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Abstract

The review analyses and, where possible, reconciles data on two large groups of inorganic substances that are very unusual
in terms of structure and properties, designated as A"BY' compounds. The structures and properties of typical compounds
of these systems: A"B" and A}"B}" were considered. The relationship between the structure and the nature of the chemical
bond and the organization of stoichiometric vacancies in crystal lattices is described in detail. The genesis of structures
was analyzed for various modifications of A"BY! sesqui-chalcogenides. The transformations of these compounds into each
other were also considered in relation with the ordering/disordering processes of stoichiometric vacancies. The possibilities
of forming nanolayer structures, tubulenes, and intercalates were demonstrated for A"B\" layered compounds. The prospects
for the application of both nanolayer coatings and bulk single crystals of A"B' and A"B)" phases were analyzed. The
presented review is based on the analysis of both literary data and the results of the studies of the authors and some other
researchers of Voronezh State University.
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1. Introduction

This article is devoted to the description of
two large groups of inorganic substances, which
are very unusual in terms of their structures and
properties, designated as A"BV'compounds. The
aim of the study was to summarize, analyze,
and, if possible, reconcile data on the structures
of A!"BY" monochalcogenides and AJ"B}" sesqui-
chalcogenides, their hierarchies (parent —
daughter structures) and transformations into
each other. It should be note that A™ tellurides
are mentioned here only in general terms, and
thallium chalcogenides are not described at all
due to the specific nature of the compounds
involving heavy sp-elements (primarily, the 6th
period of the Periodic Table).

Almost all A™-BY! binary systems provide a
huge number of different structures (up to two
dozen according to [1]). However, the greatest
interest of researchers and practitioners is
associated with the structural features of solid
phases and, consequently, with the specific
properties of these substances. Among the huge
variety of compositions of compounds, realized
for each of these chalcogenide systems, two
typical approximate stoichiometries stand out:
A"BY (monochalcogenides) and AJ"B)" (sesqui-
chalcogenides). It should be noted that there are
large structural differences both between two
separated groups, and inside each of these groups.
However, all mono- and sesqui-chalcogenides of
Al, Ga, and In have a common unifying feature: all
these structures are composed only on (almost)
tetrahedral fragments. Such a structure of non-
molecular substances is not unusual: as is known
that A'BV"; A"BV!, and A™BY compounds form
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structures such as sphalerite, wurtzite, and their
derivatives, in which each atom is tetrahedrally
bound to four neighboring atoms. For the listed
compounds, chemical bonds are composed of
s- and p-valence states; they consist of eight
electrons for the pair of atoms A and B. However,
in A" — BV systems, pairs of atoms have nine
valence electrons. For A™BY! compounds this
imbalance in the number of electrons results in
structures containing atomic-scale voids that
are surrounded by non-separated even-electron
orbitals [1]. Let us consider the consequences of
this fact for the formation of a variety of structures
of the A"BY"" and A)"B)" types, starting with the
last group (i.e., with the sesqui-chalcogenides).

2. A"B}" compounds: general structural
features of solids sesqui-chalcogenides

The calculation of valence electron
concentration (VEC) [2, 3] for compounds of
stoichiometry, AJ"BY" allows sphalerite-like,
wurtzite-like, and also derivative structures
with CN = 4 (VEC = 4.8)" to be formed for these
compounds.

Indeed, compounds with such a structure
are characteristic of sesqui-chalcogenides of
aluminum, gallium, and indium. However, the
peculiarities of the above-mentioned electronic
imbalance lead to the fact that the AJ"B)" phases
stand out from other solid substances by containing
stoichiometric vacancies as structural units (Fig. 1).

LN

* The VEC value is calculated as VEC :ni’ R

n, +n,
where n, and n, are the number of atoms A" and B in the
formula unit of the compound, and n, ,, and n, are the
total number of s- and p-valence electrons supplied by sin-
gle atoms of A" and B"' respectively.

‘AIII

Fig. 1. A fragment of the ideal zinc-blende (sphalerite) structure (left) and a fragment of the sphalerite-like
“defective” chalcogenide structure with a stoichiometric vacancy (right). The circle in the form of a dotted line
is a stoichiometric vacancy, the ellipses stand for the lone electron pairs of chalcogen atoms directed toward

the vacancy
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The stoichiometric vacancies occur when
disorder takes place in any sublattice (or several
at once), arising due to the discrepancy between
the stoichiometry and the structural type. As
a result, the filling of certain positions in the
sublattice by atoms is incomplete, and the unfilled
positions are called stoichiometric vacancies.
Their concentration can be enormous — up to
tens of mol. % [2, 4] (p. 105). For the discussed
chalcogenides it is about 33 mol. %. This value
follows from the fact that the wurtzite or
sphalerite-like structure implies a ratio of the
number of A atoms to the number of B atoms of
1:1.However, the requirement of 2:3 stoichiometry
forces '/, of the positions in the cation sublattice
to be vacant. Thus, a more appropriate notation
for these compounds corresponds to the formula
Al'(v,),B".

" If we consider the chemical bond in these
compounds to be a covalent pair-electron bond,
then the appearance of stoichiometric vacancies
can be explained by the fact that chalcogen
atoms can form a bond with only three atoms
of the cation-forming agent A", and instead of
the fourth bond, such an atom has an orbital
with an unshared electron pair, for which there
is no suitable vacant orbital. In this case, the A™
atoms have all four bonds with chalcogen atoms
in the direction of the tetrahedron vertices. It
should be noted that such a consideration is not
entirely applicable to indium sulfides, for which
the contribution of the ionic component of the
chemical bond is higher.

It should be emphasized that stoichiometric
vacancies are structural elements and for this
reason, they cannot be fully associated with
classical point defects, such as thermal vacancies.
Nevertheless, the term “defective structures”
is used in the literature; the structures of
“defective” sphalerite (“defective” wurtzite,
“defective” spinel) are also discussed. In some
cases, stoichiometric vacancies can order with
the formation of a number of their own individual
phases of close stoichiometry with a slight
distortion of sphalerite-like or wurtzite-like
structures.

The terms highlighted here in italics
were first introduced in Russian-language
scientific literature in 1954 after the studies
of N. A. Goryunova [2], [5] and B. F. Ormont
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[4], and later were developed in the research
of the scientific groups of L. S. Palatnik and
V. M. Koshkin [6—-11]. In the English and French
literature, the consideration of special types of
vacancies and “defective” structures began in
1949 in studies of Hahn and Klinger [12] and was
taken up by Suchet [13].

The discussed compounds allow for obtaining
promising materials with the most unusual and
diverse characteristics, of which we will consider
the most specific ones. First of all, we note that
the low coordination numbers and the position of
the phase-forming elements in the Periodic Table
imply the presence of semiconductor properties
for all A)"B}". Moreover, stoichiometric vacancies
allow these properties to be maintained practically
unchanged even with high concentrations of
impurities [14] and with high levels of radiation
[8]. Filling of stoichiometric vacancies with
atoms of d-elements allows isolating these
atoms from each other. As a result, for example,
in the case of chromium-doped Ga,Se,, high
ferromagnetic characteristics are already found
at room temperature [15]. Lithium atoms can fill
these internal voids in (In Ga, ),Se, nanowires,
which is used to create new types of ordered
vacancy/lithium atom superlattices and thus
obtain lithium-ion storage devices, photovoltaic
materials, and phase memory devices [16]. By
ideology, the incorporation of lithium atoms is
similar to the intercalation of a layered material;
however, in the considered sesqui-chalcogenides,
the lithium atoms are located on spirals, not
on planes. Indium sesqui-chalcogenides, which
have a layered structure were demonstrated to
be a very promising as photocatalysts for light-
induced water splitting [17].

Initial interest in A)'BY materials, in particular
to Ga,Se,, arose during the search for ways to create
AlB'Theterostructures on ABY based on the idea
of using defective “diamond-like” structures
as interlayers. The latter had to match the
identically symmetrically oriented single-crystal
surfaces of substances with noticeably different
lattice parameters. However, this interest quickly
faded for a long time, since it was discovered that
the impairment of interphase boundaries during
the initial stages of the formation of ZnSe-on-
GaAs type heterostructures is a serious obstacle
[18,19]. It was later revealed that Ga,Se, on GaAs
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itself is a potentially useful material, especially
in the form of thin epitaxial film. The Ga,Se,
coatings can passivate various oriented surfaces
(primarily (001)) of gallium arsenide [20], which
has great potential for the use of GaAs taking
onto account problems of creating insulating
or other functional layers in this important
semiconductor. Such layers are needed, first of
all, for the creation of optoelectronic devices that
use the band gap of gallium arsenide, which is
suitable for sunlight [21].

Improvements in molecular beam epitaxy
technology in recent years allowed to circumvent
the aforementioned problem of interphase
boundary impairment when using sesqui-
chalcogenides as “interlayer” materials in the
formation of AMBY - Si or A"BY! — A"BY type
heterostructures [1]. The close correspondence
of the lattice parameter of sphalerite-like Ga,Se,
to the parameters of Si, GaP, and ZnS substrates
facilitate its use in heterostructures. In particular,
close lattice matching (0.1%) and minimal
interdiffusion at the well-formed Ga,Se /Si
interface make such a heterostructure promising
for use in electronics. This is due to the fact that
the band gap width in epitaxial films of gallium
sesqui-chalcogenides is located in a convenient
range for visible optoelectronics [22]. In particular,
it was proposed to use n-alloyed Ga,(S Se, ).,solid
solution deposited on p-Si heterojunctions, for
solar cells [23]. Among Russian specialists working
on obtaining heterostructures using gallium and
indium sesqui-chalcogenides as “interlayer”
substances or functional coatings when creating
heterostructures on ABY group semiconductors,
the scientific group of the authors of the studies
[24-27] should be mentioned.

3. “Defective” structure AI"BY' variants:
their hierarchy and relationship

Let us consider in more detail the structures
of “defective” phases based on wurtzite and
sphalerite, paying special attention to the
relationship between these structures and the
ordering of stoichiometric vacancies. For many
compounds in AJ"BY' systems, there is a large
variety of structures of “defective” various
polymorphic phases close to the exact A B,
composition. For some of these compounds,
deviations from the ideal composition towards
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A component are possible. All A)"B} structures,
except for some modifications of In,S,, are
composed on almost tetrahedral fragments:
A" (Al, Ga, In) atoms, are surrounded by four
chalcogen atoms, and the chalcogen atoms,
in turn, are surrounded by A" atoms and
stoichiometric vacancies. Most of the discussed
“defective” structures can be divided into two
groups: the so-called “parent” and “daughter”
structures. The parent structures are crystals with
a fairly high symmetry, these are modifications
of the sphalerite or wurtzite type. Structural
vacancies in the cation sublattices of these phases
are distributed in a disordered manner. Due to
the partial or complete ordering of stoichiometric
vacancies, such structures can be transformed. In
this case, “daughter” structures emerge. For the
considered sulfides and selenides, the symmetry
of the crystal lattice decreases with ordering. The
space group of the crystal also changes. For some
AJ'BY"modifications, several daughter phases are
found (Ga,S,, In,Se,). This is because the ordering
of stoichiometric vacancies can occur in different
ways. Daughter modifications with completely
ordered structural vacancies are located on
the phase diagrams in lower temperature
regions, they have narrow homogeneity regions
and almost ideally correspond to the A, B,
stoichiometry [28-30].

Highly symmetric sphalerite-like structures
with disordered stoichiometric vacancies have
been found for several metal A" chalcogen
systems (y-Ga,S, o-Ga,Se;, a-Ga,Te;, o-In,Te,).
The space group F43m corresponds to such
structures, like classical sphalerite ZnS. Due to the
deficiency of metal cations, their crystallographic
formula is written as A"(4c), .v(4c), .BY'(4a). The
positions of the cation-forming component are
4c (43m) (1/4,1/4,1/4) occupied by about %/,. The
remaining approximately '/, of the positions are
not occupied, and these vacant positions are
distributed in the cation sublattice in a stochastic
manner. Positions 4a (43m) (0, 0, 0) in the anion
sublattice are completely occupied by chalcogen
atoms [31] (Fig. 2).

By analogy with zinc sulfide and other
substances with “diamond-like” structures,
the elementary (almost) tetrahedral “building
blocks” of A)"B}! compounds can also fit into
wurtzite-type structures (space group P6.mc).
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Fig. 2. “Defective” sphalerite-like structure for cubic a-Ga,Se, (a) and the {111} plane in this structure (b) [31].

Like sphalerite-like phases, they contain about '/,
disordered vacancies in the cation sublattice. The
crystal chemical formula of such phases is written
as Me(2b)), .v(2b,), ,Ch(2b,), where Wyckoff
positions 2b (3m) (1/3, 2/3, z) are characterized
by coordinates: z =0, z, = 3/8.[12, 30].

Such disordered high-temperature phases
can be considered parent phases in relation to
“daughter” superstructures. For example, the
a-Ga,S, crystal lattice with space group (SG)
P6, was described as a superstructure derived
from disordered wurtzite-like B-Ga,S,. Similar
superstructures are also characteristic of o-ALS,
[32, 33]. In this case, the transformation of
the parent phase of “defective” wurtzite into a
daughter superstructure occurs with a three-
layer ordering of chalcogen vacancies along
the [001] axis. According to [28], during such
a rearrangement, three crystallographically
nonequivalent cationic positions arise, which are
completely or partially filled by the A™ atoms.
Positions of type (1) are almost completely
filled: the filling factor is close to 1, and there are
practically no vacancies. The cationic positions
of type (2) are occupied with a factor of 0.67 and
in this respect the occupancy is close to that
of all cationic sites in the parent structure of
defective “wurtzite”. Finally, positions of type (3)
are occupied with a factor of 0.35.

This ordering of vacancies requires a change
in symmetry from the P6,mc group to the P6,
subgroup and another choice of the elementary

cell with new lattice parameters:

pg, = \|3pg,mc s Cpo, = 3Cp,me (Fig. 3). It is
important to emphasize that in the resulting
daughter structures, each cation position

continues to be filled stochastically and, in this
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sense, we can only discuss quasi-ordering of the
structure, in contrast to other types of ordering
of stoichiometric vacancies. It should be noted
that despite the formation of superstructures with
SG P6,, the corresponding phases can be stable
only at high (> 900 °C) temperatures. In addition,
they have noticeable deviations from the ideal
stoichiometric composition [34]. According to
these properties, daughter phases with this type
of ordering are closer to the parent “defective”
structures of wurtzite and sphalerite than to other
daughter structures with completely ordered
stoichiometric vacancies.

Another type of reorganization of
stoichiometric vacancies in the wurtzite-like
modification A]'B}" leads to the formation of the
second type of daughter phases. In this case, the
ordering of vacancies occurs along the vector

oo

TVl

v-GazSs

B-GazxSs

Fig. 3. Structures of some gallium sesquisulfide mod-
ifications (present on the phase diagram at high-tem-
peratures, T > 878 °C). From left to right: superstruc-
ture of the P6, type, wurtzite-type defect and sphaler-
ite-type defect structure [28]
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[110] of the wurtzite parent lattice and leads to
the formation of a monoclinic lattice (space group
Cc). This structure can already be called ordered
due to the presence of entire rows of vacancies in
the gallium sublattice (Fig. 4) [31]. The formation
of such monoclinic modifications occurs in Ga-S
systems (o’-Ga,S,), Al - Se (a-Al,Se,), as well as
in telluride systems. In this case, the ordering
also leads to a reduction in symmetry, to a Cc
subgroup of P6,mc group and the formation of
two cationic and three anionic sublattices of the
4a (1) xyz family.

The variants for ordering stoichiometric
vacancies in wurtzite-like structures do not
end there. Several variants of the formation of
daughter phases are realized for indium sesqui-
selenide.

Parental wurtzite-like modification for In,Se.,
described in [35],is most likely always metastable.
Among the phases that can be represented on
the T-x-diagram of the In - Se system, the high-
temperature 8-In,Se, structure is closest to this
(8G P6,mc). Despite the complete correspondence
of this SG to the wurtzite crystal lattice, 5-In,Se.,
is a superstructure and does not belong to the
“true” structural type of wurtzite, since for the
latter the ratio of the lattice parameters (c to a)
should be equal to ~1.6 [36]. In our studies, we
obtained the following values: a = 4.025(1) A,
¢ =19.265(1) A [37], which are comparable with
the results of [38]: a = 4.00 A, ¢ = 6.41 A. These
data indicate a multiple (~3 times) increase in the

bu
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Fig. 4. Fragment of the monoclinic a-Ga,S
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parameter ¢ (4.025x1.6x3=19.32 A) compared to
the idealized (by parameter a) parent wurtzite
structure. The latter may be evidence of the
ordering of vacancies, which in this case occurs
without a change of the space group.

The lower temperature modification in
comparison with 8-In,Se, is g-In,Se, and it is
typical for a A)"B}" semiconductor compound
structure with ordered stoichiometric vacancies.
According to our research data, the y-In,Se,
polymorphic modification has a hexagonal
structure with a space group of P6, (P6,),
(a=7.133 A, c=19.58 A) [37]. This is consistent
with the results of other researchers [38, 39] -
including those who used transmission electron
microscopy methods [40,41]. In [42] it was shown
that in the y-In,Se, phase, structural vacancies
are aligned along one of the screw axes, and the
proportion of vacancies in the cation sublattice, as
in most other Al'BY“defective” semiconductors,
is ~ !/, of the number of cationic positions. The
“defective” crystal structure of y-In,Se, is shown
in Figs. 5 and Fig. 6d.

There are also other modifications for
indium sesqui-selenides and sesqui-sulfides
which taking into account the definition given
at the beginning of this review are no longer
entirely correctly classified as “defective”
structures with stoichiometric vacancies. In
these phases, the ordering of vacancies leads
to their grouping into separate planes. As a
result, the chemical bonds between the layers

e_o. o .o ..o o
b Y
\\ \\
3 -
» N
e e e o
N \
\x .
N \
i hY
L BN o o - @
Sulfur

structure with an image of stoichiometric vacancies in the Ga-sub-

lattice. The right part of the figure shows the coordination scheme of gallium atoms with an image of chemical

bonds close to sp-hybrid [31]
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b a
\E/'

Fig. 5. Relationship between the wurtzite structure (left) with the wurtzite-like idealized structure of In,Se,

(center) and the real structure of y-In,Se, (right)

1) 1)

1)

| |
a-2H
(P63mc)

a-3R
(R3m)

@ (b

|nzSe3 [ |

Fig. 6. Structures of In,Se,: 2H-o-In,Se, (I), 3R-a-In,Se, (1I), B-In,Se, (III) n y-In,Se, (IV)

are broken and the resulting structures turn out
to be typically layered and similar in properties
to A"BY! monochalcogenides. In particular, such
modifications enter into intercalation reactions,
they can easily be exfoliated (splitting into the
thinnest layers), etc. In some studies, for example,
in [1, 43], the structures under consideration
continue to be classified as “defect-vacancy”
structures, taking into account that individual
layers are formed precisely by the ordering of
vacancies. However, it should be noted that with
this approach the definitions compounds with
stoichiometric vacancies and “defective” phases will
require correction.

The following relatively low-temperature
modifications are classified as layered forms of
indium sesqui-selenide: 2H-o-In,Se,, 3R-o-In,Se,

652

and B-In,Se, [44]. The lowest temperature
2H-o-In,Se, form (exists when t < -125 °C)
belongs to the space group P6,mc with cell
parameters a = 4.025 A, ¢ = 19.235 A [45]. The
3R-o-In,Se, trigonal modification is stable at
room temperature and belongs to the space group
R3m with the parameters a =4.052 A, c=28.765 A.
Structures of both a-phases are shown in Fig. 6A
and Fig. 6b. For the 3R polytype, the characteristic
sequence of layers is ABCABC, for 2H it is ABAB.
In both cases, individual layers are composed of
five-layer stacks in which Se-In-Se-In-Se chains
can be traced.

The B-In,Se, “medium temperature” phase is
characterized by a space group R3m with lattice
parameters a = 4.05 A, ¢ = 29.41 A. The main
difference of this phase (Fig. 6¢) from 3R-o.-In,Se,
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in that selenium atoms occupy octahedral
positions instead of tetrahedral ones for a:-In,Se,
(if we consider these structures as formed by
indium atoms with dense hexagonal packing).

It should also be noted that the formation
of buffer layers on diamond-like (cubic F43m
or hexagonal P6,mc) structures can lead to
the formation of coatings with both a layered
structure (in the case of In,Se,), as well as non-
layered films with “defective” structures of
sphalerite or wurtzite (in the case of Ga,Se,,
Fig. 7) [43], due to the different organization of
stoichiometric vacancies.

Finally, another existing type of sesqui-
chalcogenide with stoichiometric vacancies
is fundamentally different from all the above
types, since it corresponds to a different ideal
stoichiometry: A,B, instead of A,B.. These include
structures with a high proportion of ionic bonds,
which have a spinel crystal lattice [46]. The most
famous, and probably the only representative of
this type among the chalcogenides of group III
metals, are the In__S, phases.

In most literary sources this phase is written
as o-In,S_, which, in our opinion, is not entirely

Zincblende structure
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A A .f
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[1-10] direction.

every three indium planes
along the (111) plane.

Fig. 7. Mutual relationships between certain surfaces
of the following structures: a) — sphalerite, b) — “de-
fective” gallium sesquiselenide with ordering of va-
cancies (without formation of a layered structure and
with) and c) - “defective” indium sesquiselenide (with
formation of a layered structure) [43]. Left: vacancies
are ordered along the [110]; direction; right: stoichio-
metric vacancies form planes, grouping every three
planes formed by indium atoms, which are located
along the (1 1 1) plane
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correct. The In,S; formula is explained by the
fact that, according to stoichiometry, this phase
is closer to sesqui-sulfide (58.5 — 59.5 mol. % S)
according to our studies [47,48]. The In,_S, phase
(a-In,S,) has a cubic crystal lattice of inverse
spinel (SG Fd3m, a = 10.724 A [46, 49-51)), in
which there is a deficit of indium atoms compared
to the ideal stoichiometry of In.S, (~ 57.1 mol.
% S). This modification exists in the “medium
temperature” range (according to our data [49] -
from 418 to 752 °C, which correlates well with
[52]). It is easily hardened and can be isolated
at room temperature. According to the latest
source, the formula of this compound is most
correctly written as [In, (v), .]*"[In,]**S,, where
the symbols “tetra” and “oct” denote positions
in the tetrahedral and octahedral voids of the
spinel packing, the framework of which is formed
by sulfur atoms; vacancies are designated by the
“v” symbol. The given formula follows from the
assumption (approximation) that in classical
spinels there are charge states of metal M?* and
M?; in the case of indium, taking into account
the peculiarities of its classical chemistry, we
should discuss the In*! and In*® states. Then the
formula [In, (v), ;]“"[In,]*"S, corresponds to the
stoichiometry of In, S, = In,S,. If the charge
states of In"? are allowed, then the given formula
will be close to the typical spinel composition
M,S,. Experimental data, as we already noted,
show an intermediate situation between the two
stoichiometries. It should be noted that vacancies
in cubic form are distributed stochastically among
positions (primarily tetrahedral).

On the contrary, in the low-temperature form
B-In,S, there is an ordering of vacancies (Fig. 8),
and the structure with a decrease in symmetry
turns into a tetragonal one (SG I4 /amd; a="7.61 A,
c = 32.24 A). This phase exists on the phase
Tx-diagram up to 418 °C and is easily released
during annealing of any other modification
of indium sesqui-sulfide below the specified
temperature [49]. For the two compounds
mentioned, the cubic structure In,_S, (o-In,S,)
can be considered maternal, and the ordered
B-In,S, structure is a daughter structure.

In conclusion in this review of defective indium
sesqui-sulfides, we will consider the third, most
high-temperature and controversial modification
in terms of structure, which is y-In,S.. According
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Fig. 8. Structures of In,S.: spinel-like, with a more correct formula In,_S, (left), tetragonal In,S, (left) [56]

to [52] the structure of this trigonal (SG R3m1)
phase is not spinel-like and is probably close to
B-modifications of sesqui-selenide indium - i.e., it
is layered and formed from a wurtzite “defective”
structure due to such an ordering of vacancies
that they form separate planes that open separate
five-layer packets S-In-S—-In-S [53, 54]. This
conclusion is not supported by the authors of
recent publications [55] and [56], who insist that
y-modifications belongs to the structural type of
defective Th,P,. In the latter, the cation-forming
atoms stochastically occupy only octahedral
voids with a filling factor of ~89%. The difficulty
of unambiguous interpretation of the structure
v-In S, is because the pure phase is not quenched,
and the authors [56] isolated it by the rapid
cooling of a sample deliberately contaminated
with vanadium and titanium impurities.

4. A"B)" compounds: general structural
features of solids monochalcogenides

Monochalcogenides typically provide
layered structures in which individual four-
layer BVI-AM-Al_BVIpackets are bound to each
other only by weak van der Waals forces (Fig. 9)
[1]. The exception is to some extent is o-InS’
[49, 57-59].

These compounds are often referred to by
technologists as “van der Waals materials.” Their
ability to exist in isolation as individual B-A-

* At the same time, there is no reliable information about the
bulk structures of aluminium monochalcogenides, although the
structure of epitaxial films of nanoscale thickness turned out
to be close to the structures of other typical layered
monochalcogenides. There is also no reliable structural data
on the high-temperature form of B-InS, which exists in very
narrow (slightly more than 10 °C) temperature range.
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A-B layers opens up prospects for their use in
emerging two-dimensional electronics [60].

In A"BV layered compounds each four-layer
stack is composed of two planes containing B"!
chalcogen atoms. Layers consisting of such
atoms are located on both sides of two adjacent
intra-packet planes; in the latter, there are
atoms of group III elements bound with each
other (and with BY! atoms) (Fig. 9). The basic
building block is formed by stacking four
hexagonal monoatomic sheets in the sequence
B-A-A-B with trigonal prismatic symmetry.
Different stacking and/or 180° rotation of these
covalently linked layers results in the formation
of several polytypes, some of which exhibit
inversion symmetry. This fact indicates that, for
example, depending on the presence or absence
of such symmetry, the linear and nonlinear

Fig. 9. Fragment of the layered monochalcogenide
AMBVI — structure [1]
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optical properties of layered A"BY! will depend
on the resulting polytype [61].

The B-A-A-B sequence in quasi-two-
dimensional A"B"! layered semiconductors leads
to an unusual combination of different types of
chemical bonds, which in turn provides non-
trivial electronic states [1]. Interlayer bonding is
achieved through weak van der Waals interactions
with strong intralayer interactions. The covalent
homodesmic bond “cation-cation” is non-polar,
while the heterodesmic bond “cation-anion”
has a partially ionic character [59]. In all three
substances, the valence electrons are strongly
localized around the BY'atoms, and two A atoms
are bound almost exclusively by a s-bond formed
by s-electrons. With an increase in the proportion
of ionicity from GaSe (0.66) to GaS (0.74) and to
InSe (0.80), the ionic nature of the A™-B"! bond
obviously increases and the electron density
shifts towards to BY' atoms. Moreover, if the
gallium atom is replaced by indium or selenium
is replaced by sulfur, then the atomic s-states
of atom A™ become less separated in energy
from the p-states of BY. The latter is reflected
in the delocalization of the bond charge A™-
A" and a weakening of the central bond with
increasing bond length. A further increase in
ionicity leads to the fact that the low-temperature
modification a-InS is structurally unique among
A"BY' compounds, since it ceases to be a fully
layered 2D structure. In a-InS, it is still possible
to distinguish individual S-In-In-S packets, but

[001]

Fig. 10. Fragment of o-InS structure (orthorhombic
LT-modification)
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they are no longer isolated from each other: with
a long and weak In-In bond, one packet creeps
and wedges into another. As a result, sulfur atoms
belonging to one package bond with indium
atoms from the neighboring package. In this way,
a 3D orthorhombic structure is formed (Fig. 10),
in which there are no layers bound only by van
der Waals forces [59].

An increase in the size of chalcogen atoms
also leads to a change in structure. Thus, layered
2D-structure consisting of loosely coupled four-
layer stacks is retained during the GaS — GaSe —
GaTe transition. However, for a-GaTe layers,
instead of being flat become corrugated (Fig.
11), and the structure changes from hexagonal
(2H and 4H polytypes) or rhombohedral (3R
polytypes) to monoclinic [62, 63]. At the same
time, there is always a metastable modification
b-GaTe with a package arrangement identical to
gallium monoselenide (Fig. 9) [63].

5. Intercalation reactions in A["B\' layered
crystals (and o- and -In,Se,)

Taking into account the described structural
features of aluminum, gallium, and indium
monochalcogenides, these substances should
be characterized by intercalation reactions i.e.

Ga Te
| £ 270 168 7%
oL 20 Tade
@ W'Y R YA
]

Fig. 11. Frontal (a) and side view (b) of the structure
and the layers arrangement in the a-GaTe 3D-structure
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interactions associated with the entry of atoms
(molecules, ions) into the space between weakly
bound 2D layers or 1D chains, as well as the
introduction of atoms into atomic-level channels.
It should be remembered that the ordering of
stoichiometric vacancies is characteristic of A)'B."
sesqui-chalcogenides and can also lead to the
formation of structures such as low and medium
temperature forms of indium selenide (a-2H- and
B-In,Se,) with very weakly connected individual
layers. As a result, both for the last phase and for
almost all A!"B" monochalcogenides, there are
numerous publications on intercalation reactions
and on the production of interlayer insertion
products - intercalates (reviews [64, 65]).

The peak of interest in such objects and
attempts at their practical use occurred in the
90s and 2000s at the turn of the 20th and 21st
centuries. In particular, the authors of [64]
reported on a project to reduce background
radiation in the territory of the Chernobyl Nuclear
Power Plant by applying monocrystalline GaSe
plates to the internal walls of the damaged power
unit and other structures: it was assumed that
atoms of iodine isotopes and other radioactive
elements in the air would spontaneously be
introduced into the layered structure of gallium
monoselenide. However, numerous difficulties
in the study and the reproducibility of obtaining
intercalates of A"BY' compounds led to a decline
in interest in these objects.

The guest (implanted) particles included both
the smallest particles, individual atoms (ions) of
alkali, alkaline earth, rare earth elements, and
some other elements, as well as whole molecules
with predominantly expressed basic (according to
Lewis) properties, from ammonia to pyridine or
anthracene, as well as relatively large ions that
enter the structure during the processing of A™"
monochalcogenides by solutions and melts of
nitrites and nitrates [64, 65]. Most often, direct
interaction of the crystal with the substance-
source of guest atoms (incorporation upon contact
with the gas or liquid phase) or electrochemical
reactions involving solutions (melts) in which
monochalcogenides were electrodes were used
for the synthesis of such intercalates. One of the
authors of this study investigated the interlayer
incorporation that occurs during the treatment of
single-crystal GaSe and InSe with concentrated
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nitric acid, solutions of some nitrates, nitrogen
tetroxide [66, 67], as well as pyridine and
anthracene [68].

It should be noted that we were unable to
carry out any intercalation reactions involving
gallium monosulphide. In the literature, data on
this issue are also extremely scarce. In existing
studies, for example in [69], the exfoliation of
GaS via the stage of formation of an intermediate
intercalated compound was described. However,
this stage preceding exfoliation is not analyzed
in any way. The reason for the difficulties with
interlayer implantation in GaS is probably the too
small size of the sulfur atoms lining the interlayer
spaces between the packets [1].

Intercalation is most clearly manifested
during diffraction structural studies. It is recorded
by the shift towards small angles of such reflexes,
which are associated with an increase in the
distances between planes connected by Van
der Waals forces. In some cases, the increase in
distances in the direction perpendicular to the
layers is observed even visually as an anisotropic
“swelling” of the crystal during its intercalation
[67-70]. However, small-sized embedded atoms
(especially of those d-elements as Cu or Pd) seem
to pull together the adjacent packages and then
the corresponding interplanar distances hardly
change or even decrease [71].

In our studies [72, 73] the possibility of
autointercalation (with selenium) is considered
as being the reason for the significant expansion
and displacement (up to 0.6—-0.8 mol. %) of the
homogeneity region of gallium monoselenide
towards selenium in a relatively narrow
temperature range close to the congruent
melting temperature of GaSe. The hypothesis
about the relationship between the specific
type of homogeneity region of this phase and
autointercalation, the interlayer introduction of
atoms of one of the phase-forming components,
is described in more detail when examining the
phase diagram of the Ga—Se system.

In publications on the study of intercalates,
noticeable differences in the electrophysical,
optical, catalytic, and other properties of
intercalated semiconductors compared to
the original substances are almost always
noted. In a number of cases, these properties
are described as very promising for materials
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science. In particular, it was shown in [67] that
the introduction of palladium(II) nitrate (from
aqueous solutions) into GaSe followed by a
reduction of the intercalated product led to
the production of a material with pronounced
catalytic properties typical for matrices activated
by palladium.

However, there are several unresolved
problems to this day, which have led to a hopefully
temporary decrease of interest in the interlayer
introduction into of A™BY! compounds into bulk
crystals. In our opinion, the main unresolved
problem is the uneven progress of introduction.
It is often unclear what part of the crystal and
what areas within it were affected by interlayer
incorporation. It is well known that guest
particles often do not fill every van der Waals
gap, they are incorporated through a certain
n-number of layers (in this case, the formation
of an intercalate of the n-stage is discussed).
However, for the considered structures, a different
case most likely occurs: intercalation occurs
stochastically, and the number of layers affected
by the incorporation may not exceed several
percent of their total number (as shown, for
example, in the course of studies using a zero-
manometer in [68]). In addition, in the bulk A™'B!
crystal, probably, there are adjacent layers with
a large number of defects (superstoichiometric
atoms, layers of another polytype (another phase)
with the thickness of several atomic layers, etc.).
It is assumed that intercalation occurs only into
such interlayer regions without affecting the bulk
of the crystal. At the same time, in almost all
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studies on this topic (for example, those described
in the review paper [64]), neither the composition
of the obtained substance nor the uniformity of
the distribution of the guest impurity throughout
the volume of the crystal is reported.

The next problem is that intercalation is often
destructive: guest molecules or ions actively
interact with the substance into which they have
been incorporated, changing themselves and
altering the structure of the host. In particular,
the analysis of the product of GaSe treatment
with nitric acid, carried out by one of the authors
of this study, revealed Ga-OH, Se-OH, Se=0
fragments associated with the initial selenide
matrix [66, 67]. Probably, the same destructive
processes occur when GaSe (InSe) is treated with
nitrite and nitrate melts [64]. These reactions
show an analogy with the oxidative incorporation
of acids such as HCIO,, HNO,, HMnO,, etc., into
graphite, when the incorporated substance
partially oxidizes the layers “from the inside”,
producing carboxyl, ketone, hydroxyl and other
groups covalently bonded to the damaged
graphite layers ([66, 74]. Fig. 12).

Unfortunately, the possibility of “internal
corrosion” of an intercalated layered crystal is
often not considered at all, although it can lead
to both irreproducibility and degradation of the
material properties. Local changes at the atomic
level are especially possible for electrolytic method
of incorporation since the layered structure can
include solvent molecules and other foreign
impurities active in terms of further oxidation-
reduction interactions.

HOOC

H>S04, HNO;3, HMnS4 o . oH

Graphite
{Layered Structure)

Graphene Oxide (Individual Layer)

Fig. 12. Changes in the structure of graphite when exposed to acidic oxidizers (HNO,, HCIO,, HMnO,, etc. in
strongly acidic solutions) with the formation of damaged graphene layers with hydroxyl, carboxyl, ketone and

epoxy-like groups [74]
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Despite the slowdown in progress in the
ideas and application of intercalation of A™BY!
for the design of promising semiconductor
and nonlinear optical materials, attempts are
currently ongoing to use interlayer incorporation
to create new chemical current sources (CCS)
[75] (p. 136), combining nanolayers of different
layered substances (for example, In,Se, and
MoS,), obtained after intercalation (with
lithium) and subsequent spontaneous cleavage
(exfoliation) of the intercalate into graphene-
like nanoplatelets [76]. In addition, the method
of obtaining roquesite-like materials (of Cu(Ag)
Ga(In)Se, type) when intercalating the matrix
of monochalcogenide A" with copper with
subsequent stimulated (for example, thermally)
restructuring of the intercalate seems to be
original [71].

6. Nanostructures based on A"BV!
monochalcogenides

The similarity of monochalcogenides to
graphite and similar layered substances such as
black phosphorus does not end with intercalation
reactions. The A"BY! monochalcogenides and
adjacent layered modifications of sesqui-
chalcogenide In,Se, can exist in the form of
nanolayer graphene-like thin-layer fragments,
forming nanoribbons and nanotubes (tubulenes).

Nanolayered graphene-like
monochalcogenides of gallium and indium

The unique properties of nanolayered (ideally
single-layered) layered substances make them
promising for a wide range of applications
[77-79]. Containing a small number of layers,
(nano)monocrystalline gallium and indium
chalcogenides are obtained in different ways,
among which the simplest option consists of
breaking the monocrystal into layers for example,
by stretching a polymer tape such as Scotch
tape glued on both sides in opposite directions,
predominates. The breaking procedure is
repeated many times until the layer remaining
on the tape becomes dark grey (after going
through stages of obtaining intensely colored
due to interference thicker layers). As a result,
after removing the adhesive organic polymer,
fragments of monochalcogenide layers up to
300 nm thick are obtained [60].
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Among other methods, a variant where the
splitting (exfoliation) of a bulk single crystal
into individual plates is carried out during the
electrolysis of a solution using a single crystal of
a layered substance as a cathode draws attention.
Solutions of alkali metal salts (mainly lithium;
usually in the form of LiClO, [80]) are usually
used as electrolytes in water or in ionic organic
solvents. Intercalated chalcogenide is obtained by
this method. Then a salt of an organic nitrogenous
base (most often tetrabutylammonium salt) is
added to the solution and electrolysis continues.
The huge cations entering between the layers
finally break these layers, which are then released
in the form of a suspension [81]. It should be
noted that when electrolytic exfoliation was
carried out, the fact of intermediate formation
of intercalate was not always proven. Moreover,
the indicated method allowed to obtain nanolayer
fragments of even indium monosulphide (a-InS),
in which individual layers are bound by a chemical
(ionic-covalent) bond [82].

Among the properties of a suspension of
individual nano-sized fragments of phases
of different layered crystals, the ability of
these fragments to self-assemble into a kind
of three-dimensional heterostructure should
be highlighted. This includes, in particular, a
heterostructure “self-assembled” from individual
alternating nanolayer fragments of indium
selenide and molybdenum disulfide [75].

Among the chalcogenide “true” 2D structures,
monolayer gallium monosulphide (mono-2D-GaS)
was recently investigated and studied [79,
83]. Materials based on mono-2D-GaS have
proven promising for use in hydrogen evolution
reactions [84], as well as in the creation of
promising lithium-ion batteries [85], nonlinear
optics materials [86], photodetectors [87], and
gas sensors [88]. The tetra atomic in thickness
(single S-Ga—-Ga-S packet) monolayer GaS is a
semiconductor with a wide band gap of ~3.33 eV,
which is ~0.8 eV larger than for a bulk GaS single
crystal [89].

Nanotubes (tubulenes) from indium and
gallium monochalcogenides layers

Nanotubes, the closest analogues of carbon

nanotubes, are the most studied for gallium
monoselenide. The first studies on such
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nanotubes appeared, probably, in the 90s. The
first publications reported only the results of
quantum chemical calculations confirming
the possibility of the appearance of such
structures. In particular, in [90] an image of a
predicted fragment of such a GaSe nanotube
is given (Fig. 13). Now such tubulenes have
been obtained not only for GaSe, but also
for GaS. For the synthesis of both sulfide
and selenide nanotubes, a long-term (72 h)
interaction of gallium acetylacetonate with
chalcogen in an organic solvent (dodecylamine,
hexadecylamine) at elevated temperature
(200 °C) was used [91].

In [92], spontaneous twisting of some nanolayer
fragments of InSe obtained during ultrasonic
exfoliation of bulk indium monoselenide samples
inisopropanol was noted. The resulting nanotubes
had a diameter of less than 1 nm.

7. Some aspects of application of single-
crystal layered monochalcogenides A"BV!
as new promising materials for nonlinear
optics

Layered bulk A™BV! crystals exhibit strong
optical and electrical anisotropy [93, 94] and high
nonlinear optical coefficients in the infrared range
[95], which makes them candidates for materials
for the generation of second-harmonic radiation
(primarily IR lasers) [96—-100]. This interest led
to extensive work in the 1970s and 1980s on the
production of GaSe and InSe bulk single crystals.
Many optical and electrical properties of these
substances have also been studied in detail
[101]. Among the gallium monochalcogenides,
gallium monoselenide has the greatest practical
significance. Air-stable layered red-ruby single
crystals of gallium monoselenide are somewhat
similar to colored mica, but heavier (density
of 5.03 g/cm?®) and softer (microhardness of
30 kg/mm?) [14].

Gallium monoselenide is a high-resistance
semiconductor with low electron and hole
concentrations and low carrier mobility values.
Due to low carrier concentrations and low
mobility values, this material was long considered
an unpromising indirect-gap p-type, regardless
of the method of production and doping (the
transition energy between the valence band and
the conduction band is 2.03 eV with a difference in
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Fig. 13. GaSe nanotube Structure [90]

energy between the direct and indirect transitions
in GaSe of 0.025 eV) [101].

However, in the last decade, the attitude
towards GaSe has changed fundamentally, which
is associated with its use in nonlinear optics [78,
98, 101-103]. Currently, various optical systems
are being developed on gallium monoselenide,
which are used for:

« the generation of second-harmonic radiation
of CO, laser or similar types of coherent radiation
generators (doubling the output frequency when
exciting the crystal with short-pulse radiation
in the wavelength range from 6.3 to 12 um);
the output signal is stable for many hours with
conversion efficiency up to 36%;

« the conversion of frequency of radiation of
CO, laser into the high-energy region up to the
visible region or near IR range (the so-called “up-
conversion” [102]);

« the generation of sum frequencies in the
mid-IR region;

« the generation of difference frequencies in
the mid-IR region from 5.5 to 18 ym;

« creation of radiation-resistant photodiodes
designed for the visible and near IR spectral range
in the spectral range of 0.6—-1.1 ym (for night
vision devices) [104];

- the creation of solid-state laser systems
based on parametric generation of light using
pumping of various types of lasers (for example,
those based on Nd-doped yttrium aluminum
garnet). A special case of the latter systems are
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devices for generating terahertz frequencies with
v =10!"-10'2 Hz) [98,105].

We will discuss the last possibility of practical
use of materials based on GaSe single crystals in
more detail. It isknown that electromagnetic waves
have a length 1 =100-1000 um (these correspond
to the vibration frequencies v =3-10'2 10! Hz), and
occupy an intermediate region between the long-
wave infrared and ultra-high-frequency radio
ranges. These waves, called terahertz waves, are of
considerable interest for a variety of applications,
including biology, medicine, and archaeology.
Similarly to X-rays, terahertz radiation has high
penetrating power, but, unlike the former, does
not pose a danger to living organisms or ancient
objects. However, until recently, the terahertz
range remains one of the technically poorly
equipped parts of the spectrum.

The situation has only fundamentally changed
in the last decade with the development of various
materials, including those constructed from In
and Ga monochalcogenides [1], [101, 105, 106].
In particular, a compact terahertz source capable
of producing radiation in the range between 56.8
and 1618 microns (from 0.18 to 5.27 THz) was
created based on GaSe crystals [107, 108]. In [108]
it was noted that the key advantages of such a DFG
are an extremely wide tuning range, high stability,
small size, and high peak power. Moreover,
according to [107], in terms of the accuracy of
tuning the wave range, no other terahertz sources
can compete with a GaSe-based device.

The production of other layered gallium
monochalcogenides as materials for nonlinear
optics is also under development. For example,
gallium monosulphide (lemon-yellow, mica-like
crystals; indirect-gap semiconductor of n-type
with E, =2.5 eV) has good photoconductivity
in the ultraviolet part of the spectrum [86,
109]. The indium monosulphide (dark brown
crystals; semiconductor of n-type with several
approximate levels; E =1.9eV) [110] and gallium
monotelluride [111, 112] are also promising as
photoconductive materials.

8. Conclusions

Unfortunately, the practical use of AJ"BY!
chalcogenides with various “defective” structures
depends, first, on the problem of reproducible
synthesis of each of the many modifications
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considered here. For bulk samples, this problem
is primarily because for many binary systems, it
has not yet been possible to obtain a consistent
idea of the location of the discussed intermediate
compounds on the corresponding phase diagrams.
In addition to regulating the phase composition,
i.e. the structural affiliation of the resulting
compound, a problem of the next level is
added, associated with the need to regulate the
composition within the homogeneity region
of a specific phase for a finer “tuning” of the
properties of the resulting substance. The latter
taskis also relevant for film coatings that are parts
of the formed heterostructures.

In relation to AJ"B}" monochalcogenides
the regulation of the polytypic affiliation of the
obtained layered single crystals is important
(which is a special, but more complex case of the
problem of regulation of the phase composition).
Thus, the question about the relationship
between the main characteristics of the device
with the non-stoichiometric composition of the
crystal and its belonging to a certain polytype
has never been raised in any of the cited studies
on the use of monoselenide or related layered
monochalcogenides for generators of various
long-wave radiation. At the same time, in
many studies (for example, in [97]) it was noted
that it is impossible to obtain reproducible
characteristics of the output radiation without
high-quality control of the composition of
materials. Approaches to these questions will be
considered in the second part of our review.
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