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ABSTRACT

The temperature dependencies of conductivity, Hall and drift
mobility in monocrystals of A’B®-type layered compounds
and solid solutions on their basis in different crystallographic
directions were analyzed. The conclusion that observable
strong anisotropy of conductivity and Hall mobility in
different crystallographic directions is connected to
localization of electron states near the band edges along the
c-axis is made. It is supposed that localization of electron
states is connected with packing defects, which arise owing
to weakness of interlayes bonding. It proves to be true also by
observations of photoconductivity anisotropy at high levels
of optical excitation and at various configurations of current
contacts.
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L. INTRODUCTION
Widebands monocrystals of A’B-type compounds, in
particular monocrystals GaSe, InSe, GaS and solid
solutions on their basis are perspective materials for
solid-state power. In the given paper features of
electrical properties of these crystals in different
crystallographic directions are analyzed.

Monocrystals GaSe, InSe and GaS and solid
solutions on their basis crystallize in layered structure
[1]. The structure of these crystals will consist of
consistently packed layers, each of which contains four
densely connected nuclear planes Se (S) - Ga (In) - Ga
(In) - Se (S). Features of such structures are strong
(covalent) bonding inside layers and very weak (van
der Waals-type) bonding between layers. Presence
weak interlayes bonding results in formation of
polytypes at GaSe and InSe. Depending on joining
layers monocrystals GaSe crystallize in 4 (g, £, y and
0), and monocrystals InSe - in 2 (¢ and y, established
till now) modifications. Crystals GaS form only S
modification. In £ and g structures the elementary cell
includes 8 atoms from two layers (on 2 Ga (In) and 2
Se (S) from each layer), and in y and & structures - 12
atoms from three layers and 16 atoms from four layers
accordingly. The hexsagonal £ and & modifications

differ in the way of packing of layers, and y and &
modification - amount of layers in an elementary cell.
Formation of this or that polytype or a mixture of
various modifications essentially depends on a method
of reception of crystals [2].

II. MAIN PART

Crystals GaSe and GaS form a continuous line of
solid solutions [3,4]. The crystal structure of GaS,Se;.4
solid solutions frequently is polymorphic and depends
on concentration x. In them four modifications are also
observed depending on packing layers. At x>0,6
crystals GaS,Se;, form only B-structure, and at x<0,4
the mixture of various modifications takes place.

Features of structure and distinction of chemical
bounding in different crystallographic directions, first
of all, are shown in electrical properties of the specified
crystals and solid solutions on their basis. It frequently
results in observation of abnormal strong anisotropy of
conductivity and Hall mobility in different
crystallographic directions. Results of numerous
experiments show  (for example see to [5]), that Hall
mobility of the majority carriers along C-axis,
frequently strongly depends on temperature:

My = Hy exp(— AE, /k,T ), 1)

Where ¢, is mobility at AE, =0. Therefore
activation energy of conductivity &, in this direction
is more on size AE,, than activation energy of

conductivity o N in a direction, perpendicular Cc-axis.

As a result of this the experimental dates for the DC
dark coductivity, which was measured mentioned
above crystals show a strongly temperature-dependent
anisotropy:
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where A is of the order of effective-mass ratio of the



majority carriers M, / M, (for example, A=0,25 for
GaSe [6]). At rather high temperatures y it is really
determined by parameter A. At the same time, in a
direction, perpendicular c-axis, mobility is well

described by the formula, received by Fivaz [5] in view
of interaction of carriers with polar optical fonons:
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Here h is energy of optical fonons, kOT is thermal

energy, g is bonding parameter. The good consent of
experimental results with settlement are usually
observed at the following values of parameters: g =

0,25; m=0,2my; fi® =0,04 eV for GaSe [7] and g* =

0,25; m=0,12m,; % =0,03 eV for InSe [8].
The formula (3) is generally replaced with the
approached expression £/ ~T ~” where y depends on

fonon energy. Experimental value y for monocrystals
InSe and GaSe usually makes 1,9 +2,1. Dispersion of
carriers on polar optical fonons proves to be true also
by absorption of light with free carriers, induced by
laser radiation. In particular, it is established by us, that
intensity of the probing light past through crystals InSe,
it is strongly modulated by radiation of a pulse of the
ruby laser that is connected by absorption of probing
light by the nonequilibrium carriers created by laser
radiation. Dependence of a signal of modulation dl on
length of a wave of probing light looks like dl ~ A",
where n=2,2+2.4, that testifies to dispersion of carriers
on optical fonons. At the same time measurement of

drift mobility in monocrystals p-GaSe has shown [§],
that irrespective of  crystallografic  directions

dependence as 4 ~T 7 (where y=1,940,1) is
observed, that is predicted by Fivaz theory and can be
explained by band conductivity of holes in view of

dispersion on polar optical fonons. Observable
anisotropy of conductivity thus is determined by the
effective-mass ratio of carriers M, / M, . According to
[9,10], such distinction between Hall and drift mobility
can take place in the disorder structures, in which take
place a non-uniform relief of potential (i.e. casual
modulation of band edges) or the localized states. In
this case conductivity of a sample is defined by
concentration of carriers at a perculation level of course
which strongly depends on temperature

(n, ~ exp(— AE/k,T )) even  at  constant
concentration in a zone, and the Hall constant R is
define by average on a sample concentration ﬁ . Due to
this the magnitude of 4 =CR0O does not reflect
behaviour of true (drift) mobility, and differs from it on

a multiplier N, / N, which it is less than unit and

sharply falling with downturn of temperature.
Numerous experimental results show also, that the

parameter AE,, strongly varies at transition from one
series of monocrystals in another and receives values in
a range AE;=15+120 meV in various series the
specified layered crystals. Except for it there are
informations on reduction of parameter AE in solid

solutions [11], with growth of enclosed electric field
[12] and concentration of the majority carriers [13], in
the crystals doped by non-isoelectronic impurity atoms

[14], and also about increase AE,, in intercalated InSe

monocrystals [15].

Experimentally observable dependence of a kind
(1) or (2) in the specified crystals frequently spoke a
basis of hopping conductivity. However the nature of
hopping conductivity thus remains non-found out. In
particular, it was supposed, that electron wave
functions of separate layers are not blocked, owing to
what carriers jump from one layer to another,

overcoming interlayered barriers with height of AEO .

However the similar explanation of observable
anisotropy of conductivity causes doubts. As the

distance between layers has a few A’ , it is clear, that
carriers can easily pass from one layer in another in the
way by tunneling. Nevertheless, many electron
properties of the perfect monocrystals of the specified
compounds are well described by the three-
dimensional band structure calculated by a method of
pseudo-potential, that, first of all, is shown at research
of optical properties [1]. Here we shall note, that
hopping character of conductivity has been found out
only in [16], in specially alloyed crystals n-GaSe and
n-Gas in area of impurity conductivity. The received
results thus will well be coordinated to the theoretical
formulation suggested by Shklovsky for poorly alloyed
semiconductors, and conductivity on a variable field
close and below room temperature submits to the
theoretical formulation of the Pollak and Geballe [17]
down to frequencies of 10° Hz. The specified
conductivity does not depend on a direction of
movement of carriers and is connected with anion
vacancies which, probably, are responsible for
conductivity of n-type.

The above-stated reasonings allow to draw a
conclusion that observable anisotropy of conductivity
and Hall mobility in the specified layered crystals is
connected to presence in them of packing defects. The
similar explanation for the first time was offered in
[18] for crystals GaSe. We assume, that owing to
weakness of interlayered bounding at grown and
machining of monocrystals of the specified crystals
there is a displacement of group of layers from each
other in a direction parallel to layers. Thus there is a
casual infringement of symmetry of potential along an
c-axis owing to what in this direction on a crystal



operates  additional one-dimensional fluctuating
potential. According to model of Anderson [10] it to
result in localization of electron states near to band
edges just as it takes place in the disorder structures.
The structure disordering it is facilitated also by that in
real crystals of the specified compounds the mixture of
the various modifications distinguished by position of
band edges frequently takes place. For example, in €
and B modifications GaSe the width of the forbidden
gap and bonding energy of exitons differs on size ~50
meV [3]. Therefore it is possible to accept, that in real
crystals practically always alternation of separate
modifications occurs in the casual image and the one-

dimensional disorder along c-axis. Parametr's AEO

shows width of the localized states and only those
carriers which are activated on nob-localized states
participate in conductivity.

Concentration of packing defects can be
characterized by introduction of  parameter

o =N, /N which corresponds to a relative share of

the displaced layers in relation to the general number of
layers. The one-dimensional potential created at it
changes positions of band edges. At small fluctuations
of concentration of packing defects change of position
of band edge can be spread out in a line on deviations
of concentration of the displaced layers Aa from
average:

Ec,v = Ec,v (a)-l_Uc,vAa’ “4)
oE.,
Uc,v = 30; |Aa:0 ' ()

where the first composed corresponds to approximation
of a virtual crystal, and the second composed describes
fluctuating potential changing along an c-axis. This
casual potential is one-dimensional and consequently
in its field movement of carriers along an c-axis should
be localized. Unfortunately, by present time there is no
more strict theoretical proof about an opportunity of
one-dimensional localization of electron states in three-
dimensional crystals and calculation of energy of
localization in a field of such one-dimensional
disorder. It complicates comparison of experimental

values AEO with settlement. Here only we shall note,

that in works [19] influences of the one-dimensional
disorder on exiton states in semiconductors are
considered. It is shown, that the one-dimensional
disorder results localization and non-uniform
broadening of exsiton lines. In particular, localization
of exitons in GaSe was observed in [20], that in turn
testifies to presence of packing defects in these
crystals.

Character  of  low-temperature  hopping
conductivity on the localized states was analyzed by us
in [21]. It is established, that low-temperature hopping
conductivity on the localized states in InSe single

crystals corresponds to Mott law [10]. It allowed to
estimate radius of localization. It is established, that
wave functions of electrons are localized in limits of
twenty layers.

It is necessary to note, that in [18] the structure
of GasSe is considered as the one-dimensional disorder
chain. Be agrees modern representation about
localization of Anderson [10] conductivity in an one-
dimensional case should equal zero at low
temperatures. Therefore, movement of carriers in
layered crystals should be considered in three-
dimensional space. Really, as states along layers are
not localized, it is possible to count, that carriers
always possess making speed and in a direction,
perpendicular c-axes.

As the parameter AE, thus is defined by a degree of

infringement of ideal packing of layers on the basis of
the specified model the observable disorder of

parameter AE, in various samples well speaks,

increase in factor of conductivity anisotropy in
deformed and intercalated crystals and its reduction in
alloyed nonisoelectronic admixture atoms crystals and
at rather high electric fields. In particular, in the latter
case transition of carriers of a current from the located
conditions in delocalized is facilitated by an electric
field as it takes place at thermo-field devastation fine
admixture levels in semiconductors.

Reduction of parameter AE, and factor of

anisotropy of conductivity in crystals doped by non-
isoelectronic impurity atoms is not trivial and the
separate  explanation demands. Apparently, at
replacement of a part of the basic atoms of a lattice by
non-isoelectronic impurity atoms appear valent
electrons which do not participate in bounding inside a
layer. At rather big concentration of impurity atoms,
such empty valencies the next layers close disordered
areas where impurity usually accumulate, incorporate
among themselves covalent bridges. It is to result in
strengthening interlayered bonding and to ordering
structure. The estimation of concentration by Mott
criterion [22] at which formation of the bonding one-
dimensional chains from impurity atoms is possible,
gives value ~10" ¢cm™ in GaSe crystals. However thus
it is possible to neglect conductivity on these chains as
it is usual impurity atoms are distributed casually and,
therefore impurity states are strongly located [10, 22].

III. CONCLUSION

In summary we shall note, that presence of the
localized states in the specified crystals proves to be
true also by observation of photoconductivity
anisotropy and Anderson transition at high levels of
optical excitation when becomes possible “light
doping” the semiconductor down to degeneration, and
also  photoconductivity anisotropies at various
configurations of current contacts.
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