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Thermoelectric materials on basis of n- and p-type SiGe have been synthesized using mechanochemical synthesis
and induction melting. Bulk samples were prepared from the powders of the synthesized materials by hot pressing
and nanostructured samples by spark plasma sintering. Mechanical, thermal and electrophysical properties of the
materials were studied, and thermoelectric figure of merit was determined. Properties of materials obtained by
hot pressing and spark plasma sintering were compared. It has been established that the thermal conductivity
of nanostructured materials decreases by up to 25% due to phonon heat transport. This allowed increasing the
maximum value of the thermoelectric figure of merit in the temperature range of 1070—1170K for nanostructured
materials based on SiGe of both types of conductivity — for n-type up to 1.24 4 0.13 and p-type up to 1.22 £+ 0.12.
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1. Introduction

Recently, there has been a significant increase in interest
in thermoelectric devices [1-4]. This is due, among other
things, to the fact that one of the important modern scientific
directions is the creation of alternative energy sources and
energy-efficient technologies. In this regard, thermoelectric
generators (TEG) are of great interest and are actively
being developed [1,5,6]. Deep space exploration is an
extremely important area of application of TEG. In this
case, radioisotope TEG (RITEG) are used, in which the
heat generated by the decay of radioactive materials is
converted into electrical energy. A promising area of use
of autonomous electric energy sources based on RITEG is
their application in the development of remote areas of the
Far North and the Far East, including the Northern Sea
Route, isolated from centralized power supply systems.

However, the relatively low efficiency of the TEG leads to
the fact that such devices are used mainly where autonomy,
reliability and high operating life of the device are more
important. The efficiency of thermoelectric generators is
determined by the efficiency 7:

_ Thot — Teold ) \/m_ 1 (1)
Thot \/m + Tcold/ Thot

where Thet is the temperature of the hot junction of the
thermoelement (TE); T is temperature of the TE cold
junction; T = (Thot + Teold)/2; Z is thermoelectric figure of
merit of the semiconductor materials used.
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Thermoelectric figure of merit determines the efficiency
of semiconductor thermoelectric materials used to manufac-
ture legs of n- and p-types of thermoelements:

Z = szo'/ K, (2)
where s is Seebeck coefficient, o is electrical conductivity,
K is thermal conductivity of the material.

Thus, to increase the efficiency of the TEG, it is necessary
to increase the Z of the thermoelectric materials used and
the temperature difference (AT) between the TE hot and
cold junctions and, accordingly, increase the TE operating
temperature range.

Currently, thermoelectric materials have been developed
that cover the entire temperature range from 200 to 1200 K,
which is of interest for thermoelectric energy conversion.
However, for all thermoelectric materials Z has a significant
temperature dependence with a fairly sharp maximum at
certain temperatures.

The thermoelectric materials currently used for practical
purposes have a maximum value of ZT ~ 1. At the same
time, in order to significantly increase the efficiency of TEG,
it is necessary to significantly increase the thermoelectric
figure of merit of materials.

The best high-temperature thermoelectric materials cur-
rently in use in the range of 900—1200K are solid
solutions based on SiGe of n- and p-types of conductivity,
usually produced by classical methods, for example, hot
pressing [7-9]. The thermoelectric figure of merit of
high-temperature materials is lower than that of medium-
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temperature materials. However, the ability to obtain signifi-
cant temperature differences between hot and cold junctions
of thermoelements, as well as the presence of sufficiently
compact heat sources in the form of nuclear reactors, make
the high-temperature range quite attractive. At the same
time, advances in nanotechnology open up new opportu-
nities in the search for promising thermoelectric materials
and structures based on them. One of the currently actively
developing areas for improving the thermoelectric figure
of merit of materials is the development of nanostructured
materials, including those based on SiGe [7-12]. However,
the technology of nanostructured thermoelectric materials is
still far from being widely used in practice.

In connection with the above, the purpose of this
paper was to obtain, study and compare the properties of
Sig §Gegp.» (1.8 wt.% P) n-type and SipgGeg ., (0.8 wt.% B)
of p-type produced by the classical method and nanostruc-
turing.

2. Experimental part

Synthesis of solid solutions of SipsGep, (1.8 wt.% P)
n-type and SipgGepr (0.8wt% B) p-type was carried
out by induction melting (IM) in an Indutherm VTC
200V vacuum casting machine. The starting materials Si
(99.999 wt.%) and Ge (99.999 wt.%), as well as dopants in
a stoichiometric composition, were loaded into a ceramic
crucible with a graphite inner coating. The crucible was
then heated to a temperature of 1700K in an Ar atmo-
sphere. The molten material was kept at this temperature
for 10 min.

In addition, thermoelectric materials based on SiGe, along
with the induction melting method, were obtained using
mechanical alloying (MA). This method is based on the
principle of mechanical activation of a chemical reaction
between the initial components. The initial Si and Ge
components were ground to a size of no more than 2 mm.
After that, additional grinding of these materials was carried
out in a planetary ball mill (PBM) ,,Activator 2S“ to particle
sizes not exceeding 100nm. The initial components were
loaded and unloaded in an inert atmosphere. For mechanical
alloying, the obtained Si and Ge powders were poured into
the grinding jars of a planetary ball mill ,,Retsch 400 PM*
in the required stoichiometric ratio, with the addition of
dopants. The mechanical alloying was carried out cyclically
to avoid overheating of the jars. Each cycle included rotating
the jars for 30 min at a planetary disk speed of 400 rpm and
stopping for 10 min. A total of 44 cycles were used, the total
process time was 29 h.

The production of thermoelectric materials by hot press-
ing (HP) was carried out as follows. Ingots of solid
solutions were ground to a particle size of 0.25—0.50 mm.
The resulting powder was hot pressed using an IP-2500M
hydraulic press at a temperature of 1370 K and a pressure
of 120 MPa for 5 min.
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The technology for obtaining nanostructured thermoelec-
tric materials was as follows. The materials synthesized
by induction melting were ground to a particle size
not exceeding 500 um. Next, the resulting powder was
additionally ground in a Retsch PM400 MA high-energy
planetary ball mill. The rotation speed of the planetary
disk was 400 rpm, the grinding time was 50 min. Next, the
obtained nanodisperse powders were compacted by spark
plasma sintering (SPS) using SPS 511S system with an
electric current of the order of 1200 A in a pulsed mode
with a pulse duration of up to 12ms and intervals of 2 ms.
The sintering time was 10min, temperature was 1373 K
and pressure was 50 MPa.

In addition, bulk nanostructured materials were obtained
from nanodisperse SiGe powders obtained as a result of
mechanical alloying. Spark plasma sintering of powders
was carried out under the conditions indicated above. The
designation of the samples SipsGeo o, taking into account
the methods of their preparation, is presented in Table 1.

The phase analysis of the studied materials was per-
formed by X-ray diffraction using a Bruker B8 diffractome-
ter equipped with a position-sensitive LYNXEYE detector.
Monochromatized Cu Ka-radiation (4 =0.154nm) was
used. The sizes of crystallites [13] were determined by the
broadening of diffraction maxima. The compositions of the
solid solutions were determined by the parameters of the
crystal lattice. A detailed study of the structure of powders
and bulk materials was carried out using an JEM-2100
transmission electron microscope at an accelerating voltage
of 200kV.

The density of the materials was measured by hydrostatic
weighing based on Archimedes’ law. The average density
value was determined from 3 measurements with an error
of no more than 0.01 g/cm?.

To determine the mechanical properties of the materials,
their Vickers microhardness was measured using a PMT-3M
microhardness tester based on the recovered indenter print.
A diamond pyramid with an angle at the top 136° was used
as an indenter. The Vickers hardness value was calculated
using the formula:

P
HV = 1.8544 - ., (3)

where P is the normal load applied to the indenter; d is the
diagonal of the indenter imprint in the material. The average
value of the print diagonals was calculated based on the
results of at least 4 indentation experiments. The statistical
error of measuring microhardness did not exceed 4 %.

The results of measuring the Hall constant on HMS-5000
(Ecopia) system at 300K in a magnetic field of 0.55T, at a
current of 10 mA were used to determine the concentration
and mobility of charge carriers. Samples with dimensions
7x7x2mm?> were prepared for the studies. The concentra-
tion of the main charge carriers (n) and their mobility (u)
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Table 1. Samples SipsGeo.2

o Method Method . )
Composition of synthesis of compaction Designation
Sig.sGeo.2 (1.8 wt.% P) M — SiGeP-IM
Sig.sGeo.2 (08 wt.% B) — SiGeB-IM
Sig.§Geo.2 (1.8 wt.% P) MA — SiGeP-MA
Sig.sGeo.2 (08 wt.% B) — SiGeB-MA
Sig.sGeo.2 (18 wt.% P) 1P SiGeP-IM-HP
Sig.sGeo.2 (08 wt.% B) M SiGeB-IM-HP
Siy §Geop.2 (1.8 wt.% P) SPS SiGeP-IM-SPS
Sig.sGeop.2 (08 wt.% B) SiGeB-IM-SPS
Sig.sGeo.2 (18 wt.% P) SiGeP-MA-SPS
MA SPS
Sig.sGeop.2 (0.8 wt.% B) SiGeB-MA-SPS
were determined as follows: 40
n=1/eRu; u=0Ru, (4)
where Ry is the Hall constant, e is the electron charge. The 8
30

error in determining the Hall constant is 5 %.

A previously developed technique and a measuring
complex for its implementation was used to measure the
thermoelectric parameters of materials in the temperature
range from 300 to 1200 K [14]. The studies were carried out
in a stationary mode in a single measuring cycle, the thermal
conductivity was determined by the absolute method.

Electrical conductivity, Seebeck coefficient, and thermal
conductivity were calculated using the formulas:

2L1
(7R ®)
where [ is the DC current passing through the sample; U;
and U, — voltage drop across the sample at opposite current
directions; L is the sample height; S is the sample cross-
sectional area.
s = E/AT, (6)

where E is the measured thermoEMF value on the sample;
Kk = LQ/(SAT), (7)

where Q is the heat flow through the sample; AT is the
temperature difference on the sample.

The error of the method is 3% for the coefficients of
Seebeck and electrical conductivity, 5% for the coefficient
of thermal conductivity. The error calculation is described
in Ref. [14].

3. Results and discussion

The method of grinding SiGeP-IM and SiGeB-IM in a
planetary ball mill has been optimized for manufacturing
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Figure 1. Dependences of the average particle size of SiGeP-IM
and SiGeB-IM powders on the grinding time.

bulk nanostructured thermoelectric materials, which makes
it possible to obtain powders with a particle predominance
of less than 100 nm. The dependence of the average size
of the crystallites of powders on the grinding time at the
rotation speed of the planetary disk 400rpm is shown
in Figure 1.

It has been established that the minimum powder sizes
are achieved at a grinding time of 50 min and a rotation
speed of 400 rpm of the planetary disk. A further increase
in the grinding time leads to an increase in the average size
of the crystallites of powders, which is associated with the
agglomeration of the powder. An increase in the rotation
speed of the planetary disk leads to a noticeable increase in
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Figure 2. Diffraction patterns (a) of powders of SiGeP-MA and SiGeB-MA and (b) nanostructured SiGeP-MA-SPS and SiGeB-MA-SPS.

Table 2. Density and microhardness of thermoelectric materials

Material p, glem® HV
SiGeP-IM 299 1101.3
SiGeB-IM 299 1097.1
SiGeP-IM-HP 292 1100.1
SiGeB-IM-HP 292 1087.1
SiGeP-IM-SPS 294 1109.0
SiGeB-IM-SPS 294 1099.9
SiGeP-MA-SPS 294 1108.2
SiGeB-MA-SPS 294 10994

the temperature of the powder during the grinding process,
which also intensifies the agglomeration processes. The
sizes of SiGe particles and agglomerates of n- and p-types
do not differ significantly: for SiGeP-IM the average size of
crystallites was 14 + 2 nm, for SiGeB-IM — 12 £+ 2nm.

Table 2 presents the results of measuring the density and
microhardness of synthesized and nanostructured thermo-
electric materials.

The developed technology for compacting the obtained
powders of materials using the SPS method ensures the
density of nanostructured materials, which is 98 % of the

2 Physics of the Solid State, 2026, Vol. 68, No. 1

density of materials obtained by direct fusion of components
(theoretical density). The results of the microhardness
measurement showed that this parameter is even slightly
higher for nanostructured materials compared to classical
materials. This result is consistent with the literature
data for other nanostructured thermoelectric materials [15]
and is important for the manufacture and operation of
thermoelements.

As a result of the study of the phase composition of
synthesized thermoelectric materials obtained by induction
melting and mechanical alloying, it was found that in addi-
tion to the solid solution of SiGe, the Ge phase was present.
At the same time, the phase composition of materials
after SPS and HP changed; during sintering, the Ge phase
dissolved in a solid solution, which was observed in powders
after grinding. That is, after compaction, the presence of
the Ge phase was not observed. Diffraction patterns of
SiGeP-MA and SiGeB-MA powders, and nanostructured
bulk SiGeP-MA-SPS and SiGeB-MA-SPS are shown as an
example in Figure 2.

Table 3 shows the parameters of nanostructured thermo-
electric materials.

The phase composition of the solid solution, determined
from the data on the lattice parameters, corresponds to
Sig §Gep.». Based on the results of TEM, it was found that
the structure of the samples is finely dispersed. Figures 3
and 4, as an example, show images of the sample structure
SiGeP-MA-SPS and SiGeB-MA-SPS.
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Table 3. Parameters of nanostructured SiGe samples

Average size . . Periods o

Sample of crystallites, nm Microdeformations, % Jattices, A Composition
SiGeP-IM-SPS 79+£5 0.021 £ 0.05 5.475 £ 0.001 Sig.8Geo.2
SiGeB-IM-SPS 78 £5 0.058 £0.05 5.474 £+ 0.001 Sig.sGeo.2
SiGeP-MA-SPS 8245 0.025 £0.05 5.475 4+ 0.001 Sip.sGeo.2
SiGeB-MA-SPS 805 0.060 £ 0.05 5.474 +0.001 Sip.8Geo.2

Figure 3. (¢) TEM image of the SiGeP-MA-SPS structure, () TEM image of the SiGeP-MA-SPS crystallite.

The grain size in the SiGeP-MA-SPS sample varies mainly
from 50 to 500nm. The average grain size is ~ 80nm,
which coincides with the average crystallite size in these
samples. The grains are quite perfect, there are no
dislocations inside the grains. However, twins are quite
common (regions in a crystallite with a naturally altered
orientation of the crystal structure). An image of a single
grain containing twin boundaries is shown in Figure 3,b.
The location of the reflexes on the electron diffraction
pattern corresponds to the solid solution of SiGe. Also,
based on the results of TEM, it was found that the structure
of the SiGeP-IM-SPS sample had a similar character.

The structure of this sample is more uniform compared
to SiGeP-MA-SPS. The crystallite sizes are of the order of
80nm. In addition to the twins, no other visible defects
were observed in the structure of SiGe solid solutions.
Individual grains of size 10—20nm were found in these
samples. According to the TEM data, there are no pores
along the grain boundaries or inside the grain. Analogous
structural studies conducted for the SiGeB-IM-SPS sample
showed similar results.

For thermoelectric materials obtained by HP and SPS,
which are used for the manufacture of thermoelements,
studies of thermal and electrophysical properties and their
comparative analysis have been carried out. The results of
the study are shown in Figures 5—9. Figures 5 and 6 show
the results of a study of the temperature dependences of
electrical conductivity and Seebeck coefficient of thermo-
electric materials.

The general nature of the temperature dependences of
both electrical conductivity and Seebeck coefficient indicates
that all thermoelectric materials are partially degenerate
semiconductor materials in the operating temperature range.
The decrease in electrical conductivity with increasing
temperature can be explained by the intermetallic nature of
thermoelectric materials [16]. As the temperature increases
in the operating temperature range, the concentration of the
main carriers practically does not change, and the electrical
conductivity decreases due to the scattering of charge
carriers by lattice vibrations. An increase in the contribution
of minority carriers, and a corresponding increase in the
total carrier concentration at the end of the operating

Physics of the Solid State, 2026, Vol. 68, No. 1
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Figure 4. (a) TEM image of the SiGeB-MA-SPS structure, () TEM image of the SiGeB-MA-SPS crystallite.
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Figure 5. Temperature dependences of the electrical conductivity of thermoelectric materials of (a) n-type and (b) p-type.

temperature range, leads to a stabilization of electrical
conductivity values and even a tendency to its growth. This
characterizes the beginning of intrinsic conductivity. An
increase in electrical conductivity correlates with a decrease
in Seebeck coefficient at these temperatures, which confirms
the influence of minority charge carriers on the mechanism
of electrical transport.

The electrical conductivity of nanostructured thermoelec-
tric materials over the entire temperature range is lower
than for samples obtained by hot pressing by an amount
not exceeding 2—4%. This is explained by the fact that
nanostructured materials have slightly lower charge carrier

2*  Physics of the Solid State, 2026, Vol. 68, No. 1

mobility due to scattering on nanoscale inhomogeneities
(Table 4).

As the temperature increases, the Seebeck coefficent for
the studied thermoelectric materials increases, reaching a
maximum of 250 uV/K and even slightly more at tempera-
tures of 1000—1100K (Figure 6). The observed decrease in
Seebeck coefficient at the end of the operating temperature
range is also associated with an increase in the contribution
of minority charge carriers to the electrical transport
process. It should be noted that Seebeck coefficient is
more sensitive to the influence of minority carriers, since its
decrease begins at 10—15 K before the increase in electrical
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Figure 6. Temperature dependences of Seebeck coefficient of thermoelectric materials of (a) n-type and (b) p-type.
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Figure 7. Temperature dependences of thermal conductivity of thermoelectric materials of (a) n-type and (b) p-type.

conductivity. The difference in the Seebeck coefficient
values of nanostructured and hot-pressed materials does not
exceed the measurement error.

Table 4. Concentration and mobility of charge carriers of
thermoelectric materials

Material n, 10" cm 3 i, eV - s The results of the Hall coefficient study, as well as data

on electrical conductivity, made it possible to determine the

SiGeP-MA-SPS 2724 274 concentration of charge carriers (n) and their mobility (u)
SiGeB-MA-SPS 28.72 243 (Table 4).

Sig:g_llﬁ_ssiss ;g%g ;22 The carrier mobility of nanostructured thermoelectric

SiGeP-IM-HP 26.94 279 materials is lower than that of materials obtained by

SiGeB-IM-HP 28.46 248 pressing by no more than 3 %, which is explained by their

additional scattering on the nanodisperse elements of the
structure [17].

Physics of the Solid State, 2026, Vol. 68, No. 1
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Figure 9. Temperature dependences ZT of materials of (a) n-type and (b) p-type.

The results of studies of temperature dependences of
thermal conductivity of nanostructured and pressed thermo-
electric materials are shown in Figure 7.

The nature of the temperature dependences of the
thermal conductivity of the studied thermoelectric materials
in the operating temperature range is similar. As the
temperature increases, the thermal conductivity decreases,
reaching a minimum in the temperature range where the
maximum values of the thermoelectric figure of merit
are observed. The experimental values of thermal con-
ductivity for SiGe are consistent with the data from
Refs. [18-20).

Physics of the Solid State, 2026, Vol. 68, No. 1

Changes in the thermal conductivity of SiGe-based solid
solutions over the entire temperature range at which the
studies were conducted do not exceed 20%. Comparing
the thermal conductivity values of classical and nanos-
tructured thermoelectric materials, it should be noted that
for nanostructured materials based on SiGe, the thermal
conductivity decreases by 15—25%. Such a decrease in
thermal conductivity is determined by the scattering of
phonons with an average free path on inhomogeneities with
established average crystallite sizes in these materials.

The mechanism of heat transport in SiGe-based ther-
moelectric materials in the range of temperatures under
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consideration is determined by three main components of
the total thermal conductivity — lattice (i), electronic (kep)
and bipolar (kpp):

Kot = Ki + Kel + Kbp- (8)

The contribution of these components to the overall
thermal conductivity was assessed using the methodology
proposed in Ref [21]. The electronic component is
determined according to the Wiedemann-Franz-Lorenz law
(ket = LoT, where L is the Lorenz number [21,22]). The
Lorentz number was calculated using the formula [23]:

L=1.49—-0.49.¢ 1120 1 1.40. 7118 (9)

According to the estimate for the model with a single
parabolic zone with acoustic scattering of phonons [23], the
maximum error L does not exceed 0.5% at |s| > 10uV/K.
At low temperatures, there is no bipolar heat transport,
therefore «; is determined by subtracting the electronic
component from the total thermal conductivity: kj = k¥ — K.
Further, taking into account the temperature dependence
(kiooT~1), K is extrapolated to the temperature range
where bipolar heat transport is manifested, which is defined
as follows: Kpp = Kot — K1 — Kel.

Experimental data on thermal conductivity and the calcu-
lation results of its components for nanostructured and hot-
pressed thermoelectric materials synthesized by induction
melting are presented in Figure 8.

The values and temperature dependences of ki and its
components of SipgGep, of n- and p-types are practically
the same. The value of ki, determined mainly by the
phonon component, changes insignificantly with increasing
temperature, decreasing by 20% with a minimum in the
region of 1000 K. The decrease in ki in this temperature
range is due to a decrease in ;. The increase in thermal
conductivity after this temperature is determined by the
increase in the electronic component. The contribution
of bipolar heat transport in the temperature range is
insignificant.

As can be seen from the results obtained, the difference
in the thermal conductivity values of nanostructured and
hot-pressed thermoelectric materials by up to 25% is
determined by a decrease in phonon heat transport in
nanostructured materials. The electronic component of
nanostructured and hot-pressed materials differs slightly,
which is consistent with the data on the mobility of charge
carriers (Table 4).

Based on the results of measuring the thermoelectric
parameters, the values of ZT for the studied materials are
calculated (Figure 9).

It can be seen from the figures that the thermoelectric fig-
ure of merit of nanostructured materials is higher than that
of materials obtained by classical methods by an amount
correlating with a decrease in thermal conductivity in
nanostructured materials. Moreover, the maximum increase
in ZT is observed at temperatures above 900K (Table 5),

Table 5. Thermoelectric figure of merit of materials

Material (ZT ) max T,K
SiGeP-IM-HP 1.01 £0.10 1117
SiGeB-IM-HP 1.02 £ 0.10 1127
SiGeP-IM-SPS 1.22+0.12 1115
SiGeB-IM-SPS 1.20+£0.12 1135
SiGeP-MA-SPS 1.24 +0.13 1113
SiGeB-MA-SPS 1.224+0.12 1131

which correspond to the basic operating temperature range
for SiGe.

The obtained values ZT for materials produced by HP are
consistent with the data from Refs. [24,25]. The maximum
values of ZT nanostructured thermoelectric materials corre-
spond to the values obtained by the authors of Refs. [26-28].
The thermoelectric figure of merit of bulk nanostructured
materials made from SiGe powders obtained as a result
of induction melting and mechanical alloying, as well as
materials of n-type and p-types of conductivity differed
within measurement errors. It is important to note that
ZT is higher for nanostructured materials (by 21—23 %),
than for materials of the same composition obtained by hot
pressing. The increase in thermoelectric figure of merit
in nanostructured materials is determined by a significant
decrease in phonon heat transport.

The obtained result is explained by the fact that crystal-
lites in nanostructured thermoelectric materials significantly
scatter phonons. At the same time, for charge carriers
having a free path of no more than 10nm, mobility and,
accordingly, electrical conductivity decrease slightly, since
they are determined by scattering on inhomogeneities of
the same order, which are not dominant in the obtained
nanostructured thermoelectric materials.

Conclusion

The modes were optimized and SipsGeo, (1.8 wt.% P)
of n-type and SipgGepn (0.8wt.% B) of p-type were
synthesized using mechanical alloying and induction melt-
ing.  Volumetric samples with specified thermoelectric
parameters were obtained using HP and nanostructured
SPS samples. A method for obtaining fine powders
with a predominance of particles less than 100nm has
been developed for SPS. Nanostructured samples were
obtained from materials synthesized by induction melting
and mechanical alloying. As a result of the study, it was
found that the phase composition of the bulk samples
obtained by HP and SPS corresponds to SigsGep,. The
average grain size is ~ 80nm in nanostructured materials,
which coincides with the average size of crystallites. It
was found that the density of the nanostructured samples
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is higher than that of the samples obtained by HP, and
amounts to 98% of the synthesized materials. It was
found that the electrical conductivity of the nanostructured
samples is 2—4 % lower than that of the HP samples at close
Seebeck coefficient values. However, a significant decrease
in thermal conductivity (up to 25%) in nanostructured
materials made it possible to increase their thermoelectric
figure of merit in the temperature range of 1070—1170K
to 1.24—0.13 for n-type and up to 1.22—0.12 for p-type.
These values of ZT are higher by 21% compared to the
materials obtained by HP. As a result of the calculation of
the components of thermal conductivity, it is shown that
its decrease in nanostructured materials is determined by a
decrease in phonon heat transport. Thus, the efficiency of
nanostructuring of the considered thermoelectric materials
is shown in order to increase ZT.
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