
Electronic and vibrational spectra of III-VI layered
semiconductors

G. L. Belen'kii and V. B. Stopachinskii

Institute of Physics of the Academy of Sciences of the Azerbaijan SSR
and P. N. Lebedev Physics Institute, Academy of Sciences of the USSR
Usp. Fiz. Nauk 140, 233-270 (June 1983)

An analysis is made of the many theoretical and experimental studies of layered crystals. The results of this
analysis for the particular case of group III-VI semiconductors are used to investigate the features in the
electronic and phonon spectra which are due to the manifest structural anisotropy of these compounds. It is
shown that in both the phonon and electronic spectra there are branches (bands) in which there is practically
no dispersion in the direction of the C axis of the crystal. These vibrational branches (the so-called "intralayer
vibrations") and energy bands (made up, for example, of the metal orbitals) are extremely anisotropic (quasi-
two-dimensional). The intralayer vibrations contribute substantially to the phonon subsystem of layered
crystals, and, therefore, all the properties which are determined to an appreciable degree by the phonon
subsystem are highly anisotropic. The basic electronic properties of the semiconductors, being determined by
the structure of only two bands (the conduction and valence bands), are almost isotropic. The reason for this is
that these bands are made up of the p, orbitals of the metalloid, which, according to theoretical calculations of
the electron density distribution, overlap with the corresponding states of the neighboring layers. This
conclusion is supported by numerous experimental studies of the exciton spectra and photoemission of III-VI
layered semiconductors.
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1. INTRODUCTION

Layered crystals are typified by an obvious structural
anisotropy which leads to a quasi-two-dimensional char-
acter of the vibrational states in these materials and is
manifested most clearly in all the properties governed
by the phonon subsystems of these crystals. Strictly
speaking, the presence of a weak coupling between lay-
ers in a crystal does not by any means imply that all
the electronic states should be extremely anisotropic.
Nevertheless, a very large number of experimental
physicists have chosen layered semiconductors as ob-
jects of study in the hope of verifying some theoretical
predictions concerning the course of physical phenome-
na in crystals with extremely anisotropic electron '
spectra. Among these theoretical predictions, the most
interesting are the ideas of Ginzburg1 and Little2 that
systems with extremely anisotropic electron spectra
can be used to create a high-temperature supercon-
ducting state. However, in spite of the fact that the
chemical formulas of the majority of these layered
compounds have long been known, extensive studies of
the energy spectra of crystals with a layered type of
crystal lattice began only 15-20 years ago. The most
important reason for this state of affairs is evidently
that it was only at that time that the technology had ad-
vanced to the point where single-phase samples large

enough to be suitable for various optical measurements
became available to researchers. This alone, of
course, was not enough. The optical spectra of most
layered semiconductors are extremely complex and
typically contain a large number of lines. It was at
just this time that the complex of methods constituting
modulational spectroscopy became nearly complete,
permitting extremely reliable interpretation of the op-
tical absorption spectra of layered crystals (in particu-
lar, near the fundamental absorption band). The re-
sults of these studies could be used by theorists, who
by the end of the sixties had considerable computational
capacity at their disposal, enabling them to make
pseudopotential calculations of the band structure of
crystals with more than two atoms in the unit cell,
provided that the symmetry of the cell was not too low.

Photoemission studies of the electronic spectra of
crystals yielded experimental information on the dis-
persion of the electron bands of semiconductors in
which the cyclotron resonance could not be studied be-
cause of short carrier relaxation times.

Thus, it became possible for experimentalists and
theorists working in the field of semiconductor physics
to obtain sufficiently complete information on the elec-
tronic spectra of crystals with a complex crystal
structure and a low degree of purity (compared to Ge
and Si, at least).
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The most intensively studied crystals are III-VI and
IV-VI semiconductors,3'4 transition-metal dichalcog-
enides with a layered type of lattice,5 crystals such as
the mineral orpiment (As2S3),

6 layered compounds of
iodine and bismuth,3 and a number of others.

This survey is not intended by the authors to be a
systematic and exhaustive exposition of the physical
properties of layered crystals in general or even of
some particular group. Our purpose is to take the
available theoretical and experimental data on the en-
ergy spectra of layered semiconductors of a single
class and use them to construct a picture of how the
presence of weak coupling between the layers is mani-
fested in the vibrational and electronic spectra of these
crystals and to discuss the interrelation of the vibra-
tional and electronic spectra of layered semiconduc-
tors.

The most important conclusion which follows from an
analysis of the experimental data is that in a number of
typical layered semiconductors the properties of the ex-
citon spectra at the absorption edge, from which one
can judge the properties of the electron bands, are
practically no different from the ordinary, well-known
properties of the exciton spectra in three-dimensional
crystals. In order to understand what was going on, it
was necessary to construct maps of the electron density
distribution in the layered semiconductor by calcula-
tional means and to obtain experimental proof of the
validity of the calculations. It turned out that the energy
states whose electron density is formed from atomic
orbitals which overlap from one layer to the next are
located at the boundaries of the conduction and valence
bands and dictate an extremely weak anisotropy of ex-
citions with K = 0 in crystals of the GaSe type.

The current understanding of the interrelation be-
tween the features of the crystal structure of layered
semiconductors and their energy spectra derives from
the work of many physicists. The development of the
modern concepts is most successfully demonstrated in
the case of III-VI semiconductors.

The progress that has been made in the technology of
growing these crystals and the prospects for their tech-
nological use7-10 have stimulated many studies of the op-
tical properties of semiconductors of the GaSe type and
prompted calculations of the band structure of these
crystals.11 By now, perhaps, there are enough experi-
mental and theoretical data available on the vibrational
and electronic spectra in GaSe that it would be worth-
while to discuss what is known about this subject.

2. CRYSTAL STRUCTURE OF GROUP III-VI LAYERED
SEMICONDUCTORS

An example of a crystal structure is graphite, in
which each layer consists of a single plane of carbon
atoms. The coupling between layers is due to van der
Waals forces. The distance between carbon atoms with-
in a graphite layer (1.421 A) is substantially smaller
than the distance between layers (3.3 A).12

All the other known layered crystals have a similar
structure, but in each of these a layer contains three or

FIG. 1. Crystal structures of various semiconductors with
layered lattices (the scale is not consistent), a) Graphite
structure; b) MoS2 structure; c) E-GaSe structure (the unit cell
is shown, containing eight atoms from two layers); d) GaTe
structure (the monoclinic cell of the crystal is shown).

more planes of atoms. Figure 1 shows sketches of sev-
eral typical crystal lattices of various layered semi-
conductors. Binary crystals of the III-VI semiconduc-
tor group—GaS, GaSe, and InSe—are made up of layers
containing four planes of atoms each. Within the layers
the bonding is of an ionic-covalent character, while be-
tween layers the interaction is predominantly of the van
der Waals type, with a small Coulombic admixture.13'14

The structure of the layers is the same in GaS, GaSe,
and InSe. The anions and cations are arranged in planes
perpendicular to the C axis in the sequence (for GaS,
say) S-Ga-Ga-S. The arrangement of atoms within a
layer corresponds to space group L)^h (6m2). Three
anions and a metal atom form a tetrahedron (see Fig.
1). Depending on how the layers are stacked, GaSe and
InSe can have structures corresponding to various poly-
types. The four known polytypes are shown schemati-
cally in Fig. 2. The £ structure has symmetry space
group D^ (6/mmm) and, like the e polytype of symme-
try Dlh, contains two layers in a hexagonal cell. The
rhombohedral structure of the y polytype C\v (3m) con-

FIG. 2. Schematic representation of various types of stack-
ing of the layers in GaS (/3 polytype), GaSe (0, t, y, and <S
polytypes), and InSe (|3 and y polytypes).
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TABLE I.

Polytype

Separation, A :
a
c

Se2 — Ga5, within layer

Ca5 — Ga6, within layer

St1! — St'2, wi th in layer

SCj — Sc3, between layers

P

3.755
15.95

2.515

2.391
4.491
4.199

8

3.755
15.996
2.485
2.383
4.766
3.840

t

3.739
23.862
2.467
2.386
2.722
8.847

6

3.755
31.99
2.463
2.457
4.784
3.890

tains three layers in the unit cell, while the hexagonal
polytype 6 of symmetry C%v (Qmm) contains four. In all
cases the unit cell includes two selenium and two galli-
um atoms from each layer. The most thoroughly in-
vestigated compound from a structural standpoint is
gallium selenide. Table I gives data on the values of
the lattice parameters and the interactomic distances
of all the modifications of this crystal. The atoms are
labeled in accordance with Fig. Ic.

Samples of /3-GaSe are extremely rare and are mainly
found among crystals grown by the gas transport meth-
od. On the other hand, gallium sulfide crystallizes only
in the centrosymmetric /8 structure (a = 3.585 A, c
= 15.50 A).16 Indium selenide, according to the data of
structural studies, is typically found in the £ (a = 4.05
A, c = 16.93 A)17 and y (a = 4.00 A,c = 25.32 A)18'19 struc-
tures.

In gallium telluride the structure of the layers is dif-
ferent from that in GaS and GaSe (see Fig. 1). Accord-
ing to the data of Pearson,20 GaTe has a monoclinic cell
with parameters «= 11.95 A, 6 = 4.04 A, c = 18.42 A, </3
= 104°, having symmetry space group C2 (2). Grasso
et al.'a give the following data on the parameters of the
crystalline ceil of GaTe: o=17.84 A, 6 = 4.074 A, c
= 10.66 A, <0= 104.12°.

3. PHONON SPECTRA OF lll-VI LAYERED
SEMICONDUCTORS

The accumulated experimental material on the vibra-
tional spectra of binary layered semiconductors of the
III-VI type is now rather complete. The gap widths in
GaS, GaSe, InSe, and GaTe are such that the use of la-
sers emitting in the visible and near infrared regions
of the spectrum permits the recording of the Raman-
scattering spectra in both the transmission and 90-de-
gree scattering geometries. The availability of sam-
ples with the necessary dimensions (all the way up to
1 x i x 1 cm3) has facilitated reliable polarization mea-
surements of the reflected light in the range of residual
rays (infrared). There is voluminous and, on the whole,
consistent information in the literature on the frequen-
cies of long-wavelength phonons in these crystals. The
data on the polarization of the lines in the Raman and
reflection spectra, when considered along with the se-
lection rules established by group-theory calculations,
have permitted comparison of each experimentally ob-
served line with a definite normal oscillation. Figure 3
gives the atomic displacement vectors corresponding to
the long-wavelength normal oscillations in the lattices
of the E and 0 polytypes of GaS, GaSe, and InSe. The
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FIG. 3. Atomic displacements corresponding to normal
modes of oscillation for /3 and E polytypes of GaS, GaSe, and
InSe. The frequencies of the various modes are given in
Table II.

experimentally obtained phonon frequencies for these
crystals are given in Table II. Table II also indicates
the kind of experiment in which a given vibration ap-
pears (Raman or infrared). The values given for the
frequencies of the Raman- and infrared-inactive pho-
nons are those calculated by Aliev et al.22 using the lin-
ear-chain model of Wieting.23 We shall not discuss in
this paper the models used by various authors to de-
scribe the vibrational spectra of layered crystals. The
interested reader can easily obtain this information
from the literature cited, and to go into the details of
the many straightforward and only slightly different
calculations would no doubt serve only to complicate the
reading of this article.

A typical feature of the phonon spectrum of most lay-
ered crystals is the presence of low-frequency modes
which correspond to the displacement of entire layers,
acting as rigid molecules, with respect to one another.
For GaS these are the acoustic modes A^ and Eju and
the optical modes E^ and B^ (the ^-symmetry modes
in GaS, GaSe, and InSe are doubly degenerate). The
atoms located within a layer are not displaced with re-
spect to one another during the vibrations. Low-fre-
quency ("interlayer") optical modes will not be present
among the phonons of a crystal whose unit cell contains
only a single layer, such as a-TaS2 or 2H-CdI2 (Refs.
16 and 24). For cases in which the unit cell has at least
two layers, interlayer optical modes can be detected
experimentally. Crystals of the £ and E polytypes are
characterized by three such modes, two of which are
due to the relative motion of the layers in the plane
parallel to the layers (the E^ mode in GaS—the so-
called "shear" modes—and one of which (Bjp is due to
the motion of the layers in the perpendicular plane,
along the hexagonal C axis (compressional modes).
The low frequencies corresponding to the interlayer vi-
brations have been detected in a study of the scattering
of neutrons in graphite25 and are manifested in the Ra-
man-scattering spectra of the crystals of ASaSa,26'27

MoS2,
28 GaSe,29'30 GaS,30'31 and InSe.32'34 In the last

three crystals the selection rules allow only the inter-
layer mode to appear in the Raman-scattering spec-
trum (see Table II).

A clear illustration of the fact that the low-frequency
modes in GaS and GaSe are due to the existence of weak
coupling between the layers is provided by experiments
on the effect of an applied hydrostatic pressure on the
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TABLE II.

0 poly type

Space group Dg.

Raman

AU

Afg

«1.

E?e

«i.

Ei(T

IR

E?u

AL

A coirs t.

EJU

Ak

Inact.

B|u

B?u

E2u

BL

B2g

BU

£ polytype
Space group pjft

Raman

A;'
A?

A'l3

A;4

E'i

E"3

%

[R Raman
IR

...
B-

E"

Acoust.

E"

S-InSe

22, 166

115

225

40

176 Raman

TO 178 1 .„
LO 214 / 1R

17

TO 190

LO 200

22
Inact.

105

227

38

185

195

37

P-GaS

23. 167

188

360

75

290

295 Raman

TO 297 \ .„
LO 357 / 1K

22

TO 318

LO 335

Inact.

172

353

70

296

328

55

E-GaSe

167--169

134

308

60

212

,rn / 215 Raman
1U \ 213 IR

, n I 252 Raman
LU { 254 IR

19.5

TO 237

LO 245

40

position of the lines in the Raman-scatter ing spectra.35

The coefficient y= 1/ojdWdP (cu is the frequency of the
mode and P is the pressure at T = 300 K) is 20-10~6

bar"1 for the interlayer modes (E2, and E') and 10~6

bar"1 for all the other modes, whose frequencies are
determined by the forces coupling the atoms within a
layer (Fig. 4).

Having determined the values of the interlayer fre-
quencies, one can compare the interlayer interaction
with the forces which couple the atoms within the layers
in various crystals. Using simple models for the force
constants, Zallen and Slade36 estimated separately the
constants characterizing the interaction between atoms
located within the layers and on the boundaries of the
layers. They used different (and rather crude) models
for these two cases, but the same models were applied
to different crystals. It turned out that the ratio of the

force constants characterizing the interactions between
layers (&0) and between atoms within a layer (the shear
constant kj was similar in order of magnitude for all
the chalcogenides but substantially smaller in graphite.
In graphite the atoms within a layer are more strongly
coupled than in layered chalcogenide semiconductors
(Table III).

The interlayer modes in layered semiconductors can
be compared with the low-frequency vibrations in mo-
lecular crystals, in which there are also two types of
interactions with different magnitudes between differ-
ent groups of atoms. The concepts and methods that
have been developed for the study of the energy spectra
of molecular crystals were first used by Zallen and
Slade26 and Lisitsa et al.27 in analyzing the vibrational
spectra of As2S3 and As2Se3. This approach has proved
extremely useful for describing the experimentally de-
tected splitting of the Raman lines in GaSe. Let us dis-
cuss the cause of this splitting. In Fig. 3 the atomic
displacement vectors corresponding to the normal os-
cillations of the layered crystal are arranged in pairs;
in GaSe, for example, the upper series corresponds to
totally symmetric vibrations, while the vectors of the
lower series correspond to the so-called "antisymmet-
ric" vibrations. The frequency of a symmetric mode
will not be characterized by the contribution of the in-
terlayer forces, since the vibrations of the layers in
the unit cell are not in phase; the interaction between
selenium atoms located on the boundary of adjacent

TABLE III.

FIG. 4. Energy position of the lines in the Raman-scattering
spectrum as a function of the hydrostatic pressure P at 300 K
for the crystals GaS (a) and GaSe (b), according to the data
of Besson.35

Crystal

Interiayer frequency, cm"1

*,/*!

Gra-
phite

45

0.001

AszSes

21.5
32,5

0.021

AS2S3

27
28

0.017

MoS2

34

0.014

GaS

22

0,016

GaSe

19

0.019
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layers raises the frequency of an antisymmetric mode.
Thus the interlayer interaction splits each normal
mode into two. This splitting is analogous to the well-
known Davydov splitting of the excitonic terms in a
molecular crystal, which results from the intermolec-
ular interaction of translationally inequivalent mole-
cules in the unit cell of the crystal.37 The number of
components of the multiplet in the general case is de-
termined by the number of translationally inequivalent
layers. Davydov splitting cannot be detected in the Ra-
man spectra of crystals having a center of inversion
(As2S3, As2Se3, GaS, etc.). In this case the rule of alter-
native forbiddenness is in effect—there can be no vibra-
tions which simultaneously correspond to lines in the
Raman spectra and in the absorption or reflection spec-
tra (Raman- and infrared-active modes). One of the
doublet components will be observed in the infrared
spectra, the other in the Raman spectra. Since the
symmetry elements characterizing the e structure do
not include a center of inversion, both components of
the doublet can be observed only in the Raman spectra.
The modes forming Davydov pairs are found in the
same horizontal row in Table II; in the /3 polytype there
are 2 infrared- and 6 Raman-active vibrations. Every
Raman-active vibration forms a doublet with a mode of
another symmetry which is Raman-inactive. The E^
mode is the lowest-frequency mode in the Raman spec-
trum, since it forms a Davydov doublet with the acous-
tic mode Eju. In the /3 polytype there are 6 infrared-ac-
tive vibrations, 2 of which form Davydov doublets with
acoustic vibrations and are low-frequency modes. In
Raman scattering there are 11 active vibrations, 10 of
which form Davydov pairs which may be unresolved in
the Raman spectra because of the weak interlayer inter-
action. Then in the Raman spectra these vibrations ap-
pear in the form of 6 lines, just as in the (3 polytype,
and this circumstance makes it difficult to identify the
polytype on the basis of the Raman-scattering data
alone.

S2M
Laser

? !

li

Aiil, cm

FIG. 5. Raman-scattering spectra of gallium selenide re-
corded at 77 K for two polarizations of the incident light.167

The letters before and after the parentheses give the direc-
tion of propagation of the incident and scattered light, re-
spectively. The letters Inside the parentheses give the di-
rection of the electric-field vector of the incident and scat-
tered light (the z axis is directed along the optic C axis, per-
pendicular to the crystal layers).

-< Ad}, cm

FIG. 6. Davydov splitting of several lines in the Raman spec-
tra of e-GaSe at T= 80 K, according to the data of Artamonov
et a?.38 Nicklov et al.K have reported the detection of a split-
ting of the line at w = 136 cm"
ponding mode is-4'1).

(the symmetry of the corres-

In the e polytype, however, there are vibrations
which are simultaneously infrared- and Raman-active
(E'3, E'4, and E'2), and the Raman spectrum should
contain additional lines of the indicated vibrations, cor-
responding to longitudinal LO modes. Figure 5 shows
typical Raman-scattering spectra for GaSe crystals as
recorded in an "at an angle" scattering geometry. In
addition to the typical six lines (1-6), there is another
noticeable line (5a), which is interpreted as an LO
mode (E'4; see Table II). The polarization properties
of this line are consistent with such an assertion. The
splitting of the lines in the Raman spectrum is not seen
in Fig. 5. As a rule, special studies are required to
detect this splitting. The experimentally detected split-
ting of a number of lines in the Raman spectrum of gal-
lium selenide is illustrated in Fig. 6. The readily ap-
parent (see Fig. 6) intensity difference in the compo-
nents of the doublet can be explained by analogy with
molecular crystals. The intensity of each component of
a Davydov doublet in the exciton spectra of these crys-
tals is determined by the sum or difference of the in-
tramolecular dipole moments (of the two molecules in
the unit cell). Since in the e polytype the spatial dis-
tributions of molecules/layers having identical internal
structures are not very different, the doublet compo-
nent determined by the difference of the moments can
turn out to be extremely small.38

The existence of splitting of the phonon modes in lay-
ered semiconductors is consistent with the results of
slow-neutron inelastic-scattering studies in GaS and
GaSe.39'40 These experiments yielded data on the pho-
non dispersion in GaS and GaSe for the directions T - A
-A and F - 2 - M of the hexagonal Brillouin zone in
Figs. 7 and 8. The T - A - A direction corresponds to

FIG. 7. First Brillouin zone for hexagonal lattice. The no-
tation for the high-symmetry points is that of Herring.iro
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0.4 0.2 0 0.2 0.4
(units of 2»r/c) (units of 'tK/

Reduced wave vector

FIG. 8. Phonon dispersion inE-GaSe (after Jandle et a/.39).
The eKperimental points correspond to the data of slow-neutron
inelastic-scattering studies inE-GaSe, the solid lines give the
phonon spectrum in GaSe as calculated with the model of the
force constants described in Ref. 39.

motion at right angles to the crystal layers along the
hexagonal C axis. The results of neutron-scattering ex-
periments are, on the whole, in agreement with the fre-
quency values of the long-wavelength phonons deter-
mined by optical methods, and also with the experimen-
tal data on the propagation velocities v, and vt of longi-
tudinal and transverse sound waves, respectively, in
GaSe and GaS.41

The phonon dispersion curves in GaS and GaSe are of
the same character as those of graphite25 and MoS2.

42

In the propagation of vibrations across the crystal lay-
ers all the high-frequency (intralayer) branches have an
extremely small width—a weak dispersion—when the
vibration propagates at right angles to the layer,
whereas the frequencies of the interlayer vibrations
display a substantial dependence on the wave vector for
motion in any other direction. A typical circumstance
is that the low-frequency optical branches (E2

f, for ex-
ample) intersect an acoustic branch. A symmetry-al-
lowed interaction of the optical and long-wavelength
acoustic vibrations in the crystal can occur. This cir-
cumstance can prove important in analyzing phenomena
in which the phonon-phonon interaction plays a large
role (thermal expansion, acoustic absorption, thermal
resistivity). The experimental data of Jandle, Brebner
and Powell39'40 correspond to the presently available re-
sults on the vibrational spectra of layered crystals of
the III-VI group (Refs. 22, 23, 39, 40, 43, and 44) cal-
culated with various force-constant models, the param-
eters of which are obtained by fitting to the known fre-
quencies of the long-wavelength optical phonons and
elastic moduli in the plane of the layer. The vibrational
spectra of gallium selenide and gallium sulfide were
calculated by Polian and Kunc,45 with the long-wave-
length forces taken into account in the rigid-ion model.

Using the results of their own neutron-scattering ex-
periments, Jandle, Brebner, and Powell39-40 con-
structed the phonon dispersion curves for the principal

FIG. 9. a) Temperature dependence of the specific heat of
gallium selenide (the points correspond to the experimental
results of Mamedov et al.,4? the solid curve is based on the
phonon frequency distribution function g(<jj) calculated by
Jandle et aZ.39); b) the low-temperature part of the CV(T) curve
replotted in a double logarithmic scale.

directions in the Brillouin Zone, calculated the phonon
frequency distribution function g(w) for GaS and GaSe,
and evaluated the specific heat Cv at various tempera-
tures. In fact,

c,= AE
77'

aig (la) den

here co0 is the Debye temperature and T the absolute
temperature. The results of the calculations are, on
the whole, in good agreement with the data from calor-
imetric measurements of the specific heat of gallium
arsenide,46 as can be seen in Fig. 9. The low-tempera-
ture part of the curve is shown separately in Fig. 9b.
In the temperature region 16 « T« 30 K, the exponent ot
in the relation Ca=ATa is equal to 2.1. The presence of
a quadratic region of the function CV(T) in this tempera-
ture range is also seen in other layered semiconductors
of the III-VI group.47 At the lowest temperatures this
function is of the form Cv~ T3, corresponding to the iso-
tropic three-dimensional case, for all the crystals.

The existence of a temperature interval in which the
specific heat of GaS and GaSe has a quadratic tempera-
ture dependence was interpreted by Jandle, Brebner,
and Powell39'40 as a manifestation of the two-dimension-
al character of the vibrational spectra of these crys-
tals; for the two-dimensional case E~ T3 and Ce~ T2.
Since in an isotropic situation one has CB~(T/6)3, for
a two-dimensional crystal 8 should depend on T. A de-
pendence of this sort is characteristic of graphite and,
to a much smaller extent, of crystals of the GaSe type
(Fig. 10).49 An attempt can be made46 to explain the

FIG. 10. Temperature dependence of the quantity 8J, for sev-
eral layered crystals, calculated with a model of the force
constants. The parameters of the model were determined
from the neutron-scattering data.49
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presence of a quadratic region on the CV(T) curve for
group III-VI crystals on the basis of bending oscilla-
tions, which can occur in a crystal consisting of weakly
interacting layers.8 An acoustic bending wave is char-
acterized by the specific dispersion relation u>~k2,
which, according to calculations, leads to a quadratic
temperature dependence of the specific heat in a certain
intermediate temperature region in which the interac-
tion between the layers cannot be neglected.8

According to the results of neutron-scattering studies
in graphite and MoS2, for transverse acoustic modes
propagating in the basal plane of the layer and polarized
in such a way that the electric-field vector is perpen-
dicular to the layers (TA^), the dispersion relation is
nearly quadratic.49 Of the crystals of the III-VI group,
whose layers have a more complex structure (see Fig.
1), only in GaS have acoustic waves with a quadratic
wave-vector dependence of the frequency been detected
experimentally.

The excitation of bending oscillations can lead to a
specific temperature dependence of the linear expansion
coefficient a|( of the crystal in the plane parallel to the
layers. In the temperature region in which bending
waves are excited, aa can take on negative values.
This "membrane" effect is due to the fact that the exci-
tation of bending waves decreases the dimensions of the
crystal in the plane of the layers.48 Such a behavior of
an had been detected earlier in graphite. A subsequent
study by G. L. Belen'kil, A. V. Solodukhin, and R. A.
Suleimanov showed that otu assumes negative values in
GaS as well, though in a much narrower temperature
range than in graphite (Fig. 11). It should be noted that
the existence of a temperature region in which the coef-
ficient of linear expansion of the crystal takes on nega-
tive values and the presence of a quadratic region on
the Ca(T) curve in the same temperature range are evi-
dence that bending oscillations contribute substantially
to the free energy of the crystal in the given tempera-
ture range.

We have discussed the properties of the vibrational
spectra of layered group III-VI crystals on the basis of
the results of studies on GaS, GaSe, and InSe. The in-
formation on the phonon spectra of gallium telluride50"52

is less complete; the experimental studies in GaTe
have been devoted primarily to determining the fre-
quencies of the long-wavelength phonons in this crystal.

FIG. 11. Temperature dependence of the coefficient of linear
expansion c^ (T) of graphite and gallium sulfide in the plane
parallel to the layers. The accuracy of the measurements of
a is Aa M 1 10~7K~'. The values of «, for graphite are those
of Bailey and Yates.171

However, the basic features of the phonon spectra of
GaS, GaSe, and InSe enumerated above share the same
general character with all III-VI layered semiconduc-
tors.

4. EFFECT OF LATTICE ANISOTROPY ON THE
EXCITON STATES IN LAYERED CRYSTALS

Our main goal in this review, as we mentioned in the
introduction, is to explain, for the illustrative case of
III-VI crystals, how the rather strong anisotropy of the
chemical bonding in layered compounds affects their
electronic and vibrational spectra. In the previous sec-
tion we showed that all the possible modes of oscilla-
tion in layered crystals can be divided into two types:
intralayer modes and the relatively low-frequency in-
terlay er modes, which correspond to a displacement of
the entire layers, acting as rigid molecules, with re-
spect to one another. The interlayer modes arise only
in the case where the unit cell contains two or more
layers. All the high-frequency intralayer branches
have a weak dispersion when the oscillations are propa-
gating at right angles to the layers, e.g., in the T- A
-A direction (see Fig. 7), and the weak interlayer in-
teraction leads to a Davydov splitting of these normal
modes.

The enumerated features of the vibrational spectra of
layered crystals stand as evidence that the phonon sub-
system in these compounds can be described in a com-
pletely satisfactory manner in terms of the quasi-two-
dimensional model. It is just this circumstance that
has occasioned the enormous interest in the study of the
electronic properties of layered crystals, since sys-
tems with extremely anisotropic electronic properties
have opened up wide possibilities for solving a number
of problems in solid-state physics.53'54

The assumption that the electronic subsystem in lay-
ered semiconductors is extremely anisotropic at first
glance seems entirely justified. In the majority of lay-
ered crystals the metal atoms are located within the
layer (see Fig. 1) and the overlap of the wave functions
between adjacent layers is insignificant. Consequently,
if some of the electron bands are made up of the atomic
orbitals of the metal, then these bands should be quasi-
two-dimensional. From this point of view dichalcog-
enides of transition metals, i.e., layered crystals of the
types IV-VI2 (TiS2,TiSe2,TiTe2, ZrS2, ZrSe2, ZrTe2,
HfS2,HfSe2,HfTe2), V-VI2 (compounds of V, Nb, and Ta
with S, Se, and Te), and VI-VI2 (compounds of Mo and
W with S, Se, and Te) are of the greatest interest,
since in the transition elements the inner d levels are
not all filled, and the d bands formed from these states
are, as a rule, rather narrow, implying that the wave
functions of neighboring atoms overlap only slightly.
In particular, the data of Wilson and Yoffe55 imply that
in VI-VI2 compounds the d^2 band is a velence band, and
the wave functions corresponding to this band can be
considered localized in the layer.56

We shall show in Sect. 6 that certain bands in GaSe
crystals are also extremely anisotropic. In GaSe, how-
ever, the pt orbitals of Se contribute significantly to the
formation of the conduction and valence bands,11 and

503 Sov. Phys. Usp. 26(6), June 1983 G. L. Belen'kii and V. B. Stopachinskii 503



therefore the basic electronic properties of this mater-
ial are practically isotropic. This conclusion is sup-
ported by numerous experiments on the electrical con-
ductivity and optical spectra near the fundamental ab-
sorption edge. It should be noted that optical studies in
the region of an interband absorption threshold, where
the optical properties in the case of allowed direct
transitions are determined to a large degree by exciton-
ic effects, are among the most informative methods.
However, before turning to an analysis of the results of
the main experimental studies of the optical properties
of compounds of this group, we think it is important to
consider the question of how the energy spectrum and
wave functions of a free exciton are affected by the ex-
istence of anisotropy in layered semiconductors. Here
we shall not take into account the exchange interaction
(which leads to a complex structure of the ground
state), scattering processes due to the exciton-phonon
interaction, polariton effects, etc. In this case to de-
termine the energy spectrum and wave functions of an
exciton in the effective-mass approximation one must
solve the Schrb'dinger equation for a uniaxial crystal57

/ __ «' / s''_ . d'_\ » a' * _ p \ F / > _ n
X 2m \ dx"- ^ dy* I 2(1, d# (8||e1(i3 + !)>) + e21,«Ji/2 ^ } r (T> ~ u-

(1)

where

,1,

the z axis is chosen in the direction of the optic C axis
of the crystal, and the subscripts II and x indicate that
the corresponding values of the mass m or dielectric
constant E are taken either in the direction of the C axis
or perpendicular to it.

The exciton wave function is

^v.c (r,, rh) = F (re — rh) q>v (k0, rh) <p0 (k0, re), (2)

where <pr and <p^ are the Bloch wave functions in the va-
lence and conduction bands at the critical point k0. The
function F(re-th) is the solution of equation (1). Equa-
tion (1) is also valid for solving the problem of the en-
ergy spectrum of shallow donors in semiconductors of
the germanium and silicon type, in which the critical
point Is,, for the electron band is not located at the center
of the Brillouin zone, and the constant-energy surfaces
are ellipsoids of revolution (in this case ex = et| = e0,
while Mi = »w°, nu = m'). Therefore, we shall also dis-
cuss some results of donor-level calculations in Ge and
and Si.

Equation (1) is usually transformed to:

0, (3)

where y = e^/E^M,, (for the problem of donors in Ge and
Siy=w*/m£), and the energy and length, respectively,
are measured in units of the effective excitonic rydberg
Ry* = Mie*/2^2e1el( and the exciton Bohr radius «J
=ffV£±£ //ixe

z. Equation (3) is obtained from (1) by the
change of variables: x'=x,y'= y,z'= V Mn/fV (the
primes will from now on be dropped from the new vari-
ables). If y = l the energy spectrum is purely hydro-

However, since we have made a change
of variables, the wave functions and the exciton Bohr
radius a* can be highly anisotropic, for the anisotropy
of the reduced masses of the exciton can be compen-
sated by the anisotropy of the dielectric constant.

Let us now consider the case of maximum anisotropy,
7 = 0. The solution of the corresponding Schro'dinger
equation for £<0 (the energy is measured from the
bottom of the conduction band) is

£„= — 0, i, 2,

„„*>(„• ,! (P)«i

(4)

(5)

where p = r/a*\, X"2 = -4£/Ry*, and the L(p) are La-
guerre polynomials.58-61 Each energy level is degener-
ate with respect to the magnetic quantum number m (the
multiplicity of the degeneracy is 2« + l) and with respect
to the coordinate z, which in this case plays the role of
a continuously variable quantum number.

In comparing the energy spectrum of an extremely
anisotropic exciton with the usual hydrogen-like spec-
trum, one should keep in mind that the two-dimensional
exciton is much more stable. In addition, the excited
states of such an exciton are considerably farther from
the ground state than in the three-dimensional case.
If, for example, it is assumed that the ground states
coincide, i.e., the binding energies of the two- and
three-dimensional excitons are the same, then the first
excited state of the two-dimensional exciton (w = l) will
coincide with the second excited state of the three-di-
mensional exciton (w = 3), the second with the fourth,
and so on. This circumstance makes it somewhat diffi-
cult to detect experimentally the exciton series of the
type in (4), since in real crystals the presence of
broadening due to various scattering mechanisms can
make it impossible to observe a sufficient number of
terms in the series. For example, Beal et al.62 studied
the transmission spectra of the 2H and 3.R modifica-
tions of MoS2 at 5 K. It is known63 that the exciton
binding energies in crystals of these two modifications
are nearly the same. However, in spite of the fact that
the half-width of the absorption line of the excitonic
ground state in 3.R-MoS2 is half as large as in a crystal
of the 2H polytype, excited states are not seen in the
spectrum, in contrast to the case of 2#-MoS2. This
circumstance admits the conjecture65 that the excitons
in 3#-MoS2 are extremely anisotropic; this conjecture
no doubt requires further verification on more perfect
samples.

The presence of excitonic effects, i.e., allowance for
the Coulomb interaction of the electron and hole, not
only leads to the appearance of discrete levels in the
band gap but also alters the absorption coefficient
somewhat at Jzo>s Ee, where Ef is the width of the band
gap. The contribution of excitonic effects to the absorp-
tion for photon energies #o>2 Ef is usually taken into
account by the so-called Sommerfeld factor, which is
maximum for Ku~ Es and decreases markedly with in-
creasing energy. In the three-dimensional case allow-
ance for the Sommerfeld factor does not lead to any
kind of features in the frequency dependence of the ab-
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FIG. 12. Energy dependence of the imaginary part ef of the
dielectric permittivity near the critical point corresponding
to the two-dimensional minimum, with allowance for excitonic
effects.

sorption coefficient. In the case of extreme anisotropy
the situation is essentially different. Taking into ac-
count that the density of states in the two-dimensional
case for E>Eg is independent of the energy E, the fre-
quency dependence of the absorption coefficient for al-
lowed direct transitions, when the matrix element of
the transition is also energy independent, should be of
the form of a rectangular step,60 in contrast to the
square root threshold in the three-dimensional case.
Therefore, the contribution of excitonic absorption in
this region of the spectrum can lead to the appearance
of a maximum ("hump") near KuiZ Eg.

Figure 12 shows the frequency dependence of the
imaginary part e. of the dielectric function at a critical
point of the type M0 (an absolute minimum, i.e., the
fundamental absorption edge) for the two-dimensional
problem.59

The absorption coefficients of layered crystals with
extremely anisotropic electronic properties were cal-
culated for various regions of the spectrum by Shinada
and Sugano.61 Table IV gives the results of these calcu-
lations for allowed direct transitions, and also the cor-
responding functions in the isotropic case. No features
of the "hump" type arise in the spectral dependence of
the absorption coefficient for forbidden direct transi-
tions.61 An analogous situation evidently should also
occur for any other type of interband optical transi-

FIG. 13. Spectral dependence of the absorption coefficient K
of GaSe layered crystals (Ry=12.5 meV, Eg=Kwt=Z.\\ eV) ia
the case of an extremely anisotropic subsystem. Here K^c is
the absorption coefficient in the region of the quasi-continuum
of exciton states and K0 Is the absorption coefficient without
allowance for excitonic effect.6

tions, so that the allowed direct transitions in two-di-
mensional systems have a special status in this regard.

Figure 13 shows the frequency curves of the absorp-
tion coefficient for layered GaSe crystals in the region
of the quasi-continuum of exciton states (K^) and in the
continuum both with (K) and without (K0) allowance for
excitonic effects, under the assumption that the elec-
tronic properties of this compound are extremely an-
isotropic. Here the excitonic rydberg was assumed to
be Ry~ 12.5 meV, and Eg= 2.11 eV. In addition, the ma-
trix element of the transition between the valence (v)
and conduction (c) bands under the action of electromag-
netic radiation with a polarization vector e and frequen-
cy w was assumed to depend linearly on the frequency
of the light. The linear rise of K0 in Fig. 13, in con-
trast to the results of Velicky and Sak59 and Ralph,60 is
explained precisely by the dependence of the transition
matrix element on u>. We note that for allowed direct
transitions the transition probability is- by definition in-
dependent of the frequency a) of the electromagnetic ra-
diation. Nevertheless, the results (shown in Fig. 13) of
calculations of the spectral dependence of the absorp-
tion coefficient can apparently be used (with allowance
for the initial assumptions) for GaSe crystals, in which
for the geometry eJ-c the functional form of the transi-
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tion matrix element is suitable for the given calcula-
tions in the region of small wave vectors k.64

Thus the presence of a "hump" on the frequency de-
pendence of the absorption coefficient for allowed di-
rect transitions could serve as proof of the quasi-two-
dimensionality of the excitons in layered semiconduc-
tors. However this proof should not be regarded as un-
ambiguous, since similar "humps" have been observed
in the absorption spectra of GaSe and GaTe65> ee in spite
of the three-dimensional character of the excitons in
GaSe (see Sect. 5). Therefore, the chief criterion for
the quasi-two-dimensionality of the excitons must be an
energy spectrum of the type in (4).

As we have already mentioned, systems with ex-
tremely anisotropic electronic properties are of great
interest for solid-state physics. Unfortunately, there
are as yet no unambiguous demonstrations of the exis-
tence of such systems among the layered crystals that
have been studied. As a rule, in layered semiconduc-
tors for which there are enough experimental data that
one can determine the anisotropy parameter y = eifi1/
en /IM , the value of y turns out to be not much different
from unity for the bands which govern the basic proper-
ties, i.e., for the conduction and valence bands. Nev-
ertheless, these basic properties are substantially dif-
ferent from those which are found in isotropic crystals.
We have already noted that even for y = 1 the exciton
wave functions and Bohr radius in layered crystals can
be anisotropic. For y # l the exciton energy spectrum
should also change, since the anisotropy lifts the de-
generacy with respect to the orbital quantum number /
that is characteristic for a Coulomb center. Since the
Hamiltonian in equations (1) and (3) has axial symme-
try, its eigenfunctions are characterized by a magnetic
quantum number mz = m and a parity P (Ref. 67).

Equations (1) and (3) have been solved by many auth-
ors.68"81 All the papers cited can be arbitrarily divided
into two groups. The first group includes the papers
in which the solution of (1) and (3) is found with the aid
of perturbation theory (Refs. 69-71, 73, 74, 77, and
79). It is only natural that these solutions have a signi-
ficantly lower accuracy than the results of variational
calculations (the second group of papers, Refs. 68, 72,
75, 76, and 80), especially in the region of rather high
anisotropy. Figure 14 shows the results of various
authors30-81 for the calculated ground-state energy as
a function of the anisotropy parameter y. The best re-
sults on the ground-state energy are obtained by a di-
rect variational method with a trial function of the form

FIG. 14. Dependence of Ac/m
2 and A6/m

2 on the relative
saturation magnetization m for the alloy Tb0-5Gd0i5.
Y=E1M1/fe,,Mll (for donors y=m*/m*): 1) Ref. 70, 2) Ref. 69, 3)
Ref. 73, 4) Ref. 78, 5) Ref. 80, 6) Ref. 68, 7) Ref. 72. In
Ref. 72 calculations were carried out for a range of y=m^/mft

from 1 to 10"3. The energy is in units of Ry*=M1e
4/SK2£1£|, (for

donors Ry = m1
ee4/2;r£2).

y = l to y = 0.2. This circumstance is due mainly to cer-
tain difficulties of a purely computational nature which
arise for this choice of trial functions. If these diffi-
culties are overcome, the results obtained in this way
have a rather high accuracy.72

For variational calculations of the energy of the ex-
cited states of the excitons in layered crystals or of the
donors in Ge and Si, the trial functions given in Table V
are used.67-68

Figure 15 shows the calculated results72 for the ener-
gies of the s-like donor levels as a function of the an-
isotropy parameter y = mejm\.

A rather interesting question arises in regard to the
problem of the excited states—namely, to what limit
should the energy of some level or other tend as y— 0?
A partial answer to this question is found in Fig. 16,
which shows the energies of the Is, 2p0, 2s, and 2p±

excitonic states as functions of the anisotropy param-
eter y.81 It is clear from the most general considera-
tions that, as a consequence of the axial symmetry of
the Hamiltonian of an anisotropic exciton, the eigen-
functions with a given m and parity P are superposi-
tions of the Coulomb-center states (the three-dimen-
sional case) with different « but with the given m and
P. For example,67 the wave function with m = 0 and pos-
itive parity is a superposition of the Is, 2s, 3s, 3d, 4s,
4d, etc. states with m = 0. Therefore, all these states
should have the limit -4 at y — 0. An analogous con-

(6)

where p2 = x2 + y2, and ax and an are variational param-
eters.68-80 Function (6) is essentially the product of the
exact solutions of the two- and three-dimensional
Schro'dinger equations. Somewhat poorer results are
obtained when a linear combination of hydrogen-like or-
bitals are used as trial functions.72'75 Even if one
uses75 the 42 wave functions describing the lowest
states of the same parity with m = 0, i.e., all the way to
n= 12, the calculation is only good in the interval from

TABLE v.

2s

Trial function

/ P2 , z* V1 /2 1-(-er+1r) J
r / p2 . z2 \ 1/2-1
__(i.+Tr) J
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FIG. 15. Energy of s-like donor levels versus the anisotropy
parameter y=m'/m*, according to the data of Daulkner. n The
energy unit is m^'/2Jz2e2.

elusion was reached by Gerlach and Pollman81 using the
theorem of McDonald.82 Since the sequence of levels
for ys 1 is known exactly and, by virtue of McDonald's
theorem, levels with fixed m and parity P cannot cross,
all these levels have the same limit for y— 0.

Of the papers in which equations (1) and (3) are solved
by perturbation theory, those of Pollman and Ger-
lach77"79 enjoy a special status. The results of those
papers, as can be seen in Fig. 14, are closest to those
of the variational calculations.72'80 If one adopts the re-
sults of Refs. 72 and 80 as exact solutions, then the es-
timates of Gerlach and Pollman78 show that their solu-
tion is almost exact in the range y = 1-0.8, and in the
range y = 0.8-0.6 the error does not exceed 5%.

It should be noted that, in contrast to the variational
calculations, perturbation-theory calculations can give
the solution of the initial Schrodinger equation (1), (3)
in analytical form, which is a definite convenience for
comparing theory and experiment. Since we shall later
use the results of Refs. 77-79 (these being the most ex-

FIG. 16. Energy of Is, 2p0, 2s, and 2p states of the exciton
versus the anisotropy parameter Y=E1M1^,,Mn, as given by
McDonald.82 The energy unit is Ry* =Mie

4

act of the perturbation-theory results) to determine the
anisotropy parameter y in GaSe crystals, let us ex-
amine these results in more detail.

In Ref. 77, Pollman proposed a certain refined self-
consistent version of perturbation theory which proved
extremely efficient for solving equation (3). Let the in-
itial Hamiltonian be

H = = T (7)

and let 00 and Eg be the exact solution of the unper-
turbed problem. We write the perturbation in the form
of a product of V0 and Vt:

(8)Hf = V0Vf.

Then

H = T + va (i + <i|-0 1 v (9)+ v, (vv - <<]•„ i yp| «) = HI + [fl
p,

-where H1
0=T + \V0, with X = l 4- (ip0\ V,,\ i/>0>. Since the

equation H04>0 = E0ili0 is solved exactly, the equation Hgifi^
= E00J, is also solved exactly. The functions 4>o can

therefore be used for the subsequent averaging of Vl
t

= V,,- (i/'ol ^p $o)) e*c- As a result of v approximations
one obtains a function $J which is almost equal to the
function ifi"0~

l, and the initial Hamiltonian is
H = T + V0 (i -i- <« | v | «)> + V0 (\' - » | \' 1 1» = HI + ' + H + ' .

Applying the above procedure to equation (3), we ob-
tain70

i

(10)

\ — acos26
4/(a, 6),

(11)
where a=l -y. The solution of the unperturbed prob-
lem (y = 1, a=0) is well known:

= ft,,, (r) Ylm (6, (12)

Then the Hamiltonian (11) is written in the following
way:

)--f(a, 6)] ̂ -//'„'

where

(13)

(14)

The quantity Zlm( a) has the meaning of an effective
charge due to the presence of anisotropy. Therefore,
the solution of the Schrodinger equation in zeroth order
differs from the solution in the isotropic case (a=0).
These solutions, as we have mentioned, are rather ex-
act at small values of a, since the correction to the en-
ergy in the first order of perturbation theory vanishes,77

and the subsequent corrections are rather small. For
analyzing the experimental data we shall use the solu-
tions in zeroth order, which are of the form

<7il)m > n i l Im U;>rl 1m , If) , (]^)

It follows from (15) that, first, for values of a that are
not too large (say, a<0.5, or y= 1-0.5) the energy
spectrum for fixed values of / and m remains hydro-
gen-like at a^O with, of course, an excitonic rydberg
that varies as a function of the anisotropy owing to the
introduction of the effective charge Zlm(a); second,
since Zlm( a)*Zl.m,( a) for 1*1' and m \ * m'\, the de-
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T^BLE VI.
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Dependence on anisotropy

15 Fd J + 3 W to>+ 3 /i M/ /ail8 I . I a ' 8a' lJl( ' ' 4 I' 2a / j(u)J

, ^ arcsin 1̂  ce a > 0,
l/^ o.

V l « l

generacy with respect to quantum numbers Z and m that
is characteristic of a Coulomb center is lifted in the
presence of anisotropy.

Pollman77 obtained analytical expressions for the ef-
fective charge Ztm( a) as a function of the anisotropy a
= 1 -y on the basis of relation (14)

Zlm (a) - d6 (6))'

[l-acos'O]1 (16)

These expressions are given in Table VI for the first
six different functions Zlm( a), which describe the be-
havior of all the s, p, and d quantum states for all pos-
sible values of the principal quantum number n.

5. ANISOTROPY OF EXCITONS IN GALLIUM
SELENIDE

Let us use the results presented in the previous sec-
tion to analyze the properties of the exciton states in
GaSe layered crystals. Excitons are formed in gallium
selenide as a result of the Coulomb interaction of an
electron in the conduction band of symmetry ra (with
allowance for spin) and a hole in the valence gand of
symmetry F7 [with allowance for the spin-orbit mixing
of the valence bands T^AD and r5].

62>81 The excitonic
ground state in GaSe is split by the exchange interaction
into three terms:

two of which are optically active: T4 (S = 0, singlet) and
rB(S=l , triplet).83

The exchange-induced fine structure of the excitonic
ground state in GaSe and the selection rules for optical
transitions have been discussed repeatedly in the liter-
ature (see, for example, the review by Mooser and
Schliiter64). We shall therefore not touch upon these
questions here. We shall also omit from discussion the
considerable experimental data on photolumines-
cence,84-85 since there is still no consensus on the na-
ture of a number of lines in the emission spectra. The
difficulties of interpreting the emission spectrum of
gallium selenide are largely due to the existence of an
energy resonance between the bands of the direct and
indirect excitons in this crystal.86 To a certain extent

these difficulties have been overcome87"89 through the
use of the technique of optically detected magnetic res-
onance (ODMR) in studies of the emission spectra of
gallium selenide.

This section is devoted mainly to answering the ques-
tion of how the extremely high anisotropy of the crystal
lattice affects the excitonic states in gallium selenide.
To answer this question one must use the experimental
data to determine the anisotropy parameter y = v-LtL/
jincn and then, using some theory or other, calculate
the exciton energy spectrum and compare it with the
experimental results if such are available. This pro-
gram can be carried out for far from all layered crys-
tals, and this circumstance to a large extent explains
the choice of I1I-VI compounds and GaSe in particular
as the main objects of study in this review.

In the first studies of the optical properties of layered
crystals and GaSe in particular, many authors at-
tempted to interpret their results on the basis of a
quasi-two-dimensionality of the electronic subsystem
inferred from the high degree of anisotropy of the crys-
tal lattices of these compounds. This approach proved
unsuccessful. It turned out that the energy spectrum of
a direct exciton in GaSe, as determined from the ab-
sorption spectra,90 is described in an entirely satisfac-
tory manner by the expression

P P Ry
£i_ = EJO — .

" g "2 '

which is valid for the isotropic case.

A "hyperfine" structure has also been detected91-92 in
the two optically active terms of the ground state, with
a maximum of ten90 components in this "hyperfine"
structure. The "hyperfine" structure has been ob-
served not only in the luminescence spectra,85'93 in the
production of which exciton-impurity complexes can
play a role, but also in the absorption and reflection
spectra.64'91

Today it is assumed that the complex structure of the
excitonic ground state is due to stacking faults in the
adjacent layers, i.e., to the lack of periodicity in the
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direction of the C axis of the crystal. Stacking faults
are typical of layered compounds whose crystal lat-
tices have many modifications which, owing to the weak
nature of the interaction between layers, are energet-
ically equivalent. For example, in GaSe crystals the
E and y polytypes have almost the same value of the gap
width Eg, and the band gap in /3-GaSe is only 50 meV
wider.94 Real GaSe crystals, as a rule, are a mixture
of the £ and y polytypes if the temperature control, for
example, is not precise enough during their growth.

In the first papers,91 where it was assumed that an
exciton in GaSe is localized in a single layer because
of the large hole mass m* in the direction of the C ax-
is,95 the "hyperfine" structure was attributed to the var-
ied environment of such an exciton. However, this
model could not explain why the maximum number of
components in the spectrum is ~10, as is observed ex-
perimentally. One is obliged to assume that the exciton
Bohr radius encompasses several layers [5 layers,
since the number of combinations of 5 things taken 2 at
a time (the E and y polytypes) is precisely equal to 10],
i.e., the excitons in GaSe are practically isotropic.

Since the complex structure of the ground state is a
consequence of the features of the crystal lattice of lay-
ered compounds, let us examine this question in some-
what greater detail. Figures 17 and 18 show absorp-
tion90 and reflection64 spectra which clearly reveal the
"hyperfine" structure of the excitonic ground state in
GaSe. A theoretical explanation of this effect was pro-
posed in Refs. 96-98.

This explanation is based on the completely valid as-
sumption that the translational invariance of the exci-
tonic Hamiltonian in the direction of the C axis of the
crystal in the effective-mass approximation is broken
by stacking faults. Therefore, the Hamiltonian of the
real crystal (a mixture of different polytypes) differs
from the Hamiltonian H0 of the ideal crystal by a poten-
tial K(r, R) which fluctuates rapidly with distance along
the C axis:

H = (— IjrV? — -^7) — -^ VR + F (r + R) = #„-f F(r, R), (17)

where to simplify the notation we take ju±= /IM = /j., E± = £M

= £0, M = me + mtl, R = (mere + mhrh)/M, andr=r e - r h .
The potential F(r,R) acts separately on the electrons
and holes:

FIG. 18. Reflection spectrum of GaSe crystals plotted as a
function of the incident photon energy.

V(T, R) = 6 7 R + - ^ r - F S R — - r (18)

and, in essence, couples the relative motion of the
electron and hole with the motion of the exciton as a
whole. One seeks a solution of the Schrodinger equation
with Hamiltonian (17) in the adiabatic approximation,
i.e., the desired excitonic wave function $(r,R) is
written in the form of a product:

<D (r, R) = / (R) <p (r, R), (19)

where the function <p(r,R) is assumed to be a slowly
varying function of R, so that the R dependence of the
function $(r,R) is completely determined by the func-
tion /(R). This assumption is valid for the case in
which the first and second derivatives of <p(r,R) with
respect to R can be neglected. Substituting (19) into the
Schrodinger equation, we obtain

R), (20)

(21)

The potential £(R) in equation (21), which describes the
motion of the exciton as a whole, is aperiodic in the di-
rection of the C axis, and the excitons will therefore be
localized within several layers along the axis of aperi-
odicity. In other words, the function/(R) which solves
equation (21) is a wave packet and not a plane wave, as
for the ideal crystal, and this should also alter the se-
lection rules on optical transitions.

Thus the presence of disorder in the sequence of al-
ternation of the layers leads to localization of the ex-
citon, with different forms of disorder giving different
values of the energy E. The excited states will be in-
fluenced by this disorder to a much smaller degree, as
can be seen from the following considerations. If we
write the function (/^(r,R) in the form

•P. (r, R) = < (r) + 2 (22)

FIG. 17. Absorption spectrum of GaSe crystals in the region
of direct excitonic transitions.

where <^°(r) are the unperturbed hydrogen-like wave
functions, we see that, since F(r,R) is a rapidly oscil-
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TABLE VH.

Parameter

LCAO
EPM
EPM
LCAO-MO
MA
MA
o
EA
FE
MS

.'̂

0.15 «*)
o!ss
0.12
0.22
0.20

0.17
0.2

0.18

*) Results of calcu
**) Evaluated und

m || /m.

0.36
0.2
0.51
0.13

0.3

0.15

mh/m

1.67
1.05
0.6

—4
0.45

0.8

0.61

m,/mo

0.2*)
0.4
0-12

0.2

0.55

nx/»o

0.14**)
0.37
0.1
0.23
0.14
0.14
0.14

0.11
0.14

U|,/mo

0.1
0.22
0.06

0.11
0.12

0.15
0.12

V

0
5
0.61
5.14

1 8
1.57

0 98
1.57

Refer-
ence

6

i
73
07
73

4

01

71

02

00

ations without allowance for the repulsive barrier between layers
er the assumption that MI =0. 14. MA-magne jc absorption EA-e!ectric

absorption, cr-electrical conductivity, FE-Faraday effect, MS-magnetic Stark effect electrical
conductivity, FE-Faraday effect, MS-magnetic Stark effect.

lating function, the integral over this function should go
to zero as the spatial volume of integration grows, i.e.,
as the Bohr radius increases.

Let us now consider the question of the value of the
anisotropy parameter y=E1/ui l /£ l l / i l l in layered GaSe
crystals. To answer this question, one must know the
values of the dielectric permittivities and of the re-
duced effective masses of the exciton. There is com-
plete unanimity in the literature as to the values of e1

and c,,. These values were measured by Leung et al.m

as: ex= 10.2, eir = 7.6. The situation in regard to the nu-
merical values of the reduced effective masses of the
exciton is quite another matter. Table VII gives the re-
sults of various theoretical calculations and the data of
several experimental studies. In Ref. 100 the transla-
tional mass of the exciton, Mn = m* + m*=Q.lm0, was
measured directly. The values of the other parameters
given in this row of the table were calculated using the
dataofRefs. 64 and 101: ^L = 0.14m0, JVV,, = !-2, and
<r = 4.3-10"5 meV/kOe2, where a is the parameter char-
acterizing the diamagnetic shift of the exciton levels.
The good agreement among the values of the anisotropy
parameters y observed in these studies is therefore
completely justified, but this agreement cannot serve
as evidence of the correctness of the value y~ 1.6. The
most complete and systematic analysis undertaken to
determine the anisotropy parameter y is that of Mooser
and Schliiter.64 Those authors made a very detailed
study of the magnetic-field dependence of the absorption
spectra of GaSe single crystals. The experiments were
done in both the Faraday and Voigt geometries. In the
Voigt geometry in large magnetic fields they detected
a new line a little below the 2s state, which was identi-
fied as the 2py state (2p±) of the exciton. By extrapolat-
ing the position of this line to zero magnetic field, they
determined the ionization energy of this state

£2?,-,= -(5.5±0.1)meV.

Using the results of the theoretical calculations of
Harper and Hilder,71 which imply that

they evaluated the anisotropy parameter as y = 1.8 (E^
= 5 meV).64 Since the ratio of dielectric permittivities
£^£,, = 1.34 (Ref. 99), for y= 1.8 one has fi/fj.,, = 1.3
±0.2. It follows from Ref. 73 that the binding energy of
an exciton in the layered crystals is Ela = Ry*[/°°(y) - 1].
Knowing y, one can determine /n1 = 0.14w0 and p.u
= 0.11m0.

The method proposed by Mooser and Schliiter64 for
determining the anisotropy parameter is very sensitive
to the accuracy with which the energies £2p±1 and E^
are measured, and the value of £2s>±1 was estimated by
extrapolating the energy position of the corresponding
absorption line to zero magnetic field. If, for example,
it is assumed that the measurement error in Ref. 64 is
not more than ±0.1 meV, then our estimates show that
the scatter in the value of y is ±0.2. It should also be
noted that the value Mj/M,, = 1-3± 0.2 obtained for the ra-
tio of the reduced effective masses of the exciton using
y = 1.8 is in disagreement with the results of measure-
ments reported in Ref. 64. By comparing the values of
the diamagnetic shift of the exciton level with « = 2 in
the Voigt and Faraday geometries, the authors of Ref.
64 obtained ^/^ = 0.95.

In view of the low accuracy of the magnetooptic mea-
surements, the necessity of extrapolating to zero mag-
netic field, and the contradiction of certain of the re-
sults of Ref. 64, it becomes necessary to examine anew
the question of the value of the value of the anisotropy
parameter in GaSe layered crystals. In considering
this question, we shall proceed from the experimental
data obtained by the most accurate direct measure-
ments without any assumptions about any parameters
except the values of ex and EM in GaSe layered crystals.
One can include in these data the reliably established
fact that the energy spectrum of the triplet exciton in
GaSe is purely hydrogen-like (Fig. 19), with an exciton
binding energy Ry = 19.9 meV and a gap width Eg= 2.1295
eV. This result follows directly from an analysis of
the absorption spectrum90 (see Fig. 17) and the hot lum-
inescence spectrum86 (Fig. 20).

Further, the energy position of the exciton levels in a
magnetic field was measured by the Faraday effect in
Ref. 102. These measurements should be regarded as
more accurate than the magnetic absorption results.
This is because what is measured in a Faraday-effect
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as

TABLE VIII.

FIG. 19. Energies of Is, 2s, 3s, and 4s exciton states in
GaSe as functions of 1/n2.

experiment is the angle of rotation of the plane of po-
larization,

where n is the index of refraction and wL
with g* the effective g factor and p.B the Bohr magneton.
Measurements of this sort should be classed as differ-
ential, and differential measurements, as a rule, have
a substantially better energy resolution.

Thus, the experimental data we shall use to deter-
mine the anisotropy parameter y in GaSe are the follow-
ing:

Ry=19.9 meV,

£,,,! = 2.102 eV,l

£,,.2=2.119 eV
in a magnetic field H= 51 kOe.

In addition, we shall use the results of Gerlach and
Pollman78 to determine the effective excitonic rydberg

where the function Z00( a) is given in Table VI. The the-
ory of Ref. 78 should be valid in the case of GaSe crys-
tals since the excitonic energy spectrum, as we have
already mentioned, is purely hydrogenic, in agreement
with the main implication of this theory.

We shall also take into account the dependence79 of the
diamagnetic shift on the anisotropy parameter a = 1 -y.

1-50 W/cm

V

1.12

^«>,

0.12

u|| / /n.j

0.14

B y * ,
meV

20.7

Ry.
meV

19.9

a,
meV/kOe!

6.14- 10-5

«», A

38.8

'-ll off, (23)

where a = (e2/4fi1c2)(aj)2, with a* being the effective
Bohr radius of the exciton. This dependence is ex-
plained by the fact that the "real" Bohr radius, which
should be substituted into the expression for a is, like
the excitonic Ry, determined by the anisotropy of the
crystal. Therefore, the initial equations are written as
follows:

Ry •--• l\y*Z't la),

Subtracting the second equation from the third, we ob-
tain a system of two equations in the two unknowns

Ry=--Ry*Z;0(a) ,
3 „.. , 13o//2

FIG. 20. Hot luminescence spectrum of GaSe at T = 2 K for
an excitation level 7=50 W/cm2.

Solving this system of equations, we obtain Zj0(a) = 0.96
and (J.1 = 0.12m0. From the value Zl0(a)
= [(I/a) Arc sinh V i a l ] 2 (see Table VI) we evaluate the
anisotropy parameter y = 1.12 and the other parameters
given in Table VIII for the excitonic states in GaSe lay-
ered crystals. Unfortunately, the available data on the
exciton spectra of other III-VI crystals (InSe,103"107

GaTe,108"112 and GaS113'116) are less complete, and it is
not possible at the present time to analyze the proper-
ties of the exciton states in these crystals as we have
just done for GaSe.

6. ELECTRONIC CHARGE-DENSITY DISTRIBUTION
IN III-VI LAYERED SEMICONDUCTORS

We have thus seen that the exciton states near the ab-
sorption edge (K=0) in gallium selenide display three-
dimensional properties. At the same time, the vibra-
tional spectra of this same material have properties
which are typical of two-dimensional crystals.

The reason for this state of affairs was pointed out by
Schliiter,11'117 who calculated the band structure of gal-
lium selenide (Fig. 21) by an empirical pseudopotential
method. According to Schliiter,11 the energy states in
GaSe can be divided into two types: 1) states with wave
functions concentrated mainly around and between Ga
atoms within an individual layer; 2) states with wave
functions which include the p, orbitals of Se atoms lo-
cated on the boundary of adjacent layers and are there-
fore concentrated to a large degree in the space be-
tween the adjacent layers.

The states of the first type have a small "width" in
the direction of the C axis of the hexagonal Brillouin
zone; for these states the effective masses mu describ-
ing the motion of the carriers parallel to the C axis of
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FIG. 22. Energy of exciton band at Jif= 0 as a function of the
composition of GaSe-analog crystals (4.2 K, E1C).

FIG. 21. Band structure of gallium selenide as calculated by
the pseudopotential method. The indicated transitions corre-
spond to the main structures of the reflection spectrum of
GaSe (5 K, E1C). The letters on the arrows indicate the
magnitude of the energy shift A of the optical transition when
the selenium is completely replaced by sulfur: G — A = 0, GS —
A»400 meV, S-A = 780 meV (Ref. 117).

the crystal are large—the corresponding bands are two-
dimensional.

The bands of the second type are three-dimensional
and are characterized by relatively small effective
masses mu. The orbitals of the atoms on the two neigh-
boring layers contribute to the corresponding electron
density, and the overlap of these orbitals is determined
to a large extent by the strength of the interaction be-
tween the layers and the frequencies of the interlayer
oscillations.

The edge excitons at K=0 are three dimensional in
GaSe because the highest valence band of symmetry Tl
and the lowest conduction band TJ are both states of the
second type, made up largely of the p, orbitals of the
selenium atoms.

One can obtain experimental information on the nature
of a band by examining the changes in the energy spec-
trum of the crystal upon the systematic substitution of
other cations and anions. For this one must have at his
disposal a continuous series of solid solutions based on
the crystal under study and be able to track the energy
positions of the bands of interest. Single crystals of the
gallium-selenide based solid solutions GaS^Se^,,,
GaTe^Se^, and In/Sa^Se turned out to be a fortunate
choice as objects of study in this regard. According to
structural studies118"120 and studies of the Raman-scat-
tering spectra,121 these crystals have the same crystal
structure as the e polytype of GaSe, at least for compo-
sitions in the range 0«* « 0.2. The absorption and lum-
inescence spectra of all these semiconductors clearly
display narrow lines that are judged from their shape
and the temperature dependence of their intensity to be
due to excitonic transitions occurring without a change
in the wave vector, while their polarization properties
correspond to the T^—Tj transitions in gallium sele-
nide.119'122"127 Figure 22 shows how the energy of the
direct-exciton band depends on the compositions of the
GaSe-analog crystals. The experiments128 were done at

4.2 K. Cation substitution (In for Ga) has a smaller ef-
fect on the position of Enc than does anion substitution
(S and Te for Se), in agreement with the conclusions of
Schliiter11 that the anion orbitals give the predominant
contribution to the electron density of the states which
play the role of the top of the valence band and the bot-
tom of the conduction band at the center of the Brillouin
zone in GaSe and its analogs.

More complete information on the nature of the vari-
ous electronic states in gallium selenide has been ob-
tained in studies117'129 of the optical spectra of GaS^e^
crystals with 0 « x « 1. It was found129 that the substitu-
tion of S for Se causes substantially different changes in
the energies of the direct and indirect transitions.
While the total value of the energy shift for the direct
transitions was found to be A~900 meV, the corre-
sponding shift of the indirect absorption edge (the tran-
sition r;-Mp is A = 400 meV (Fig. 23). Based on the
fact that the energy position of the bottom of the conduc-
tion band at the point M depends relatively weakly on the
anion composition of the crystal, the conclusion was
reached that the contribution of the catio orbitals to the
corresponding electron density can be appreciable, and
for this reason the anisotropy of the excitons (the indi-
rect transition I^-M*) in GaS, for example, can be
substantial.130-124

This approach was developed further in an analysis of
the results of experimental studies of the reflection
spectra of GaS^e^ crystals in the 3-6 eV region of
the spectrum at a temperature of 4.2 K. After finding
the linear shift of the energy position of the most char-

0.20 O.W O.CO 0.80 X 1.0

FIG. 23. Energy of excitonic absorption peak (I) and the po-
sition of the short-wavelength line in the photoluminescence
spectrum of GaS^t^ as functions of the composition x (4.2 K,
E 1C). Curve 1 corresponds to the change in the energy of the
direct transitions (rj— r$), curve 2 to the change in the ener-
gy of the indirect (Tl — M$) transitions.
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acteristic structures in the reflection spectra of the
series of crystals GaS^Se .̂,. (0 «# « 1) and comparing
each peak with the corresponding optical transition,
Schluter and co-workers117 grouped the structures into
three different classes: those with a strong shift (e.g.,
the F*- 1?4 transition); those with an intermediate shift
(A~400meV, e.g., FJ-M*); and, finally, those with
no shift (H 2 — H3). They were able to trace the corre-
spondence between the size of the change (A) in the
transition energy and the relative contribution of the
anion (or cation) orbitals to the electron density of the
initial and final states of the transition. This corre-
spondence is illustrated by the charge-density contour
maps11'13-117 obtained by plotting the value of p(r)
= 2e | i^(r) |2 in a given plane in real space (here fyk is
the wave function with wave vector k for the given band,
normalized in such a way117 that liKr) I 2 = lAi, where Ji
is the volume of the unit cell). The contour maps for
the (110) plane are shown in Figs. 24, 25, and 26; the
numbers on the maps give the value of p(r) at the cor-
responding points on this plane.

If the transition energy remains unchanged when the
composition of the GaS^Se^ crystals is changed, the
electron densities characterizing the initial and final
states of the transition are formed without much of a
contribution from the anion charge (see Fig. 23), and
it is primarily the Ga-Ga band within an individual lay-
er that is excited in the optical transition. In the inter-
mediate case (A~400 meV) the charge distribution has
a mixed cation-anion character, and it is to this class
of transitions that the indirect transitions F^ — M j belong
(Fig. 25a, c). Finally, the large value of A for the en-
ergies of the direct transitions T\~ F^ at the absorption
edge in gallium selenide and its analogs is due to the
contribution of anion orbitals located between the layers
(Fig. 25a,b).

The idea that the anisotropy of the states is deter-
mined by the size of the contribution to the correspond-
ing electron density from the anion pz orbitals located
between the layers is supported by the results of angle-
resolved photoemission studies.

The dispersion of the energy bands is investigated in
these studies in the following way.132'133 One measures

FIG. 25. Contour maps of the charge density corresponding
to the states which in gallium selenide play the roles of the
top of the valence band T~i (a), of the bottom of the conduction
band at the center of the Brillouin zone FJ (b) and at the zone
edge MJ (c) (Ref. 117).

the kinetic energy E of the electrons photoemitted into
vacuum at different angles to the surface, defining the
polar angle 9 as the angle between the trajectory of the
electron and the outward normal to the surface, and the
azimuthal angle (p as the angle of rotation about this
normal. Directing the z axis perpendicular to the sur-
face of the crystal, one can relate the components k'x
= V2w£/fr2sin6>cos<?, k'y = J2mE/K*sinfl sin^, k',
= V 2mE/H2 of the wave vector in the vacuum to the com-
ponents kx,ky,k, in the crystal, assuming that the re-
fraction of the electron wave at the intersection with the
boundary of the crystal occurs in such a way that kx and
ky are conserved to within a reciprocal-lattice vector.
The dispersion is characterized by the experimentally

FIG. 24. Contour maps of the charge density corresponding
to the states which play the role of the top of the valence
band (the lower map) and the bottom of the conduction band
(upper map) at the point H of the Brillouin zone.117 This trans-
ition is denoted G1.G2 in Fig. 21.

FIG. 26. Contour map of the charge density corresponding
to each of the two-dimensional states T\, Tl, Fg, and FJ in
the valence band of gallium selenide.llr
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FIG. 27. Comparison of the results of photoemission studies
of the crystals GaSe and InSe with the band structure con-
structed by Schluter11 for gallium selenide (in the center).
The experiments measured the energy positions of the charac-
teristics of the peaks in the photoemission spectrum as a func-
tion of the incident photon energy.l34

determined dependence of the initial-state energy Ef

= Kw- E -W on the wave vector k., = ̂ k'J+k'2

= V 2mEt/K
2 sine (ftw is the energy of the incident pho-

ton, E is the kinetic energy of the escaping electron,
and W is the work function). The dispersion of the
bands along the k, direction (in the case of a crystal
with hexagonal symmetry this is the r - A -A direction
in the Brillouin zone) is studied independently by exam-
ining the energy spectrum of the electrons emitted nor-
mal to the surface as a function of the incident photon
energy. As a source of monochromatic radiation one
usually uses the storage ring of a synchrotron. Any
change detected in the energy of the corresponding peak
as the photon energy is changed is assumed to be due to
dispersion of the band along the k, direction. This
method has been used133 to study the energy structure
of the bands in graphite and PbI2.

In Fig. 27 the results of photoemission studies134-135

of gallium selenide and indium selenide are compared
with the energy structure of gallium selenide calculated
by Schluter and co-workers.11'117 The initial energy
was taken to be the energy £T at the top of the valence
band as determined from the threshold value of the en-
ergy of the emitted electrons. It is clearly seen that
the highest group of valence bands r^I^, the optical
transitions from which form the absorption edge in
GaSe and InSe, displays a considerable dispersion (~1
eV) along the direction perpendicular to the layers of
the crystal. According to the data of Ref. 11, these
three-dimensional states are characterized by a signi-
ficant contribution to the corresponding electron density
from the p, orbitals of selenium. The group of two-di-
mensional bands T\, , F~6 is characterized by a weak
dispersion along k, (<0.3). These states display a pre-
dominantly plrll character (Fig. 26). The degree to
which p,-like charges, which are localized about the Se
atoms, are mixed in determines the different values of
the dispersion for the deeper states r^r; and rjr^ (Ref.
134).

7. CONCLUSION

In summary, the electronic states in layered crystals
can be both two- and three-dimensional. The existence
of tsotropic electronic states in gallium selenide and its
analogs is due to the overlap from one layer to the next
of the anion p, orbitals, which contribute the most to the
the corresponding electron density. The degree of
overlap of these orbitals determines the value of the
elastic constants characterizing the intralayer oscilla-
tions (see Sect. 3). At the same time, the orbitals of
the metal and the pXty orbitals of the chalcogenides,
which overlap weakly between layers, form an electron
density which corresponds to highly anisotropic and
two-dimensional states; the magnitude and distribution
of the electronic charge density concentrated between
individual atoms of the layer characterize the frequen-
cies of the intralayer phonon modes.

The three-dimensionality of the states which play the
role of the top of the valence band and the bottom of the
conduction band at K = 0 in gallium selenide and its ana-
logs determines the isotropic character of the corre-
sponding exciton bands and cannot be invoked to explain
the anisotropy of the electrical properties that has been
detected in various experiments.96-136"139 The ratio of
the conductivities in the directions parallel to and per-
pendicular to the layers can reach three orders of mag-
nitude in gallium selenide, for example. The observed
anisotropy of the electrical properties can be under-
stood by keeping in mind that in a real layered crystal
the conductivity perpendicular to the layers is governed
by the large number of structural defects: dislocations
located in the basal plane of the layer and defects in the
stacking of the layers, which have a low energy of for-
mation.140"143 The conductivity of such a system in the
direction perpendicular to the plane in which the defects
lie can have a singular character:96 a detailed discus-
sion of this phenomenon, however, is beyond the scope
of this paper. The results of Refs. 96 and 136-139 are
consistent with a three-dimensional character of the
above-named electronic states; they are also consistent
with the results of pseudopotential calculations,11-137

confirmed by optical experiments, as to the ordering
sequence of the bands of different anisotropy.

The two-dimensional (rr6) and highly anisotropic
(e.g., MJ) bands are separated from the three-dimen-
sional bands in gallium selenide by a small energy gap
(see Fig. 20). This situation lends interest to the study
of the effect of external influences on the physical prop-
erties of GaSe and its analogs. Since the deformation
potentials for the bands of different anisotropy in these
crystals differ in both sign and magnitude,11'144"147 the
hope remains that for certain temperatures and condi-
tions of uniaxial strain the highly anisotropic states can
play a governing role in the investigation of exciton ef-
fects and charge transport processes.

The definite promise that such a situation can be re-
realized stems from the study of various classes of
semiconductors with a layered type of crystal struc-
ture,3"5 in particular multicomponent crystals whose
layers have a complex structure.148"150 An example of
such a crystal is TlGaSe2 (whose unit cell contains 36
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atoms and includes two layers with seven planes of
atoms each). The optical spectra of these crystals at
the absorption edge are interpreted in the framework of
a model which includes excitonic transitions, the polar-
ization properties of which are described in terms of
the symmetry of only one layer.151

The energy spectrum of a layered crystal can be re-
arranged by introducing planar organic molecules such
as pyridine between the layers. Intercalated structures
created on the basis of graphite and transition-metal
dichalcogenides have been studied intensively in recent
years in connection with the problems of high-tempera-
ture superconductivity and the creation of dry sources
of current.53'152"154 These are data, confirmed by
structural studies, on the intercalation of gallium sele-
nide through anodic reactions occurring in an electro-
lytic solution of HgI2 in ethylene glycol.155 The physical
properties of layered crystals intercalated with organic
molecules were studied in Refs. 156-159. Finally, an
extremely anisotropic spectrum can be achieved by lo-
calizing the excitons or carriers in one or several lay-
ers by reducing the thickness of the crystal. With lay-
ered crystals one can obtain thicknesses of only a few
(3-5) layers. Here both the wave functions and the en-
ergy spectrum change on account of dimensional effects
(see, for example, the paper by Harper and Hilder160).
The theory of Ref. 160, however, is in quantitative dis-
agreement with the results of experiments conducted on
the crystals of 2#-MoS2 (Ref. 161), WSe2 (Refs. 162 and
163), and GaSe (Ref. 164). An important step forward
in the understanding of this question was taken by
Keldysh,165 who showed that when the thickness of the
crystal is reduced to d-s. aa the Coulomb interaction be-
tween the electron and hole should increase if the di-
electric permittivity of the surrounding medium is no-
ticeably smaller than that of the crystal, leading to the
growth of the binding energy of the exciton and to a
change in its energy spectrum.

Thus, the possibilities presented by layered crystals
for the study of a variety of new effects in solid-state
physics are far from exhausted, and interest in these
compounds is continually growing.

We are grateful to L. V. Keldysh for reading and dis-
cussing the manuscript and to R, Guseinov and R.
Suleimanov for helpful remarks concerning specific
parts of this review.
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