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CHARACTERIZATION OF NANOSTRUCTURED In6Se7

INCLUSIONS IN LAYERED 𝛼-In2Se3 CRYSTALS USING
ANALYTICAL X-RAY DIFFRACTOMETRY METHODS

As follows from the X-ray structural analysis, In2Se3 crystals grown from the stoichiomet-
ric melt using the Bridgman method turned out inhomogeneous: some of the samples ob-
tained from the same ingot contained only the hexagonal 𝛼-In2Se3 phase, whereas inclusions
of the In6Se7 crystalline phase were found in the others. The presence of narrower-band-gap
semiconductor inclusions in the 𝛼-In2Se3 matrix gives rise to the current instability with
𝑍- and 𝑁-shaped current-voltage characteristics (CVCs) of the samples; at the same time,
single-phase samples demonstrate linear CVCs. Several analytical methods of X-ray diffrac-
tion (XRD) analysis, which were applied to characterize the structure of In6Se7 inclusions,
testified to the presence of compressive strains in them. It is shown that, owing to the action
of compressive strains, the average sizes of In6Se7 crystallites determined using the modi-
fied Scherrer, Size-Strain Plot, and Halder–Wagner methods coincide with an accuracy higher
than 1% and equal about 26.5 nm. A discrepancy between this value and the average size of
In6Se7 nanocrystallites determined using the Williamson–Hall method (23.13 nm) has been
discussed. With the help of the X-ray diffraction-absorption method, the average mass frac-
tion of the In6Se7 phase in the investigated samples is determined, and the average concen-
tration of In6Se7 nanocrystallites with an average size of about 26.5 nm over the volume
of the layered 𝛼-In2Se3 matrix is calculated. A perspective character of the application of
In2Se3/In6Se7 composite samples for operating in the optical telecommunication wavelength
interval is discussed.
K e yw o r d s: layered In2Se3 crystals, microstructure, nanocrystallite inclusions, composites,
analytical X-ray diffractometry methods.

1. Introduction

The binary inorganic compound of indium and sele-
nium with the formula In2Se3 is a promising semi-
conductor material for the creation of photodetec-
tors [1–3], photodiodes [4–6], and solar elements
[7–9]. Indium selenide (In2Se3) is considered as a
cathode material for lithium and lithium-ion current
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sources [10, 11] and as an effective photocatalyst for
the water decomposition into oxygen and hydrogen
[12, 13]. The reverse change of crystalline structure
under the action of electrical pulses [14] or pressure
[15] makes it possible to predict the application of this
semiconductor for the manufacture of phase-change
memory (PCM). Ferromagnetism detected in nano-
sized In2Se3 objects at room temperature [16,17] tes-
tifies to the feasibility of the application of this com-
pound in spintronics. The prospects of using In2Se3
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as a material for thermocouples were discussed in
works [18, 19].

In2Se3 is believed to be an intrinsically defec-
tive material. The structural imperfection of In2Se3
arises, because only two thirds of its cation sublat-
tice sites are occupied by metal atoms. The intrin-
sic imperfection, possible deviations from stoichiom-
etry, foreign impurities, various violations in the lat-
tice structure regularity, and polytypism – all those
factors bring about a situation when the results of
physical research of the properties of In2Se3 crystals,
films, or nanoscale objects are poorly consistent with
one another and depend on the fabrication technology
and the post-growth processing of the material.

Several structural modifications of In2Se3 are
known [20, 21]. These are 𝛼-, 𝛽-, 𝛾-, 𝛿-, and 𝑘-modifi-
cations, which are different in their crystalline struc-
tures, as well as electric, dielectric, optical, and oth-
ers properties. In work [22], the object of research
was thin In2Se3 films of the 𝑔-polytype; however, the
peculiarities of the crystalline structure of this in-
dium selenide modification are not specified in the
literature. The 𝛼- and 𝛽-In2Se3 polytypes have a lay-
ered structure and are considered as van der Waals
or two-dimensional semiconductor compounds. The
availability of 𝛼-In2Se3 crystals with the hexagonal
(the space group P63mc) and rhombohedral (trigo-
nal) (the space group P3m) structures, which have
different geometries of connections between sepa-
rate layers, dictates the necessity of dividing the
𝛼-modification into the so-called 𝐻 and 𝑅 (or 2𝐻
and 3𝑅) phases [20,23]. The hexagonal 𝛼-polytype of
In2Se3 with the deformed cation and anion sublattices
in every layer (Peierls deformations) are also clas-
sified into a separate orthorhombic 𝛼′-modification
[20,24]. In work [25], 𝛼-In2Se3 crystals with a certain
amount of helical dislocations emerging as a result
of the long-term annealing at temperatures close to
the melting one were proposed to be considered as a
separate polytype, the so-called “vacancy ordered in
screw form” (VOSF) polytype.

Quite often, the obtained In2Se3 samples are mix-
tures of various polytypes (see, for example, works [13,
24, 26]). Furthermore, In2Se3 samples can contain
nanosized inclusions of other compounds, such as Se
[26, 27], InSe [27], In6Se7 [27, 28], and others. The
Se inclusions are mainly observed in In2Se3 crystals,
either atomically doped or intercalated with ions of
various metals [29–31]. Such crystals are identified as

a material possessing the structure of a phase be-
longing to the space group R3mH and the trigonal
system, which may contain additional inclusions of
compounds whose composition includes a doping or
intercalating component. For instance, when doping
In2Se3 with manganese, the formation of not only Se
but also MnIn2Se4 inclusions was observed [29]. Ho-
wever, the study of the structure of such crystals is
mostly limited to the registration of the presence of
inclusions of other phases [29–31].

In work [27], exciton-phonon interaction in nano-
sized InSe inclusions in the 𝛼-In2Se3 layered matrix
was considered. In the presence of nanosized In6Se7
inclusions (the gap width 𝐸𝑔(dir) = (0.64÷0.86) eV
for direct transitions and 𝐸𝑔(indir) = 0.34 eV for in-
direct ones at 𝑇 = 300 K [32]), hexagonal 𝛼-In2Se3
crystals (𝐸𝑔 = (1.3÷1.36) eV at 𝑇 = 300 K [32]) ac-
quire the properties of semiconductor structures with
numerous quantum wells (semiconductor multiple-
quantum-well (MQW) structures) or superlattices
characterized by the current instability and the ap-
pearance of 𝑍- and 𝑁 -shaped current-voltage charac-
teristics [28]. The aim of this research was to charac-
terize nanostructured In6Se7 inclusions, the presence
of which leads to the current instability in layered
𝛼-In2Se3 crystals, making use of several analytical X-
ray diffractometry (XRD) methods.

2. Experimental Technique

In2Se3 crystals were grown by the Bridgman method
from the stoichiometric melt at a temperature gra-
dient of 15 K/cm at the crystallization front and
a growth rate of 1 mm/h. The internal diameter of
quartz ampoules was 15 mm. Crystals obtained in
such a way were characterized by the 𝑛-type of con-
ductivity (𝑛 = (4÷6) × 1017 cm−3 and a mobility of
400 cm2V−1s−1) and a distinctly pronounced layered
structure along the entire ingot length.

For the measurements of current-voltage character-
istics (CVCs), we used samples in the form of plane-
parallel plates, which were fabricated by exfoliating
from a massive ingot. Indium (In) pressure contacts
were used as current collectors. Note that the mea-
surement results practically did not depend on the
method used to create the In metal contacts: pres-
sure, vacuum-sputtered, or alloying contacts.

The CVC measurements were carried out in the dc
mode (the constant electric field was applied in the di-
rection perpendicular to the In2Se3 layers) at temper-
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atures close to room temperature. The samples were
sorted according to the type of their CVCs: linear
or 𝑍- and 𝑁 -shaped (Fig. 1). Then they were pow-
dered to obtain a grain size of less that 75 𝜇m. The
crystal structures of the In2Se3 samples of both types
were studied using the XRD method on a DRON-3
diffractometer in Cu-K𝛼 radiation (𝜆 = 1.5418 Å) in
the Bragg angle interval of 8∘ < 2𝜃 < 60∘. The scan-
ning increment was 0.05∘, with an exposure time of
5 s at every point. The DRON-3 instrumental errors
were taken into account by studying the powders of
single crystalline Si and Al2O3 standards.

3. Experimental Results
and Their Discussion

In Fig. 2, 𝑎, an X-ray diffractogram of the In2Se3
powder obtained from crystalline samples with lin-
ear CVCs (see Fig. 1, curve 1 ) is depicted. A set
of diffraction maxima are observed, whose positions
correspond to the 𝛼-In2Se3 polytype described by
the space group P63/mmc(194) of hexagonal system
(standard JCPDS Card No: 23-294 [33]). The mea-
sured parameters of the unit cells are 𝑎 = 4.025 Å and
𝑐 = 19.235 Å; they agree well with the data given in
the literature [20, 34]. No other peaks were revealed
which could testify to the availability of foreign crys-
talline phases in the material, including the above-
mentioned Se, InSe, and In6Se7 ones, as well as oth-
ers. To put it differently, crystalline samples demon-
strating linear CVCs were single-phase and contained
only the hexagonal 𝛼-In2Se3 phase.

A number of additional broadened reflexes with low
intensities (Fig. 2, 𝑏) observed in the Bragg angle in-
terval 2𝜃 ≈ 8∘÷20∘ in the X-ray pattern for the pow-
der obtained from crystalline samples demonstrating
𝑍- and 𝑁 -shaped CVCs (see Fig. 1, curve 2 ) tes-
tify to the presence of crystalline In6Se7 inclusions
of monoclinic system belonging to the space group
P21 (standard JCPDS Card No: 24-0070 [35]) in the
hexagonal 𝛼-In2Se3 matrix (standard JCPDS Card
No: 23-294 [33]). The crystal lattice parameters for
In6Se7 are 𝑎 = 9.43 Å, 𝑏 = 4.06 Å, 𝑐 = 17.66 Å, and
𝛽 = 109∘, which agree well with their counterparts
given in works [36–38]. In this case, the initial crys-
tals can be considered as a heterogeneous mixture of
two crystalline phases or a two-phase composite.

In the framework of the traditional approach,
the average size 𝐷ℎ𝑘𝑙 of coherent scattering regions

Fig. 1. Typical current-voltage characteristics (CVCs) of
In2Se3 samples with a thickness of 600 𝜇m at the tempera-
ture 𝑇 = 289 K: linear (curve 1 ), 𝑍- and 𝑁 -shaped (curve 2 )

(CSRs) in the crystallographic direction [ℎ𝑘𝑙] – in
the first approximation, this parameter is considered
to be equal to the average size of various nanosized
particles: crystallites, grains, domains, blocks, or na-
noparticles themselves – is usually determined from
XRD spectra using the Scherrer equation [39]

𝐷ℎ𝑘𝑙 =
𝐾𝜆

𝛽(ℎ𝑘𝑙) cos 𝜃(ℎ𝑘𝑙)
, (1)

where 𝐾 is the Scherrer constant (for particles with
the most thermodynamically advantageous rounded
shape, 𝐾 = 0.9 [40]); 𝜆 is the X-ray radiation wave-
length; ℎ, 𝑘, and 𝑙 are the Miller indices; and 𝜃(ℎ𝑘𝑙)
is the diffraction angle (2𝜃(ℎ𝑘𝑙) is the (ℎ𝑘𝑙) reflex po-
sition); whereas the linear broadening 𝛽(ℎ𝑘𝑙) of the
(ℎ𝑘𝑙) diffraction line is given by the expression [41]

(𝛽(ℎ𝑘𝑙))
𝑛 =

[︀(︀
𝐵(ℎ𝑘𝑙)

)︀𝑛 −
(︀
𝑏(instr)

)︀𝑛]︀𝑛
, (2)

where 𝐵(ℎ𝑘𝑙) is the full width at half maximum
(FWHM) of (ℎ𝑘𝑙) profile, and 𝑏(𝑖𝑛𝑠𝑡𝑟)is a correction
for the instrumental broadening of the reflex. De-
pending on the mathematical functions that are cho-
sen to describe the diffraction lines of the sample and
the standard, the power exponent 𝑛 in formula (2) can
vary from 𝑛 = 1, when the reflex profiles for the sam-
ple and the standard are described by the Lorentzian
(Cauchy) functions, to 𝑛 = 2, when the both profiles
are described by the Gaussian functions.

Rather often, the average size of particles of various
types is evaluated using the Scherrer formula applied
to the broadening of a single and, as a rule, most
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Fig. 2. X-ray diffractograms of In2Se3 powders obtained from crystalline samples with (𝑎) linear (see Fig. 1, curve 1 ) and (𝑏)
𝑍- and 𝑁 -shaped (see Fig. 1, curve 2 ) CVCs. Due to a large difference between by the intensities of the (110), (006), and (225)
diffraction maxima for In2Se3 and In6Se7, the maxima of ordinate axes on both diffractograms correspond to about 1

20
of the

intensity of the In2Se3 peak (006)

intensive diffraction maximum (see, e.g., works [42–
44]). However, actually, the particle sizes determined
from different reflexes differ from one another. The-
refore, in order to determine the average size 𝐷aver

of In6Se7 crystallites in the layered 𝛼-In2Se3 matrix
accounting for all identified diffraction maxima whose
intensities were 2.5 to 3 times higher than the noise
level, we used the graphical solution method for the
modified Scherrer equation [45, 46]

ln𝛽(ℎ𝑘𝑙) = ln
𝐾𝜆

𝐷(ℎ𝑘𝑙)
+ ln

1

cos 𝜃(ℎ𝑘𝑙))
. (3)

On the other hand, the Gaussian correction was
used to consider the correction for the diffractome-
ter instrument function and X-ray geometry (the
instrumental correction) when determining the val-

Parameters of In6Se7 nanocrystallites
in the layered 𝛼-In2Se3 matrix determined
using various X-ray diffractometry methods

Method 𝐷aver, nm 𝜀× 10−3

Modified Scherrer 26,53 –
Williamson–Hall 23.13 –3.43
Size-Strain plot 31.54 –4.4
Halder–Wagner 26.47 –3.5

ues of 𝛽(ℎ𝑘𝑙) according to formula (2). The inter-
section of the line 𝑌 = 𝐴𝑋 + 𝐵 that approxi-
mates experimental data in the coordinates ln𝛽(ℎ𝑘𝑙)

versus ln(1/ cos 𝜃(ℎ𝑘𝑙)) with the ordinate axis at
ln(1/ cos 𝜃(ℎ𝑘𝑙)) = 0 gives a value for ln(𝐾𝜆/𝐷aver)
(Fig. 3, 𝑎) and makes it possible to determine the
average size of In6Se7 crystallites (the CSR size),
𝐷𝑎𝑣𝑒𝑟 = 26.53 nm (Table).

The average size values 𝐷aver determined for nano-
particles of various kinds using the Scherrer formula
are considered as evaluative ones. They correspond
to real values, with an accuracy to the approximat-
ing function, if the broadening of diffraction lines in
the X-ray diffractogram is induced by only the CSR
dispersion. Besides the instrumental and size effects,
a contribution to the width of diffraction reflexes can
be made by microstrains induced in the material by
defects of various types: dislocations, stacking faults,
twinning, grain boundaries, subboundaries, point-
defect clusters, and so forth [47].

To separate the contributions from the CSR size
and the elastic deformation to the widths of (ℎ𝑘𝑙)
diffraction peaks, several approaches have been de-
veloped, which include the Warren–Averbach, Enzo,
Balzar, Williamson–Hall, and others methods [48]. In
the framework of the Warren–Averbach, Balzar, and
Enzo methods, the profiles of a set of diffraction max-
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Fig. 3. Modified Scherrer (𝑎), Williamson–Hall (𝑏), SSP (𝑐), and Holder–Wagner (𝑑) de-
pendences plotted to characterize In6Se7 nanocrystallites in the layered 𝛼-In2Se3 matrix.
𝑅2 is the reliability of approximation of experimental data (symbols) by the corresponding
dependence (lines)

ima are considered as a convolution of the profiles of
physical expansion and instrumental broadening. In
turn, the function of the physical sample expansion
is considered as a convolution of functions related to
the CSR sizes and microdeformations. The operation
of deconvolution for resolving the profile components
is carried out using the Fourier transform with the
help of the Voigt function in the Balzar method or
the pseudo-Voigt function in the Enzo method.

If there are no diffraction maxima of different or-
ders of X-ray radiation reflection from the same fam-
ily of planes, or if their forms are not favorable for
their expansion in Fourier series in order to sepa-
rate between the size contribution 𝛽(ℎ𝑘𝑙)Size to the
widths of diffraction lines and the contribution of the
microstrain-induced expansion 𝛽(ℎ𝑘𝑙)Strain (including
the case when the diffraction reflexes are weak and
can equally be approximated by either the Gaus-
sian or the Lorentzian profiles), the Williamson–Hall
method is most often used [39, 46, 49, 50]:

𝛽(ℎ𝑘𝑙) =
𝐾𝜆

𝐷(ℎ𝑘𝑙) cos 𝜃(ℎ𝑘𝑙))
+ 4𝜀 tan 𝜃(ℎ𝑘𝑙), (4)

or

𝛽(ℎ𝑘𝑙) cos 𝜃(ℎ𝑘𝑙) =
𝐾𝜆

𝐷(ℎ𝑘𝑙)
+ 4𝜀 sin 𝜃(ℎ𝑘𝑙), (5)

where 𝜀 is the relative deformation value. The first
term in formula (4) is the Scherrer formula, and the
second one is the well-known Stokes–Wilson equation
[51, 52] used to determine microstrains in crystalline
materials.

The Williamson–Hall dependence for nanosized
In6Se7 crystallites is shown in Fig. 3, 𝑏. For its plot-
ting, we did not use the diffraction maxima (002)
and (1̄02) whise intensities did not exceed 2.5 times
the background level (Fig. 2, 𝑏). The average size of
nanocrystallites, 𝐷aver = 23.13 nm (Table), was cal-
culated by extrapolating the dependence of the inte-
gral width on the scattering vector magnitude to the
zero value of the latter parameter (Fig. 3, 𝑏). The mi-
crodeformation value 𝜀 = −3.4 × 10−3 (Table) was
determined from the slope of this plot.

As one can see from Fig. 3, 𝑏, the Williamson–
Hall dependence for In6Se7 crystallites is character-
ized by a negative slope coefficient, which testifies
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to the availability of compressive strains in them
[50, 53]. According to works [54, 55], compressive mi-
crostrains emerge in the samples in the presence of
such planar defects as stacking faults. The action of
compressive microstrains in In6Se7 crystallites leads
to a certain reduction of the calculated lattice param-
eters (𝑐 and the angle 𝛽) in comparison with those
given in the standard JCPDS Card No: 24-0070 [35],
but they almost completely coincide with their coun-
terparts for the crystals [36] and thin films [37, 38] of
this compound. The origins of the decrease of the pa-
rameter 𝑐 and the angle 𝛽 in the In6Se7 crystal lattice
have not been interpreted in works [36–38].

Attention is also drawn by the fact that the av-
erage size of In6Se7 crystallites determined in the
framework of the Williamson–Hall method is smaller
than the value determined using the modified Scher-
rer method (Table). When determining 𝐷aver in the
framework of the Williamson–Hall method, the ac-
tion of microstrains in In6Se7 nanocrystallites was
considered to be isotropic. A more accurate method
for the determination of 𝐷aver and 𝜀, which involves
the crystalline structure of nano-sized objects of var-
ious kinds, is the so-called Size-Strain plot (SSP)
method [46]. In the framework of this method, it is as-
sumed that the broadening of reflexes is described by
the Lorentzian function if it occurs due to the CSR
size effect, and by the Gaussian function if due to
the microdeformations in the crystal lattice. This as-
sumption allows the following equation to be used in
calculations [56]:(︀
𝑑(ℎ𝑘𝑙)𝛽(ℎ𝑘𝑙) cos 𝜃(ℎ𝑘𝑙)

)︀2
=

=
𝐾𝜆

𝐷(ℎ𝑘𝑙)

(︁
𝑑2(ℎ𝑘𝑙)𝛽(ℎ𝑘𝑙) cos 𝜃(ℎ𝑘𝑙)

)︁
+
(︁𝜀
2

)︁2
, (6)

where 𝑎, 𝑏, 𝑐, and 𝛽 are the unit call parameters, and
𝑑(ℎ𝑘𝑙) are interplanar distances, which can be found
from the following relationship for crystals of mono-
clinic system [57]:

1

𝑑2(ℎ𝑘𝑙)
=

ℎ2

𝑎2 sin𝛽
+

𝑘2

𝑏2
+

𝑙2

𝑐2 sin2 𝛽
− 2ℎ𝑙 cos𝛽

𝑎𝑐 sin2 𝛽
. (7)

The average size of In6Se7 crystallites, 𝐷aver =
= 31.54 nm (Table), was determined from the slope
of the line 𝑌 = 𝐴𝑋+𝐵 that approximates the experi-
mental data in the coordinates (𝑑2(ℎ𝑘𝑙)𝛽(ℎ𝑘𝑙) cos 𝜃(ℎ𝑘𝑙))

versus (𝑑(ℎ𝑘𝑙)𝛽(ℎ𝑘𝑙) cos 𝜃(ℎ𝑘𝑙))
2 (Fig. 3, 𝑐), and the mi-

crostrain value was found from the intersection of this
line with the ordinate axis (at cos 𝜃(ℎ𝑘𝑙) = 0). As one
can see from Fig. 3, 𝑐, the intersection point of de-
pendence (6) with the ordinate axis has the nega-
tive ordinate value, which testifies to the availability
of compressive strains in In6Se7 crystallites. There-
fore, the strain value was determined from the ab-
solute value of the intersection point ordinate and
taking into account the direction of strain action:
𝜀 = −0.5

√︀
|𝐵| = −4.4× 10−3 (Fig. 3, 𝑐 and Table).

Note that the SSP method is also based on the as-
sumption that strains act isotropically in nanopartic-
les of various kinds. However, the application of the
parameters calculated for the In6Se7 crystal lattice,
which underwent changes only in a certain crystallo-
graphic direction owing to the action of compressive
strains [formulas (6) and (7)], brings us to the con-
clusion that the method can automatically account
for the anisotropic action of microstrains in In6Se7
nanocrystallites.

As is evidenced by numerous studies, the profiles of
diffraction maxima in X-ray diffraction patterns ob-
tained for nano-sized particles of various types are
most correctly approximated using the symmetric
Voigt function; the latter is a linear combination of
the Gaussian and Lorentzian functions [49, 58]. If the
experimental profile 𝐵(ℎ𝑘𝑙) and the instrument func-
tion 𝑏(instr) of the (ℎ𝑘𝑙) diffraction maximum are de-
scribed by the Voigt function, then, in the frame-
work of the Halder–Wagner method, the physical re-
flex width 𝛽(ℎ𝑘𝑙) is determined by the formula [59]

𝛽(ℎ𝑘𝑙) =

√︁(︀
𝐵(ℎ𝑘𝑙)

)︀2 −𝐵(ℎ𝑘𝑙)𝑏(instr), (8)

and the values of 𝐷aver and 𝜀 can be calculated from
the relation [58, 59](︃
𝛽*
(ℎ𝑘𝑙)

𝑑*(ℎ𝑘𝑙)

)︃
=

𝐾

𝐷ℎ𝑘𝑙

𝛽*
(ℎ𝑘𝑙)

𝑑*2(ℎ𝑘𝑙)
+
(︁𝜀
2

)︁2
. (9)

where

𝛽*
(ℎ𝑘𝑙) =

𝛽(ℎ𝑘𝑙) cos 𝜃(ℎ𝑘𝑙)

𝜆
, 𝑑*(ℎ𝑘𝑙) =

2 sin 𝜃(ℎ𝑘𝑙)

𝜆
.

The slope of the line 𝑌 = 𝐴𝑋 + 𝐵 that ap-
proximates the experimental data in the coordi-
nates 𝛽*

(ℎ𝑘𝑙)/𝑑
*2
(ℎ𝑘𝑙) versus (𝛽*

(ℎ𝑘𝑙)/𝑑
*
(ℎ𝑘𝑙))

2 is equal to
𝐾𝜆/𝐷aver, and its intersection with the ordinate axis
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at 𝛽*
(ℎ𝑘𝑙)/𝑑

*2
(ℎ𝑘𝑙) = 0 makes it possible to determine

the microstrain 𝜀. As one can see from Fig. 3, 𝑑, the
intersection point of dependence (9) and the ordinate
axis, similarly to the previous case, lies on the nega-
tive side of the axis, which testifies to the availability
of compressive strains in In6Se7 crystallites. The val-
ues 𝐷aver = 26.47 nm and 𝜀 = −3.5 × 10−3, which
were determined using the Holder–Wagner method,
are quoted in Table. Note that, in comparison with
other methods, the Holder–Wagner method provides
the best agreement between the determined and real
𝐷aver values if diffraction reflexes located at small an-
gles 2𝜃 are used for calculations [58], which actually
took place in our case (Fig. 2, b).

As one can see from Table, the maximum average
sizes of In6Se7 crystallites in the layered 𝛼-In2Se3 ma-
trix were obtained using the SSP method. However,
when this method was applied to calculate the aver-
age size of spherical nanoparticles of various kinds,
the dimensionless particle shape factor 𝐾 = 3/4
was used instead of 𝐾 = 0.9 (see, e.g., works [60,
61]). This choice was associated with the fact that,
when using the modified Scherrer method, as well
as the Williamson–Hall and Holder–Wagner methods,
the determined values of 𝐷aver are averaged over the
particle volume. In the SSP method, the transition to
the averaging over the particle volumes takes place via
the averaging over the surface areas of the particles. If
the value 𝐾 = 3/4 is used instead of 𝐾 = 0.9, the av-
erage size of In6Se7 nanocrystallites determined in the
framework of the SSP method equals 26.28 nm rather
than 31.54 nm, so that the obtained value practically
coincides with the 𝐷aver values calculated using the
modified Scherrer and Holder–Wagner methods (the
difference does not exceed 2.5 Å).

The minimum average size of In6Se7 nanocrystal-
lites in the 𝛼-In2Se3 matrix, 𝐷aver = 23.13 nm, was
obtained by applying the Williamson–Hall method
(Table). It should be noted that the determination
of 𝐷aver for In6Se7 crystallites using this method was
performed assuming the reflex profiles in the X-ray
diffractogram to be described by the Lorentzian func-
tion [formulas (2), (4), and (5), and Fig. 3, 𝑏]. With
this assumption, the Williamson–Hall dependence
makes it possible to determine the upper limit of the
𝐷aver values and the lower limit of the 𝜀 values [62]. If
we assume the Gaussian shape of diffraction lines,
the lower limit for 𝐷aver and the upper limit for 𝜀
can be found. In other words, the maximum possible

values were obtained for the average size of In6Se7
nanocrystallites. However, the values of 𝐷aver and 𝜀
were determined in the framework of the Williamson–
Hall method using the so-called Uniform Deformation
Model [60, 61]. In the latter, neither the crystalline
structure nor the elastic properties of In6Se7 are taken
into consideration.

Currently, the absence of data in the literature con-
cerning the elasticity tensor components for In6Se7
does not allow the 𝐷aver and 𝜀 values to be cor-
rected with the help of other models (the Uniform
Stress Deformation Model or the Uniform Deforma-
tion Energy Density Model) applied in the framework
of the Williamson–Hall method. Attention is also at-
tracted by the fact that the approximation reliabil-
ity 𝑅2 of experimental data grows among the set
of dependences selected for the characterization of
In6Se7 nanocrystallites in the following order: the
modified Scherrer dependence – the Williamson–Hall
dependence – the Size-Strain plot dependence – the
Holder–Wagner dependence (Fig. 3). In particular,
the value of the approximation reliability of experi-
mental points is approximately equal to 46.2% for the
modified Scherrer method (Fig. 3, 𝑎) and to almost
100% for the Holder–Wagner one (Fig. 3, 𝑑).

If In6Se7 inclusions compose a dense cluster of
nanocrystallites (a grain) in the layered 𝛼-In2Se3 ma-
trix, the average concentration of dislocations, 𝛿𝑜𝑢𝑡,
is determined by their average size [36],

𝛿out =
1

𝐷2
aver

, (10)

whereas the average concentration of dislocations in
separate crystallites of monoclinic system, 𝛿𝑖𝑛, is pro-
posed to be evaluated using the following formula [63]:

𝛿𝑖𝑛 =
𝛽2
aver

9(b)2
. (11)

where b is the Burgers vector, and 𝛽𝑎𝑣𝑒𝑟 is the aver-
aged physical width of all identified diffraction max-
ima 𝛽(ℎ𝑘𝑙). Taking 𝐷aver ≈ 26.5 nm, we get 𝛿out ≈
≈ 1.42 × 1011 cm−2. When calculating the average
dislocation concentration 𝛿𝑖𝑛 = 2.42 × 109 cm−2 in
In6Se7 nanocrystallites, the 𝛽(ℎ𝑘𝑙) values determined
by formula (8) were averaged over all diffraction peaks
with the intensity 2.5 to 3 times higher than the back-
ground level. As the Burgers vector, the minimum
translation vector was adopted, i.e., the parameter
𝑏 = 4.06 Å for the crystal lattice in monoclinic In6Se7.
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As one can see from Fig. 1, the initial sections
(at voltages 𝑉 < 0.5 V) in the CVCs for 𝛼-In2Se3
crystalline plates of the same thickness but without
(curve 1 ) and with (curve 2 ) In6Se7 phase inclu-
sions coincide. The resistivity values determined from
those CVC sections are identical for the samples of
both types.

The results of experimental studies [64] demon-
strate that the insertion of semiconductor particles
into a wide-band-gap material does not change the re-
sistivity of the latter if the volume fraction of the filler
𝑥𝑉 < 0.15. At 𝑥𝑉 ≥ 0.15, a transition begins from the
properties of host matrix to the properties of semi-
conductor filler, which is accompanied changes in the
wide-band-gap matrix resistivity. According to the
percolation theory [65], if 𝑥𝑉 ≥ 0.15, the formation
of a primary chain (a continuous cluster) connect-
ing metal electrodes on the opposite surfaces of the
sample, which is the disordered macrosystem “wide-
band-gap matrix – semiconductor particles (filler)”,
becomes probable.

The aforesaid makes it possible to assert that the
volume fraction of the phase consisting of the nar-
rower-band-gap component In6Se7 does not exceed
15% in the In2Se3/In6Se7 samples demonstrating the
current instability with the 𝑍- and 𝑁 -shaped CVCs
(Fig. 1, curve 2 ). In order to accurately determine the
ratio between the In2Se3 and In6Se7 phases in the
examined composite samples, the X-ray diffraction-
absorption method for quantitative analysis was ap-
plied [66]. In the framework of this method, the con-
centration of phase 1 in a two-component mixture is
calculated via the Klug equation

𝑥𝑀(1) =

(︃
𝐼(ℎ𝑘𝑙)(1)

𝐼0(ℎ𝑘𝑙)(1)

)︃(︂
𝜇

𝜌

)︂
(1)

×

×

{︃(︂
𝜇

𝜌

)︂
(1)

−

(︃
𝐼(ℎ𝑘𝑙)(1)

𝐼0(ℎ𝑘𝑙)(1)

)︃[︃(︂
𝜇

𝜌

)︂
(1)

−
(︂
𝜇

𝜌

)︂
(2)

]︃}︃−1

, (12)

where 𝑥𝑀(1) is the mass fraction of phase 1 in the
mixture; 𝐼(ℎ𝑘𝑙)(1) and 𝐼0(ℎ𝑘𝑙)(1) are the intensities of the
(ℎ𝑘𝑙) diffraction maximum selected for calculation for
phase 1 in the mixture and in the pure substance, re-
spectively; and (𝜇/𝜌)(1) and (𝜇/𝜌)(2) are the mass ab-
sorption coefficients for phases 1 and 2, respectively,
at the experimental????? wavelength.

The results of calculations using formula (12)
for the In2Se3 Bragg reflections (110), (006), and

(225) in X-ray diffraction patterns of In2Se3 and
In2Se3/In6Se7 (Fig. 2) testify that the mass fraction
of In2Se3 in the composite equals 0.9902.Accordingly,
the mass fraction of In6Se7 in the mixture equals
0.0098, i.e., about 1 wt%. In the calculations, the
mass absorption coefficients of In2Se3 (158.85 cm2/g)
and In6Se7 (168.72 cm2/g) for energies correspond-
ing to Cu-K𝛼 radiation were determined according
to the method of work [67], i.e., as weighted average
values of individual mass absorption coefficients for
the In and Se elements. The mass absorption coeffi-
cients of individual elements in a wide energy interval
can be found in the literature (see, e.g., work [68]). By
definition, the volume concentration of either of the
phases in a two-component mixture (in our case, this
is 𝑥𝑉 (𝐼𝑛6𝑆𝑒7)) is equal to the ratio between the vol-
ume of this phase, 𝑉(𝐼𝑛6𝑆𝑒7), and the volume of the
composite in whole,

𝑥𝑉 (In6Se7) = 𝑉(In6Se7)/
(︀
𝑉(In6Se7) + 𝑉(In2Se3)

)︀
, (13)

or, in terms of masses and densities,

𝑥𝑉 (In6Se7) = 𝑚(In6Se7)/𝜌(In6Se7) ×

×
{︀
𝑚(In6Se7)/𝜌(In6Se7) +𝑚(In2Se3)/𝜌(In2Se3)

}︀−1
. (14)

Taking a density value of 5.80 g/cm3 for In2Se3 and
5.86 g/cm3 for In6Se7 [32], we obtain that the vol-
ume fraction of In6Se7 in the studied In2Se3/In6Se7
samples was 𝑥𝑉 (In6Se7) = 0.00969, which corre-
sponds to the average concentration 𝑛In6Se7 ≈ 3.12×
× 1015 cm−3 of In6Se7 nanocrystallites with the aver-
age size 𝐷aver ≈ 26.5 nm over the layered 𝛼-In2Se3
matrix (more accurately, over the volume of the
In2Se3/In6Se7 composite).

The phenomenological XRD methods applied to
characterize In6Se7 nanocrystallites do not directly
answer the question “Which are In6Se7 inclusions in
In2Se3 crystals: separate crystallites or their clusters
(grains)?” According to the results of work [69], the
current instability in superlattices (including disor-
dered ones) or semiconductor MQW structures with
𝑍- and 𝑁 -shaped CVCs is associated with resonance
tunneling of charge carriers between neighbor poten-
tial wells, as well as between metal electrodes and
nearest potential wells. Such a current transfer mech-
anism imposes restrictions not on the sizes of the
narrow-band-gap phase inclusions (in our case, these
are In6Se7 inclusions) but on the thickness of the
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interlayers of the wide-band-gap phase (In2Se3) be-
tween neighbor inclusions, which have to be “tunnel-
transparent”.

On the other hand, according to the results of
work [70], CVCs of this type in semiconductor MQW
structures result from electron field emission and res-
onance electron tunneling from quantum dots onto
levels in the wide-band-gap matrix, which becomes
possible because of the energy quantization of charge
carriers in the quantum dots. In this case, the sizes of
nano-objects are subjected to restrictions because the
energy quantization of charge carriers in the quantum
dots occurs owing to the electric field penetration into
them, which is directly related to the smallness of the
particle rounding radius [70].

The implementation of such current transfer mech-
anisms in In2Se3/In6Se7 samples assumes the avail-
ability of In6Se7 inclusions in the In2Se3 matrix in
the form of separate nanocrystallites (they provoke
the current instability with 𝑍- and 𝑁 -shaped CVCs
in weak fields). On the other hand, they do not ex-
clude the simultaneous presence of inclusions of larger
sizes, which are clusters of In6Se7 crystallites (they do
not provoke the current instability in weak fields).

Finally, note that if 𝛼-In2Se3 crystaline samples
with In2Se3 inclusions are illuminated with full-
spectrum light, they demonstrate negative integral
photosensitivity in the direction perpendicular to the
layers, and positive one in the direction along the lay-
ers (the results of the study of photoconductivity in
In2Se3/In6Se7 samples are being prepared for publi-
cation). The maximum of the band that is responsible
for both negative and positive integral photoconduc-
tivity corresponds to the energy ℎ𝜈 ≈ (0.8÷0.81) eV
and its intensity esceeds the intensity of the band
associated with interband transitions in In2Se3 by
more than an order of magnitude. Furthermore, the
photocurrent rise time after the light is switched on
and the time of photocurrent relaxation to equilib-
rium dark values after the light is switched off are at
least at 2 to 3 orders of magnitude shorter than the
corresponding values for some polycrystalline films
(see, e.g., works [71,72]) or nanocomposites (see, e.g.,
works [73, 74]), which are considered as photoelec-
tronic materials.

All the aforesaid testifies that In2Se3/In6Se7 sam-
ples are promising objects for operating in the spec-
tral interval 𝜆 = (1.3÷1.6) 𝜇m for optical communica-
tion applications [75]. This is the more so because the

maximum position of the band that governs the inte-
gral photosensitivity (both negative and positive) of
such samples coincides with one of three transparency
windows (Telecom windows) of the standard optical
fiber (the Single-mode optical fiber (SMF)). In com-
parison with others transparency windows, this one is
characterized by the lowest signal attenuation (about
0.22 dB/km) and, as a result, is used for communica-
tion over long distances [76].

4. Conclusions

The results of the performed research allow the fol-
lowing conclusions to be drawn.

∙ Layered In2Se3 crystals grown by the Bridgman
method from the stoichiometric melt of their compo-
nents are found to be heterogeneous. Namely, some
samples obtained from the same ingot contained only
the hexagonal 𝛼-In2Se3 phase, whereas inclusions of
the crystalline In6Se7 phase were revealed in the
others.

∙ Single-phase 𝛼-In2Se3 samples in the form of
plane-parallel plates demonstrated linear current-vol-
tage characteristics. At the same time, In2Se3 sam-
ples with In6Se7 inclusions demonstrated 𝑍- and 𝑁 -
shaped CVCs.

∙ Several phenomenological X-ray diffractometry
methods, which were involved to characterize the mi-
crostructure of In6Se7 inclusions in the layered 𝛼-
In2Se3 matrix, testify to the availability of compres-
sive strains in In6Se7 crystallites.

∙ The availability of compressive microstrains in
In6Se7 crystallites gave rise to the practical coinci-
dence of their average size values, 𝐷aver ≈ 26.5 nm,
determined from the broadening of diffraction max-
ima by means of the modified Scherrer method, the
Size-Strain Plot method, and the Holder–Wagner
method, with the difference not exceeding 1%. A mis-
match of about 12% between the indicated 𝐷aver

value and the value determined using the Williamson-
Hall method is associated with the specific features
of the uniform deformation model applied to analyze
the In6Se7 diffraction lines, which neglects the crys-
talline structure and the elastic properties of crystal-
lites. The absence of the data in the literature con-
cerning the strain tensor components for In6Se7 does
not permit the correction of the 𝐷aver values using
other models to be done in the framework of the
Williamson–Hall method.
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∙ The average concentration of dislocations was cal-
culated in the case where In6Se7 nanocrystallites form
a dense cluster in the layered 𝛼-In2Se3 matrix. The
average concentration of dislocations in separate crys-
tallites was also calculated.

∙ In the framework of the diffraction-adsorption
method and using the Klug equation, the average
mass and volume fractions of the In6Se7 phase in the
researched 𝛼-In2Se3 samples were determined. The
average concentration of In6Se7 nanocrystallites with
the average size 𝐷aver ≈ 26.5 nm in the layered 𝛼-
In2Se3 matrix was calculated.

∙ As an announcement of further research, the
prospectivity of applying 𝛼-In2Se3 crystals with
nanostructured In6Se7 inclusions for operating in the
optical telecommunication interval was pointed out.
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ХАРАКТЕРИСТИКА НАНОСТРУКТУРОВАНИХ
ВКЛЮЧЕНЬ In6Se7 В ШАРУВАТИХ КРИСТАЛАХ
𝛼-In2Se3 АНАЛIТИЧНИМИ МЕТОДАМИ
РЕНТГЕНIВСЬКОЇ ДИФРАКТОМЕТРIЇ

Методом Брiджмена iз стехiометричного розплаву компо-
нентiв вирощено шаруватi кристали In2Se3, якi, по даним
рентгеноструктурного аналiзу, є неоднорiдними: частина
зразкiв, отриманих iз одного i того ж зливку, мiстять у собi
лише фазу гексагонального 𝛼-In2Se3, а в iншiй частинi ви-
явлено включення кристалiчної фази In6Se7. Вкраплення
бiльш вузькозонного напiвпровiдника в матрицю 𝛼-In2Se3
спричиняють струмову нестабiльнiсть iз 𝑍- i 𝑁 -подiбними
вольт-амперними характеристиками, в той час як одно-
фазнi зразки характеризуються лiнiйними залежностями
струму вiд прикладеної напруги. Низка аналiтичних мето-
дiв рентгенiвської дифрактометрiї, залучених для встанов-
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лення структури включень In6Se7, засвiдчує в них дiю сти-
скувальних напружень, через яку середнi значення розмiру
кристалiтiв In6Se7, визначенi за допомогою модифiкованого
методу Шеррера, графiчного розмiрно-деформацiйного ме-
тоду i методу Холдера–Вагнера з точнiстю, кращою нiж 1%,
спiвпадають i становлять 26,5 нм. Обговорюються причини
неспiвпадiння середнього розмiру нанокристалiтiв In6Se7,
визначеного за методом Вiльямсона–Холла (23,13 нм), iз
вищезазначеними розмiрами. За допомогою дифракцiйно-
адсорбцiйного методу знайдено середню масову частку фа-

зи In6Se7 в дослiджуваних зразках 𝛼-In2Se3 i, вiдповiдно,
розраховано середню концентрацiю нанокристалiтiв In6Se7
iз середнiм розмiром 26,5 нм у шаруватiй 𝛼-In2Se3. Вбача-
ється перспективнiсть використання композитних зразкiв
In2Se3/In6Se7 для роботи в оптичному телекомунiкацiйно-
му дiапазонi довжин хвиль.

Ключ о в i с л о в а: шаруватi кристали In2Se3, мiкростру-
ктура, включення нанокристалiтiв, композити, аналiтичнi
методи рентгенiвської дифрактометрiї.
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