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Abstract—AgInSe2 nanopowders with a chalcopyrite structure and an average particle size of ~75 nm were
synthesized from solutions by the polyol method of chemical synthesis. Spark plasma sintering was used to
obtain bulk polycrystalline nanomaterials with an average grain size of ~110 nm. Electrons are the main cur-
rent carriers in bulk materials. In the range 300–700 K, the features of the temperature dependences of the
electrical resistivity, Seebeck coefficient, and total thermal conductivity of the nanomaterials are determined.
It was found that the maximum thermoelectric figure of merit, equal to 0.1, is achieved at a temperature
of 700 K.
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INTRODUCTION
Global warming, caused mainly by the burning of

fossil fuels, is one of the most important and urgent
problems of our time [1]. Most of the currently used
energy conversion methods are not highly efficient,
they all have large amounts of heat loss. Therefore, it
is imperative to find reliable ways to recover waste heat
without interruption. Thermoelectric generation is a
simple and environmentally friendly solution for the
direct conversion of thermal energy into electrical
energy [2–5]. In addition to solving the environmental
problem, the use of thermoelectric power generation
allows the power supply of low-power devices and sen-
sors in places that are difficult to access for laying a
centralized network power supply [6, 7]. Also, ther-
moelectric devices can be widely used for local cooling
(or heating) by creating electric solid-state heat
pumps. Thermoelectric devices have no moving parts
in their design, which makes them more reliable than
other options, do not emit greenhouse gases (freon,
CO2) and can be subject to miniaturization [8].

Thermoelectric efficiency of materials is deter-
mined by the thermoelectric figure of merit ZT, which
can be expressed as ZT = S2T/kρ, where T is the abso-
lute temperature, S is the Seebeck coefficient, ρ is the
electrical resistivity, and k is the total thermal conduc-
tivity, including lattice and electronic contributions.
To achieve high values of ZT thermoelectric materials
must simultaneously have low thermal conductivity
and electrical resistivity and a high Seebeck coeffi-
cient. These thermoelectric properties are closely
related to each other, and usually the improvement of

some properties negatively affects others, which sig-
nificantly limits their simultaneous optimization [9–
14]. In addition to improving the properties of tradi-
tional thermoelectric materials (compounds based on
Bi2Te3, SiGe and PbTe [15–17]), research is currently
underway to develop new compounds with a complex
structure (skutterudites, clathrates, semi-heislers, etc.),
which can be promising for TE applications [15–26].

Complex chalcogenides with a chalcopyrite struc-
ture (sp.gr. I 2d (no. 122)) have low lattice thermal
conductivity [21], which contributes to the achieve-
ment of high thermoelectric efficiency. To control the
electrical properties of chalcogenides, doping in the
cation sublattice is used [23–25]. To obtain materials
based on complex chalcogenides, the method of solid-
state synthesis from pure elements is often used [23–25],
which, firstly, requires the use of expensive organic
solvents and auxiliary substances, which are environ-
mentally unsafe and require special disposal measures
when introduced into production. [26–29], and, sec-
ondly, makes it difficult to obtain nanostructured
materials (it is known that nanostructuring is one of
the most effective ways to increase the thermoelectric
figure of merit of materials [30]).

The aim of this study is to develop a simple, effi-
cient, and scalable method for the preparation of
nanoparticles of complex chalcogenides using the
example of the AgInSe2 designed to obtain bulk ther-
moelectric materials.
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Fig. 1. Powder X-ray diffraction patterns of AgInSe2
obtained in an ethylene glycol medium at 180°С (a) and in
a glycerol medium at 250°С (b).
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EXPERIMENTAL
To obtain the initial AgInSe2 powder we used a

polyol method of chemical synthesis from solutions.
This method is based on the use of metal salts dis-
solved in polyhydric alcohols, which are polyols
(ethylene glycol, glycerin, diethylene glycol, polyeth-
ylene glycol). Analytically pure chemicals (AgNO3,
In(NO3)3∙5H2O, SeO2, ethylene glycol (ethane-1,2-
diol)) and glycerin (propanetriol-1,2,3). Initial sub-
stances taken in a stoichiometric ratio per 10 g of
AgInSe2, was dissolved in 300 mL of ethylene glycerol
or glycerin in a round-bottom flask with moderate
heating (80°C) and constant stirring. After complete
dissolution of the precursors, the reaction mixture was
heated to 180°C (for ethylene glycol) or to 250°C (for
glycerol). When the specified temperature of the reac-
tion medium was reached, a ref lux condenser was
installed to condense the rising vapors. The reaction
system was kept at a given temperature for 3 h. After
cooling the reaction medium to room temperature,
the resulting powder was separated by vacuum filtra-
tion, followed by washing the resulting powder with
hot ethyl alcohol to remove reaction by-products. The
powder was dried in an inert atmosphere at 150°С for
8 h. To obtain bulk materials from synthesized pow-
ders, the method of spark plasma sintering (SPS) was
used using the SPS-25 system at a temperature of
700°C, a pressure of 40 MPa, and a sintering time of
30 min.

Electron microscopic studies of the initial powders
were carried out with a JEM-2010 (JEOL) transmis-
sion electron microscope (TEM). The density of bulk
samples was measured by the Archimedes method.
For XRD analysis of initial powders and bulk samples,
a Rigaku Ultima IV X-ray powder diffractometer was
used (CuKα radiation, Ni-filter). The phases were
identified using the PDF powder X-ray standards
database (JCPDS ICDD). The crystal lattice was
indexed by the methods of graphical analysis, and the
lattice parameters were calculated using the PDXL
software (RIGAKU). A Nova NanoSEM 450 (FEI)
scanning electron microscope (SEM) was used to
study the features of the grain structure of bulk sam-
ples. The electrical resistivity and Seebeck coefficient
of bulk samples were measured using the ZEM-3 sys-
tem, and the total thermal conductivity was measured
using the TC-1200 system.

RESULTS AND DISCUSSION
At the first stage of the study, the effect of the type

of solvent (and at the same time a reducing agent),
ethylene glycol or glycerin, on the phase composition,
crystal structure, and particle shape of the initial
AgInSe2 powder designed to obtain bulk material was
studied.

According to the XRD data (Fig. 1a) during the
synthesis of AgInSe2 in an ethylene glycol medium,
NANOB
the obtained powder materials have orthorhombic
crystal lattice AgInSe2 (sp. gr. Pna21 (no. 33), which is
isostructural to the well-known AgInS2 phase
(JCPDS-00-025-1328). Thus, when using ethylene
glycol, a phase with the desired chalcopyrite structure
is not formed. It was shown in [27] that the type of
crystal structure of AgInSe2 formed during chemical
synthesis depends on the synthesis temperature of the
initial powder. To raise the synthesis temperature,
instead of ethylene glycol, another solvent with a
higher boiling point is needed. Therefore, in the sub-
sequent synthesis, glycerol was used as a solvent,
which made it possible to increase the synthesis tem-
perature to 250°C without additional auxiliary chemi-
cals and complex, expensive equipment (autoclaves,
high-pressure reactors, etc.). It was found by XRD
that synthesis under these conditions makes it possible
to obtain single-phase AgInSe2 powders (pr. gr. I 2d
(no. 122)) with a chalcopyrite structure (JCPDS-03-
065-6377) with unit cell parameters a = b = 6.095 and
c = 11.638 Å (Fig. 1b).
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Fig. 2. TEM images of AgInSe2 obtained in an ethylene
glycol medium at 180°С (a) and in a glycerol medium at
250°С (b).
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Fig. 3. Powder X-ray diffraction pattern of a bulk AgInSe2
sample with the structure of chalcopyrite obtained by SPS.
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The results of studying the powders synthesized in
both ethylene glycol and glycerol media by transmis-
sion electron microscopy are shown in Fig. 2. It can be
seen that in both cases the powder is represented by
irregular nanoparticles. It is also seen that an increase
in temperature from 180 to 250°C leads to an increase
in the average particle size from 50 to 75 nm. Analysis
of the synthesized powders by energy dispersive X-ray
spectroscopy showed that in both cases the elemental
composition corresponds to the specified one
(ω (Ag) = 24.97, ω (In) = 25.12, ω (Se) = 49.91 at %).

To obtain bulk samples, the synthesized AgInSe2
powder with a chalcopyrite structure was compacted
by SPS. The density of bulk samples is 5.3 g/cm3,
which is ~91% of the theoretical density (5.82 g/cm3

according to [31]).
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Figure 3 shows the diffractogram of the obtained
volumetric sample. It can be seen that during sintering
the crystal structure of chalcopyrite with the unit cell
parameters corresponding to the initial powder is
retained. It was also found that, during sintering, there
is an insignificant change in the elemental composi-
tion in comparison with the initial powder (the con-
tent of Ag, In, and Se in the bulk material is 25.19,
24.86, and 49.95 at % respectively).

Figure 4 shows SEM images of the cleavage surface
of a bulk sample. The sample is characterized by a dis-
ordered grain structure with irregular grains. To esti-
mate average grain size D a histogram of grain size dis-
tribution was plotted (Fig. 4). For its construction, the
sizes of 100 grains were used. It was found that the his-
togram can be satisfactorily described in terms of a
lognormal unimodal distribution. The probability
density of a lognormal distribution is expressed as

(1)

where σ is the standard deviation of the grain size from
the average size (the width of the grain size distribu-
tion).

The value of D was ~110 nm and the standard devi-
ation was ±41 nm. Thus, the average grain size in the
bulk material is about 50% larger than the average par-
ticle size in the original powder. Nevertheless, we can
assume that the value of D corresponds to a nanoma-
terial (material with a nano-grained structure).

Figure 5 shows the temperature dependences of the
electrical resistivity (a) and the Seebeck coefficient (b)
of a bulk sample. It can be seen that with an increase
in temperature in the range 300–700 K, a decrease in
the specific electrical resistance by more than
120 times is observed, from 0.12 (300 K) to 9.8 ×
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Fig. 4. SEM image of the cleavage surface of a bulk

AgInSe2 sample with a chalcopyrite structure obtained by

SPS. The inset shows a histogram of grain size distribution
(the solid curve corresponds to the lognormal unimodal

distribution).
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Fig. 5. Temperature dependences of electrical resistivity (a)
and Seebeck coefficient (b).
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10–4 Ω m (700 K). This behavior is typical for nonde-
generate semiconductors and is caused by an increase
in the concentration of current carriers with increasing
temperature. In the same interval, the Seebeck coeffi-
cient monotonically increases with an increase in tem-

perature from –57 (300 K) to –225 μV K–1 (700 K).
Since the Seebeck coefficient has a negative value over
the entire temperature range, it can be argued that the
material under study is a semiconductor of n-type.
The appearance of electrons as the main current carri-
ers in AgInSe2 associated with the formation of vacan-

cies in Se at high temperatures, which, in turn, is due
to the evaporation of selenium. For non-degenerate
semiconductors with n-type conductivity of the See-
beck coefficient is determined by expression

(2)

where kB is the Boltzmann constant, e is the electron

charge,  is Planck’s constant, m* is the effective mass

of the density of state for the conduction band, and n is
the concentration of electrons.

In accordance with expression (2), the Seebeck
coefficient should increase with increasing tempera-
ture, which was observed in the experiment (Fig. 5b).
Note that in this case, the Seebeck coefficient is a neg-
ative value, and its increase refers to the absolute
value. Minor dependency deviation S(T) on from the
linear one can be associated with the temperature
dependence of the electron concentration.

The temperature dependence of the total thermal
conductivity of the sample is shown in Fig. 6. In the
entire investigated temperature range, the value of

k decreases from 0.55 (300 K) to 0.32 W m–1 TO–1

(700 K). Taking into account the fact that, simultane-
ously with a decrease in the value of the specific ther-
mal conductivity, a significant decrease in the specific
electrical resistance occurs, it can be assumed that it is
the lattice thermal conductivity that makes the main
contribution to the total thermal conductivity. It is
known that above the Debye temperature, the lattice

thermal conductivity changes as T –1. It is seen that
experimental dependence k(T) in Fig. 6 qualitatively
corresponds to this dependence. According to the
Dulong–Petit law, above the Debye temperature, the
lattice heat capacity does not depend on temperature,
and the phonon energy increases linearly with increas-
ing temperature. Since the probability of phonon scat-
tering is proportional to their number, the lattice ther-
mal conductivity decreases with increasing tempera-

ture as T–1.

Temperature dependence ZT for a bulk sample of
AgInSe2 with a chalcopyrite structure is shown in

Fig. 7. This dependence can be divided into two sec-
tions. In the first section (in the range of 300–500 K),
the thermoelectric figure of merit is very low (due to
the high electrical resistance) and practically does not
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Fig. 6. Temperature dependence of the specific thermal
conductivity of a bulk AgInSe2 sample with a chalcopyrite
structure obtained by SPS.
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Fig. 7. Temperature dependence of the thermoelectric fig-
ure of merit of a bulk AgInSe2 sample with a chalcopyrite
structure obtained by SPS.
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depend on temperature. In the second section (above

~500 K), a sharp increase in the thermoelectric figure

of merit is observed (from 0.002 at 500 K to 0.1 at

700 K). This growth is mainly associated with a signif-

icant decrease in electrical resistance in a given tem-

perature range. Despite the relatively low values of the

thermoelectric figure of merit, the nanomaterial

obtained in this study can be considered as a poten-

tially effective medium-temperature thermoelectric.

Since AgInSe2 with a chalcopyrite structure has a rel-

atively low thermal conductivity, in order to improve

the thermoelectric efficiency, it is advisable in the

future to optimize the electrical transport properties,

first of all, by alloying with various metals. Note that

the proposed synthesis method allows doping of the

resulting thermoelectric nanomaterial with various
NANOBIOTECHNOLOGY REPORTS  Vol. 16  No. 3 
elements at the stage of synthesis, both into the cat-
ionic sublattice (Bi, Zn, Cd, Pb, etc.) and into the
selenium sublattice (Te, S). Also, this synthesis
method can be adapted to obtain nanopowders of
complex chalcogenides with a chalcopyrite structure
of various compositions (CuInTe2, CuSbSe4, etc.).

CONCLUSIONS

A simple, efficient, and scalable method for the
preparation of AgInSe2 nanoparticles is proposed with

a chalcopyrite structure and an average nanoparticle
size of ~75 nm. A bulk polycrystalline material with an
average grain size of ~110 nm was obtained from the
synthesized powder by SPS. The maximum value of
the thermoelectric figure of merit of the bulk material
(ZT ≈ 0.1) is achieved at a temperature of ~700 K.
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