the overlapping contributions of the structures
arising from the energy-gap region and the saddle-point
singularities. The M& critical point located at, 3.998 eV
has been interpreted taking into account exciton effects.
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rameter F. The calculated results, obtained by
mixing the line shapes expected for M, and Mo
critical points and taking into account the different
effects of the modulating perturbation, give E,
= 3.658 +0.001 eV and I"= 0. 256 + 0.001 eV for
GaSe, and E, = 3.993 + 0. 001 eV and I"= 0. 289
+0.001 eV for GaS. %e feel that the good agree-
ment between the experimental curves and the
points calculated on the basis of the metamorphism
of critical points provides strong evidence that the
exciton model describes quite well, also in a two-
dimensional crystal, the effect of the Coulomb in-
teraction upon the direct interband transitions above
the fundamental edge.

The additional structure clearly seen in GaSe at
3.255 eV can be tentatively assigned to transitions
at some point in the q direction and related to the
shoulder present at the low-energy side of the E,
peak in the absolute-ref lectivity measurements.
In Fig. 8 we show the results obtained by fitting
this structure with a s-shaped line partially super-
imposed on the structure centered at E, = 3. 658 eV.
The best fit is obtained by positioning the singular-
ity at 3. 255 eV with a Lorentzian parameter I'
=0.022 eV. The effect of the temperature at this
singularity seems to be a shift of the structure to
lowe& energies rather than a simple lifetime broad-

ening as for the saddle-point singularity at 3.658 eV.
Finally, a few words should be said about the

presence at the high-energy side of the spectra of
additional structures, more pronounced in GaSe
than in GaS.

From the preceding analysis of the line shapes
we were able to deduce that, with the exception of
the singularities strongly affected by the residual
Coulomb interaction, the temperature derivative
of the optical constants behaves to some extent as
their frequency derivative. Accordingly, we are
led to locate the main singularities at the zeros of
the A&~ curve. From this point of view we locate
these structures at 4. 577 and 5. 260 eV for GaSe
and GaS, respectively.
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