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Abstract. We show that processes of creation, radiation and decay of the ground (n = 1) and
excited exciton states in layered n-InSe and p-GaSe crystals involve direct (photon — exciton —
photon, at k = 0), as well as indirect vertical (photon £ phonon — exciton — photon *
phonon, at k = 0), optical transitions. For the n = 1 exciton state both transitions are compat-
ible. For the excited exciton states the above transitions are not compatible; as a result, the
integral intensity of absorption bands for excited exciton states, K,,, exceeds K/n3 (where K°
is the classic value for the n = 1 exciton absorption band) and grows with temperature. It is
shown that presence of two-dimensional gas of charge carriers (electrons/holes localized in
quantum wells) that are degenerate with excitons in the momentum space leads to suppression
of the oscillator strength of exciton transition for ground, as well as excited, states. It was
found experimentally that growth of temperature in p-GaSe crystals results in holes redistri-
bution to the higher-energy states. This appears as consecutive (from the ground to excited
states) suppression and re-establishment of the integral characteristics of exciton absorption

bands.
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1. Introduction

Layered crystals InSe and GaSe belong to the ITI-VI semi-
conductor compounds. They are characterized by weak
van der Waals bonding between the layers and strong
ionic-covalent intralayer bonding. Their crystal layers
involve four atomic planes (-Se-In,Ga-In,Ga-Se-); ar-
rangement of atoms within a layer corresponds to the
Déh space group. On the whole, strong anisotropy of
chemical bonding does not lead to substantial peculiari-
ties in behavior of excitons in the above crystals, as com-
pared to other binary semiconductors. The Wannier-Mott
excitons in ITI-VI compounds are three-dimensional (3D),
as in the well-studied II-VI and III-V compounds. How-
ever, the lower symmetry of layered crystals results in
higher values of the electron-phonon deformation poten-
tial. Therefore, excitons and electrons (holes) are scat-
tered by homopolar optical phonons. Contrary to elec-
tron conductivity (n-InSe), hole conductivity (p-GaSe) in
layered crystals is highly anisotropic: the values of hole
effective mass along the layers and normal to them differ
by a factor of four to five.
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It should be also noted that the direct (D) optical tran-
sitions in InSe and GaSe are allowed but slightly. So the
oscillator strengths for exciton and interband transitions
are actually less than those in the II-VI crystals by a fac-
tor of 20-60. Due to chemical bonding anisotropy in lay-
ered crystals, a possibility exists for impurity insertion
into the layers (by doping during growth), as well as into
the interlayer space (by intercalation). Some authors be-
lieve that substantial (> 0.1 % by weight) amount of
dopant results in appearance of planar impurity aggre-
gates. They are deposited at stacking faults and lead to
appearance of 2D electron subbands in n-type crystals.

All the above features, together with the worked-out
growth technology and easiness of sample preparation,
make excellent possibilities for experimental investiga-
tion of the exciton absorption spectra not only in 3D semi-
conductor crystals, but also in crystal structures with 2D
quantum wells (QWs) filled with charge carriers.

At the same time, these crystals (InSe), due to consid-
erable volume of their unit cell, its mass and bandgap,
can serve for production of solar cells, IR converters and
(at proper intercalation) chargeable cells as well.
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2. Experimental results and discussion

In our previous papers [1, 2] we have made temperature
investigations of exciton absorption spectra for Bridgman-
grown n-InSe (7=4.5-100 K) and p-GaSe (7= 4.5-300 K)
single crystals — pure, doped and intercalated with iron-
group impurities. In particular, eight samples of InSe
crystals of different thicknesses were studied in [1] - both
pure and doped with iron-group impurities (Cr, Ni and
Mn), the impurity concentrations being up to 0.1 % by
weight. In [2] we investigated GaSe crystals pure, doped
with Mn (0.1 % by weight) and intercalated with Mn (0.1 %
by weight). The concentration of uncontrollable contami-
nations was below 101 cm 3.

The calculations of exciton absorption spectra in InSe
and GaSe crystals made within the framework of the tra-
ditional Elliott-Toyozawa theory have shown that growth
of the integral intensity K of the n = 1 exciton absorption
band is due to polariton mechanism. It is qualitatively
described with the quantum-statistical theory of light
propagation in crystals advanced by Davydov and
Serikov [3]. For these crystals the following simple ana-
lytic expression has been found in [1, 2] for K| depend-
ence on the band half-width T'y:
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where KV is the classic value of the integral intensity of
the n = 1 exciton absorption band. The half-width at half-
maximum, I'}, for the n = 1 exciton absorption band is
associated with the lifetime 7 = #/2I"; and depends on
both homogeneous and inhomogeneous broadening:

T2(T)=T{>(T)+T2, =
=F1,2(0)'[®+.31”*(T)]2+Fi%h . )

Here I}y, is the additive inhomogeneous component
of the exciton absorption band. It does not depend on
temperature and is due to exciton scattering on the crys-
tal lattice defects. I7(T) is the homogeneous component.
It increases with crystal temperature and is due to exciton
scattering by phonons. T7 (0) = g2[hQ(R— 1Q)]"2, where
g is the exciton-phonon interaction constant. n*(7) =
= [exp(hQ/kgT) — 1]°!; kg is the Boltzmann constant; 3; =
=1+ [(Ry+ hQ)/(Ry— h)]"3; Ry is the exciton binding
energy; i is the energy of the optical phonon at which
exciton is being scattered, ® = 1 at Ry < #Q and J2 at
Ry > 1Q.

Fig. 1a presents the experimentally determined [1]
K;(T';) dependencies for InSe crystal when I'y broadening
is due to temperature increase (triangles) or defect number
growth (squares). Triangles in Fig. 1c show the experi-
mental K;(7) dependence for a high-quality InSe crystal
(with small inhomogeneous broadening).

Curve 2 (see Figs la, c) is plotted according to ex-
pression (1) for I'in= 2 I7(0) = 1.84 meV and 7Q =
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=13.6meV. Itis in satisfactory agreement with the model
[3] and experimental K{(I'y) and K;(7) values. Curve 1
corresponds to the classic absorption, when K; = K is
const. It should be noted that in InSe K; begins to grow at
Coin= V2 I (0), where T7 (0) is determined from the ex-
perimental values of the temperature broadening of the
n = 1 exciton absorption band. This growth occurs si-
multaneously with broadening the exciton absorption
band. One should also note that the fact of K; growth
with temperature is well known for the III-VI layered
crystals [4-6], where it was associated, as a rule, with
both the effect of polariton mechanism for exciton decay
and role of indirect vertical (IV) optical transitions. The
IV transitions are traditionally considered [7] to be in-
volved in formation of exciton absorption bands at higher
temperatures, when the polariton mechanism has worked
yet. We believe, however, that the IV transitions can take
an active part in exciton absorption band formation
(broadening and increase of integral intensity) even at
low temperatures.

2.1. On indirect vertical transitions

In [8], by the example of InSe crystal, an additional in-
crease with crystal temperature has been found for the
light absorption coefficient o(fiw) in the absorption re-
gion of excited n = 2, 3, ... exciton states. It should be
noted that such an increase of the integral intensity K,, for
the excited exciton states contradicts with the traditional
theory of exciton absorption. According to this theory,
at low concentrations of exciton gas, excitons that are in
excited states are either scattered at defects or phonons
(and, as a result, are absorbed), or relax to the ground
state from which radiative (photons), as well as non-
radiative (absorption) transitions occur. The condition
K, = Ky/n? = const has to hold in this case. For InSe and
GaSe crystals, however, it was found that K, > K/n?
even at 7= 4.5 K, and the integral intensity K,, growth
continues with the crystal temperature.

To numerically calculate the contribution from ex-
cited states into the exciton absorption spectrum of GaSe,
we assumed (as it was done in [8] for InSe crystals) that
the character of exciton-phonon interaction does not
change when going from the ground to excited exciton
states. In this approximation (according to [8]), we ap-
plied for GaSe crystals the following generalized expres-
sion for exciton scattering from excited states by optical
phonons:

(T =T (1) + Ty =
=[T0)- (14 B -n* ()] +T2h 3)

where G/,(0) = g{hQ(Ry/n>~hQ)]"2, B, = V2 [(B,2~ 1)/,
and B, = 1 + [(Ry/n? + hQ)/(Ry/n* — hQ)]"2. Tt was
shown (just as in the case of InSe) that the relation ', =T, —
— (T, —T')/n? for the half-widths of the ground (I'}), ex-
cited (T',)) and continuum (I",) exciton states, which was
experimentally obtained in [9] for sufficiently perfect
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Fig. 1. a, ¢ — K4(T'}) and K;(7) values for the n = 1 exciton state in n-InSe crystal: samples a)-h) at T = 4.5 K (squares) and sample a)
at temperatures from 4.5 up to 100 K (triangles). Curves I are plotted for classic absorption when K(T'}) = K° = const. Curves 2 are
plotted according to expression (1) with T'j(7) according to expression (2). b, d — K»(I',) and K,(7) values for the n = 2 exciton state
in n-InSe crystal: samples a)-h) at T = 4.5 K (squares) and sample a) at temperatures from 4.5 up to 100 K (triangles). Curves [ are
plotted for classic absorption when K»(T',) = K%8. Curves 2 are plotted according to expressions (5) at Ty, = 1.3 meV with Ty(7T) according

to expression (3).

GaSe crystals at 7=4.2 K, may be expressed in the more
accurate form:

TLO-T{©)
12, 4)

n

I, (0)=T.(0)~

where T7 (0), T}, (0) and T}.(0) are the homogeneous com-
ponents of the half-widths for the ground, excited and
continuum exciton states, respectively, at 7= 0.

Using expression (3) and experimentally found in [1]
I'1(7) and T,y values for InSe, we obtained in [8] the
values of half-widths I';, for absorption bands of excited
exciton states. Besides, we calculated the absorption spec-
tra with allowance made for the ground and three first
excited states, as well as (see [1]) the interband transi-
tion, absorption band with low concentration of shallow
(17 meV) donors, a shallow (45 meV below the conduc-
tion band bottom) defect level, and the trap level (130 meV
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above the valence band top). Similar calculations (ground
and three excited exciton states, interband transition and
shallow acceptor level located on 20-30 meV above the
valence band) are made in this paper for GaSe crystals.
The results obtained are discussed below.

Shown in Fig. 1b are the values of K (integral inten-
sity of the n = 2 exciton absorption band for InSe crys-
tals) obtained for the cases when band broadening is due
to increase of temperature (triangles) or defect number
(squares). Fig. 1d presents the K»(7) dependence (trian-
gles) for high-quality InSe crystals with a small number
of defects resulting in insignificant inhomogeneous band
broadening.

The straight line 1 demonstrates the case of classic
absorption when K, = K%/23 = const. One can see that
temperature growth (triangles) leads to K, increase to
values substantially over the classic ones. In the case when
the number of defects grows (squares) K, = const, and
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increase of the half-width G, is accompanied with drop
of intensity in the peak of the exciton absorption band.
Similar behavior has been found also for the n = 3 exciton
absorption band.

Prima facie, K, value increasing with temperature
conflicts with the traditional theory of light absorption
by excitons. This theory assumes (in accordance with the
linear response theory) that K, = K%n? is const, and
broadening of an absorption band leads to decrease of its
peak height. Nevertheless, the character of K,(T) depend-
ence can be explained, if one takes into account the IV
optical transitions. According to [10, 11], they also re-
sult in growth of the integral intensity of exciton absorp-
tion band. Contrary to the case of D transitions (photon —
exciton — photon, at k = 0), IV transitions (photon *
phonon — exciton — photon * phonon, at k = 0) involve
a phonon.

Fig. 2 shows a diagram of an IV transition via a vir-
tual state in the crystal bandgap, with optical phonon
creation (arrow 2) and annihilation (arrow 3). A D tran-
sition is shown with the arrow 1.

In [8] it was shown that, for the ground exciton state
at low concentrations of exciton gas, D and IV transi-
tions are compatible. This means that, whatever the way
of photon transition to exciton state, the reverse transi-
tion of exciton to photon state can proceed via D, as well
as IV, transition. It was also shown in [8] that phonons of
the same energy 7€ take part in both IV transition (proc-
ess of exciton creation with further photon emission) and
exciton scattering resulting in homogeneous broadening
of the ground exciton state. In particular, for InSe and
GaSe crystals such a phonon is a homopolar phonon of
A'} symmetry (7Qquse = 13.6 meV, QG s. = 16.8 meV).
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Fig. 2. Diagram of an indirect vertical transition via a virtual
state in the crystal bandgap, with optical phonon creation (arrow
2) and annihilation (arrow 3). A direct transition is shown with
arrow 1.
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Its energy is very close to the exciton binding energy R
in InSe (Ry = 14.5 meV) and GaSe (R = 20.0 meV) crys-
tals.

Since Ry > 7Q for InSe and GaSe crystals, then IV
transitions are symmetric in them, i.e., they occur with
optical phonon creation/annihilation. In this case, ac-
cording to [8], the minimal half-width for the n = 1 exciton
absorption band, with allowance made for D and I'V tran-
sitions, 18 ['pin= NG I (0). Indeed, as it was shown in[1,
2], broadening of the n = 1 exciton absorption bands in
InSe and GaSe, according to expression (2) and experi-
mental results, begins at ' ,;,= \% I (0). When Ry < hQ
(e.g.,in II-VI and ITI-V crystals), then IV transitions be-
come asymmetric, i.e., they involve optical phonon ab-
sorption only. In this case transitions 2 occur to the con-
duction band and become real states of an interband tran-
sition, and ['y;, = T7 (0).

For excited exciton states, contrary to the ground
state, an I'V transition is asymmetric, because the transi-
tion 2 (with phonon emission) always occurs to the con-
duction band. Moreover, according to [§], the D and IV
transitions become incompatible, and their total prob-
ability may exceed the classic value found for a D transi-
tion. For the n > 1 exciton absorption band the minimal
half-width always is [y, = T, (0).

Taking into account the results of numerical fitting of
the above model to the experimental exciton absorption
spectra in InSe and GaSe crystals, we obtained the fol-
lowing analytical expression for K,(T',,) that gives a satis-
factory description for the observed increase with tem-
perature of the light absorption coefficient o(%®) in the
range of excited exciton states:

0
K,T,)=KP+klV _2K

YR rro-,

+(1-—
N T,

®)

One can see from Fig. 1b that curve 2 (plotted from
expression (5) for I'5(T) taken according to expression (3)
at Tin = T5(0) = 2.81 meV) satisfactorily describes the
experimental K»(I",) dependencies for InSe crystal as tem-
perature grows, and at high temperatures the K, value
asymptotically approaches K,™* = 2K9/23 Tt can be seen
that the initial broadening of the n = 2 exciton absorp-
tion band and growth of its integral intensity occur at
Tmin = T5(0). Curve 2 plotted in Fig. 1d according to
expressions (5) and (3) also gives a satisfactory descrip-
tion for K, growth with temperature.

Thus, it is evident that IV transitions, along with D
transitions, make a substantial contribution to formation
of exciton absorption bands. One could say that the role
of IV transitions becomes more important with a tem-
perature (and number of phonons in crystal) growth. In
p-GaSe crystals, however, contrary to n-InSe, in addi-
tion to the above mechanisms for exciton creation, sup-
pression of oscillator strength for the n = 1 exciton tran-
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sition was observed at low temperatures [2]. [t manifested
itself in retardation of growth of the K;(I"y) curve.

2.2. On degeneracy of excitons with 2D hole
gas

Shown in Fig. 3 (circles) are the experimental dependen-
cies of the integral intensities K; (ground state) and K,
(the first excited state) on half-width or temperature taken
for pure p-GaSe crystal. Curves 2 present K;(I"1), K{(T)
and K»(I'y), K»(T) dependencies for GaSe crystal. They
are plotted in_accordance with expressions (1) and (2)
and [y, = L2 I (0) = 2.95 meV — for the ground state,
and expressions (3) and (5) and ', = T5(0) = 3.81 meV
at Iy = 4.2 meV — for the n = 2 state.

K arb.un.

K, arb. un.
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One can see from Figs 3a and 3c that in GaSe crystals
K increases somewhat slower than curve 2; at low tem-
peratures this is true for K; dependencies on both tem-
perature and half-width. However, as temperature grows,
the experimental K values are verging to curve 2, and at
big half-widths K| reaches its classic value, K°. Curve 1
corresponds to the classic absorption when K| = K?=const.

According to [2], such behavior of K;(I'y) and K{(7)
curves stems from the n = 1 exciton state degeneracy (in
the momentum space) with holes localized in 2D QWs.
For p-GaSe, confinement of hole motion in the crystal
layer planes is due to the defect stacking faults that result
in appearance of potential barriers between layers. It
should be noted that similar potential barriers appear
also in n-InSe crystals. We believe, however, that in this
case the barriers are not high enough to provide electron
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Fig. 3. a, ¢ — K;(I'1) and K(7) values for the n = 1 exciton state in p-GaSe crystal at temperatures from 4.5 up to 300 K (circles). Curves
1 are plotted for classic absorption when K (I';) = K = const. Curves 2 are plotted according to expression (1) with T';(7) according
to expression (2). b, d — K5(I';) and K,(T) values for the n = 2 exciton state in p-GaSe crystal at temperatures from 4.5 up to 300 K
(circles). Curves I are plotted for classic absorption when K,(I';) = K%8. Curves 2 are plotted according to expressions (5) at
Tinn = 4.2 meV with I'h(7) according to expression (3). Curves 2a are the spline lines for experimental data. Insert of Fig. 3d: Ay(7)
values for the n = 2 exciton state in p-GaSe crystal at temperatures from 4.5 up to 300 K (circles). Curve 3 is plotted according to
expression (6). Curve 4 is plotted with the account of evaporation of localized hole gas.
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localization, because in n-InSe m./mgll = 1 (here the
indices || and L refer to directions along the layers and
normal to them, respectively), and electrons demonstrate
3D behavior. Nevertheless, some authors [12] think that
n-InSe doping (say, with Zn) results in appearance of
additional 2D electrons (of low concentrations) whose
mobility is low.

Contrary to the above, in p-GaSe crystals, due to a
marked hole effective mass anisotropy (my, /ml = 4-5),
localization of hole motion in the layer planes occurs in
the presence of the crystal layer stacking faults. As tem-
perature grows, the holes localized in QWs are redistrib-
uted to the states of higher energies. This leads to lifting
off degeneracy in the momentum space between the
excitons and holes. As a result, both the polariton mecha-
nism and oscillator strength of exciton transition are re-
stored. The results obtained in [2] for the n = 1 exciton
state are in a good agreement with a model (advanced by
F.G. Pikus [13]) for exciton behavior in QWs with 2D
electron (hole) gas. For n-InSe and p-GaSe crystals, how-
ever, excitons (contrary to holes) remain 3D behavior. At
low temperatures the absorption spectra in both crystals
demonstrate a well-pronounced 3D exciton series E,, =
= E,— Ry/n’.

At the same time, the photoluminescence spectra of
these crystals [14-16] at low temperatures have a fine
structure in the region of emission of the ground exciton
state. This fine structure is due to weak exciton localiza-
tion at stacking faults. Moreover, as it was shown in [14],
it is just the stacking faults in n-InSe that lead to mixing
of two close e- and ymodifications, thus finally resulting
in appearance of potential barriers between layers. It was
shown ibidem that such regions are situated in a quite
nonuniform way; their areas in a plane lie, as a rule,
between 0.2 and 2 mm?.

For GaSe crystal the experimentally determined inte-
gral intensity of the n = 2 exciton band as a function of a
half-width and temperature is shown in Figs 3b and 3d
(circles). In this crystal (as for InSe) the inequality
K> > K923 holds, and K, value increases with the crystal
temperature. In this case, however, the experimental
K5(I';) and K5(T) curves are non-monotonic and differ sub-
stantially from the curve 2 that describes K, behavior as
temperature grows, both D and IV transitions being taken
into account. One can see that at moderate (4.5-60 K)
temperatures the experimental K5(T"») and K,(T) curves
for GaSe practically coincide with the curve 2. At further
temperature rise, however, the integral intensity at first
decreases, but then, at higher (> 130 K) temperatures, its
experimental values are gradually approaching the curve 2.

The obtained experimental results serve as direct veri-
fication of the assumption (stated earlier in [2]) that in p-
GaSe crystals degeneracy in the momentum space exists
between excitons and holes localized in QWs. At first,
such degeneracy leads to suppression of oscillator strength
for the n = 1 exciton transition. Temperature growth re-
sults in increasing the mean kinetic energy of hole gas.
This displays itself in redistribution of holes to the states
of higher energies, thus restoring the polariton mecha-
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nism for the ground exciton state. The above hole redis-
tribution, in its turn, leads to degeneracy of holes and
excited exciton states. This shows itself in the fact that, at
some temperatures, the integral intensity of absorption
bands of excited exciton states goes down. Further hole
redistribution to the states of higher energies with tem-
perature results in integral intensity restoration for the
n = 2,3 ... exciton absorption bands. Indeed, similar
non-monotonic behavior is also observed for the n = 3
exciton absorption band in GaSe, but at a higher tem-
perature.

Shown in Fig. 3d (insert) is the quantity Ay(7) = K»(T) -
— K>¥*P(T) for the n = 2 exciton absorption band in GaSe
(circles). This quantity characterizes temperature depend-
ence of the departure of experimentally found K value
(K,%P) from the K,(7) function presented by curve 2 (Fig.
3d). It should be noted that, despite the fact that in this
case one deals with non-monotonic behavior of the inte-
gral intensities of exciton absorption bands in crystals
with holes localized in QWs, the experimental results for
Ay(T) rather satisfactorily reflect the Maxwellian tem-
perature distribution for hole gas:

d
—(Ep —E, )= . 6

Here f,(E,T) = 1/(e[EF_E”(T)]/kBT +1) is the Fermi
function for the degenerated hole gas in QW; E, and Er
are, respectively, the energy of the n = 1, 2, 3 ... exciton
state and Fermi level for holes localized in QWs. Curve 3
plotted according to expression (6) obeys the A,(7) de-
pendence at the low-temperature slope only, and consid-
erably departs from the experimental dependence at the
high-temperature slope. We believe that this departure is
caused by “evaporation” of some amount of hole gas as
temperature grows; some portion of holes (localized in
QWs) with increased kinetic energy overcome the poten-
tial barriers and become 3D. One can see that the curve 4
plotted with allowance made for “evaporation” gives a
considerably better description for K,,(7) behavior in the
case when exciton states are degenerate with the hole gas
localized in QWs.

We would like to note that similar conclusions on a
non-monotonic K,(T",) growth as temperature increases
from 4.5 up to 300 K have been made by us also for GaSe
crystals doped and intercalated with Mn.

The effects of exciton-hole interaction [17] are known
to lead, for instance, to appearance of trion states (bound
exciton-electron/hole states in structures with QWs con-
taining 2D electron/hole gas) in the ZnSe/ZnMnSSe-
based structures with QWs. The results of our investiga-
tions of some mechanisms for creation and decay of
excitons in layered InSe and GaSe crystals enable one to
conclude that, despite the fact that in p-GaSe crystals
excitons are degenerate in the momentum space with 2D
hole gas, the above effects seem not to occur. This is due,
firstly, to the fact that in our case Wannier excitons do
not lower their dimensionality and remain practically
3D, so the binding energy of the above trion complexes
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would be very low in the 3D case. Secondly, the holes in
a 2D QW cannot manage to orient their spins (and form
by that a considerable number of X*-trions) during the
time when a 3D exciton is near this 2D QW with holes.

5. Conclusions

Our experimental investigations of the absorption spec-
tra in InSe and GaSe crystals performed over a wide tem-
perature range, together with spectra calculations made
within the framework of the classic Elliott-Toyozawa
model (using various models for exciton creation, radia-
tion and decay), made it possible:

— to show that growth of absorption band integral
intensities K; (ground exciton state ) and K, (excited
exciton states) with temperature proceeds with involve-
ment of both D (photon — exciton — photon, at k = 0)
and IV (photon = phonon — exciton — photon * phonon,
at k= 0) optical transitions, the latter occurring with op-
tical phonon creation/annihilation;

—to show that for the n = 1 exciton state the above D
and IV transitions are compatible. Depending on the dif-
ference between the exciton and phonon binding ener-
gies, the IV transitions to the #n = 1 exciton state may be
either symmetric (with phonon creation/annihilation), or
asymmetric (with phonon annihilation only). For sym-
metric IV transitions Ty, =+/2 T7 (0), while for asym-
metric ones Ty = T3 (0);

—to determine that D and IV transitions become in-
compatible for excited exciton states. Therefore the inte-
gral intensity of absorption bands for excited exciton
states, K,,, exceeds K/n? (here KV is the classic value of
integral intensity for the n = 1 exciton absorption band)
and grows with temperature. At high temperatures K, —»
2K%n3;

— to find that presence of 2D gas of charge carriers
(electrons/holes localized in QWs) degenerate in the
momentum space with the exciton states results in sup-
pression of the oscillator strength for exciton transition
(for the ground, as well as excited, states);

—to experimentally demonstrate that temperature in-
crease results in hole redistribution to the states of higher
energies. This appears as consecutive (from the ground
exciton state to excited ones) suppression and restora-
tion of the integral characteristics of the exciton absorp-
tion bands.
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