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In this work, the fabrication of nanocomposites with silicon nitride/oxide into the thermoelectric
matrix of cobalt silicide is presented. The different concentrations of nano-SizN, were intentionally
introduced by mechanical grinding while it was found that the nanocomposites also included SiO,
phase at micro- as well as at nano-scale. The structural and morphological modifications of the
materials were studied by powder X-ray Diffraction, Scanning Electron Microscopy and Transmission
Electron Microscopy. The nanocomposites were studied in terms of Hall Effect, Seebeck coefficient,
electrical and thermal conductivity. Emphasis is given on the lattice thermal conductivity that was
analyzed based on Effective Medium Theory and the contribution of each phase is taken into
account.
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1. INTRODUCTION of the nanocomposite samples was suppressed because of
In recent years, the development of thermoelectric (TE) the significantly increased number of grain boundaries that
materials for energy conversion applications made sig-  effectively scatter phonons. The effect of grain size has
nificant progress.! Thermoelectric figure of merit, ZT, is been recently studied in several papers [12-18] reporting
related to the thermal conductivity (k), electrical conduc-  the changes on the thermal conductivity with nanoscale
tivity (o) and Seebeck coefficient (S) at certain temper- grain size while details of phonon transport mechanisms

. . . . : 19
atures (7)) via the relationship: ZT = S20'T /k. The main  are still not very well ur'lderstood. .
contributors to the thermal conductivity are phonons and Among silicides, CoSi has been reported as a promising

charge carriers (electrons and holes). The overall thermal ~ Material for thermoelectrics,”** This material shows very
conductivity (k) of a material is defined as: Kk, = high electrical conductivity but quite large Seebeck coeffi-

; 24,25 : :
Kiatice + Ketoerons WHETe Kpiee is the lattice thermal conduc- ~ €lent at room ter;lpergturg, therefore, its t}grmoﬂectnc
tivity and K,j..qoq 1S the electronic contribution. power factor (§”0) is high (order of pWKem™) ar12c6i

Different approaches has been applied, aiming the comparable to that of state-of-the-art Bi,Te; materials.

reduction of lattice thermal conductivity, with nanostruc- Ho;vever,dZT. 18 noth hlgfh malrlllly due ]t(o t}ts high ther-
turing of bulk materials being recently the main effort matcon uctivity, - therefore, t,ls work focuses more
in most systems. The development of TE nanocompos- % this parameter. The reduction of the lattice ther-
ites, produced by adding nano-inclusions or mixing par- mal conductivity was attempted via the fabrication of

. nanocomposites.

ticles of nanostructured phases, have been reported for anocompos tes , .

. - 3¢ According to the author’s best knowledge, there is very
increased phonon scattering.”® Several types of nano-

. . T . limited work?” on the development of CoSi nanocompos-
inclusions or nano-particles”® such as semiconductors, . . .. . .
. . . . ite materials aiming to decrease its high thermal conduc-
metals, semimetals and ceramics including nanowires, .. . . .
10 " . . tivity. In Ref. [27], the introduction of SiO, and AlO,
carbon nanotubes'” or fullerenes'' have been introduced in -

. . . o was attempted and the reduction of the thermal con-
a variety of TE materials. The lattice thermal conductivity ductivity was successful. In this work, the inclusion of

nano-Si;N, is studied as a non-oxide alternative. The nano-
*Author to whom correspondence should be addressed. particles of silicon nitride were intentionally introduced
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at different concentrations as a secondary phase in the
cobalt silicide matrix to produce nanocomposites. More-
over, nano-SiO, was also unintentionally formed as third
phase in the nanocomposites. The materials were studied
in terms of structural and morphological characteristics.
The thermoelectric properties (Hall Effect, Seebeck coef-
ficient, electrical conductivity, thermal conductivity and
figure of merit) are also discussed. Finally, the reduction of
lattice thermal conductivity via formation of nanocompos-
ite materials is discussed in the view of Effective Medium
Theory.

2. MATERIALS AND METHODS

2.1. Reagents

Chemicals in this work were used as obtained:

(i) Cobalt powder (-22 mesh [=622 um], 99.998% purity,
Alfa Aesar);

(ii) Silicon powder (crystalline, +100 mesh [=149 um],
99.9% purity, Alfa Aesar) and

(iii) Silicon Nitride (Si;N,) nanopowder (<50 nm,
>98.5% purity, Sigma-Aldrich). All manipulations were
carried out under argon in a dry glove box.

2.2. Grinding and Heating Treatment

The cobalt and silicon powders were mixed in the 1:1 ratio,
grinded in a mortar and cold-pressed to pellets. The pel-
lets were placed in Al,O; crucibles, sealed in silica tubes
under vacuum, heated at 1000 °C for 20 hrs and ground
again.

The prepared CoSi powders were mixed with nano-
Si;N, following (1 — x) CoSi+ xSi;N, for x values 0.0%,
1.0%, 2.5%, 5.0%, 7.5% and 10% (referred in text as
CoSi/xSi;N,). After mixing, the powders were hot-pressed
at 1000 °C for 60 min under 80 MPa pressure and argon
flow (in HP20 system from Thermal Technologies Inc.) in
order to perform thermoelectric measurements. The hot-
pressed nanocomposite pellets had densities between 4.65
to 6.25 g/cm?®. The density of the hot-pressed CoSi matrix
corresponds to ~95% of the theoretical value for the CoSi
and reduces to the ~75% for the material with 10%Si;N,.
The experimental density of the pellets (pgyp) Was found
from mass (m) and volume (V) measurements using the
equation

Pexp =m/V (1)
While the theoretical density of the composites was esti-

mated based on the equation:

Pt = JeosiPcosi T fsiN, PsigN, (2)

where f and p is the fraction and the density of the indi-
vidual phases. The porosity of the pellets was then esti-

mated based on (pry — Pexp)/Pru-
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2.3. Structural Characterization and
Elemental Analysis

Powder X-ray diffraction (PXRD) patterns were obtained
on all materials, using a Rigaku Miniflex system with
Ni-filtered Cu Ka radiations (30 kV, 15 mA) in order to
identify the phases and evaluate purity of the products. The
morphological characterization of the powders was car-
ried out by scanning electron microscopy (SEM) (Tescan
Vega LSU as well as Jeol 840 A). The EDX mapping was
performed in a JEOL scanning electron microscope (JSM-
6610LV) and a Bruker Energy Dispersive X-ray spectrom-
eter (QUANTAX 200). Conventional and high resolution
transmission electron microscopy (TEM, HRTEM) obser-
vations were carried out on selected samples using a JEOL
2011 TEM operating at 200 kV with a point resolution of
0.23 nm and fitted with an EDX detector (Oxford Instru-
ments, model INCA x-sight). Samples suitable for electron
microscopy were prepared by dispersing crushed material
on ultrathin lacey C films supported on 3.05 mm copper
grids.

2.4. Thermoelectric Properties

2.4.1. Hall Effect

The measurements were carried out based on Van der
Pauw configuration at room temperature using magnetic
field of 2 T in the Quantum Design—Physical Property
Measurement System (PPMS).

2.4.2. Seebeck Coefficient and Electrical Conductivity
The measurements were carried out on the hot-pressed pel-
lets simultaneously using a commercial ZEM-3 seebeck
coefficient and electrical resistivity measurement system
from ULVAC-RIKO. Data were recorded in the tempera-
ture range of room temperature to 973 K. The measure-
ments were performed under a residual pressure of helium
gas to facilitate good thermal contact.

2.4.3. Thermal Conductivity

A Netzsch LFA-457 system was used to measure thermal
diffusivity and heat capacity of the hot-pressed pellets. The
thermal conductivity was calculated from the experimental
thermal diffusivity () and a specific heat capacity data
(C,), as well as density values (p), based on the equa-
tion k = a x p x C,. The C, values were obtained from
measurements using the same laser flash equipment using
pyroceramic material as reference.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization and

Nanocomposite Fabrication
CoSi is the only existing phase in the powder that was
mixed with Si;N, to prepare the composites, see Figure 1.
After mixing the two materials (CoSi and Si;N,) and hot
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Figure 1. Powder X-ray diffraction pattern for CoSi powder used for
the fabrication of CoSi/xSi;N, pellets.

pressing, the PXRD patterns did not include any additional
peaks due to both, strong fluorescence background of the
matrix and low Si;N, concentration.

Figure 2 illustrates the density of the hot-pressed
CoSi/xSi;N, pellets as a function of the Si;N, content. The
theoretical density of the hot pressed pellets, also shown
in Figure 2 as solid line, was expected to decrease from
6.58 g/cm? to 6.27 g/cm® with Si;N, concentration up to
10%. On the other hand, the experimental pellet density
was found monotonously decreasing from 6.25 g/cm?® to
4.65 glem?. It is clear that these values were lower than
those expected from Eq. (2) and, additionally, their differ-
ence increases with Si;N, concentration. It is obvious that
the porosity of the pellets increases reaching 25% (circles
in Fig. 2) with the introduction of 10% hard silicon nitride.
Hot-pressing at higher temperature (up to 1200 °C) did not
further improve the density of the nanocomposites.
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Density (g!cm3}
(%) Ausoiod

0 2 4 6 8 10
Content SigNg4 (%)
Figure 2. Theoretical density, experimental density and porosity of the

hot-pressed CoSi/xSi;N, nanocomposites pellets as a function of the
Si;N, content.
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3.2. Electron Microscopy and Elemental Analysis

In order to study the morphology of the CoSi nanocompos-
ites, the hot-pressed samples were examined by SEM/EDX
(see Figs. 3—4). Figures 3(a) and 4(a) show the backscat-
tered electron (BSE) images where the grain boundaries
on the surface of the CoSi/xSi;N, pellets were clearly
observed.

EDX mapping was used to evaluate the distribution
of the elements, i.e., Co, Si, O and N. Figures 3(b—e)
and 4(b—e) show the distribution of Co, Si, O and N on
CoSi/2.5% SizN, and CoSi/5.0% Si;N, pellets, respec-
tively. Clearly, the distribution of Co and Si seems more or
less uniform. Increased quantity of nitrogen was observed
on the grain boundaries and this can be attributed to the
Si;N, aggregates at micro-scale in all composites regard-
less the Si;N, concentration, see Figures 3(e) and 4(e).
Interestingly, quantity of oxygen was also observed on the
grain boundaries suggesting the formation of SiO, phase,
probably due to slight oxidation during synthesis/pressing
of the pellets (Figs. 3(d) and 4(d)).

The nanocomposites were further studied by TEM
observations, as shown in Figure 5 for the sample
CoSi/2.5% Si;N,. The main CoSi phase consists of large
crystals with typical sizes 400-900 nm. They are sin-
gle crystalline in nature, as shown by the selected area
diffraction (SAD) pattern inset in Figure 5(a), where the
main CoSi reflections are indexed. Interestingly, along
with CoSi, the existence of SiO, phase is also observed,
agglomerated with the parent grains, as depicted in
Figure 5(a). The SiO, is entirely amorphous and, thus, is
formed into particles with no specific size and morphology.
Its presence was confirmed by EDX analysis and a typi-
cal spectrum is illustrated as an inset in the same image.
Based on the TEM observations, the SiO, phase comprises
of not more than 5-10% in the samples studied.

Introduction of Si;N, nanoparticles took place between
the CoSi grains, as presented in both Figure 5(a) (black
arrowed) and the HRTEM image of Figure 5(b). The par-
ticle has almost spherical shape with a diameter of 20 nm
and is coherently embedded with CoSi, as proved by the
Moiré fringe pattern superimposed on the two crystals,
CoSi and Si;N,. The lattice fringes resolved are attributed
to the (2021), (1120) and (110) crystal planes of hexagonal
Si;N, and cubic CoSi, respectively.

Apart from the small Si;N, nanoparticles embedded
inside CoSi, the formation of single crystalline Si;N,
grains was also detected by TEM and EDX. Such grains
are shown in Figure 5(c), in agglomeration with SiO, parti-
cles, as well. The Si;N, grains are up to 300 nm in size and
are single crystalline, as demonstrated by the SAD pattern
inset in the figure, where the [1 120] projection is shown.
It has to be noted here that the majority of the Si;N, phase
in the sample is in the form of the large crystallites. More-
over, a few Si;N, nanoparticles were also detected inside
the SiO, amorphous particles, both by HRTEM imaging
experiments, as well as by EDX point analysis.
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Figure 3. Backscattered electron (BSE) image (a) and the EDX elemental distribution maps (b—e) of Co, Si, O and N, respectively, of the CoSi/2.5%
Si;N, nanocomposites. The colors are qualitatively adjusted based on the concentration of each element separately. The coloring scheme follows a
rainbow scale, from blue (minimum concentration) to red (maximum concentration) and does not correspond to quantitative results.

3.3. Thermoelectric Properties

Table T lists the results of the measurements (carrier con-
centration, Seebeck coefficient, electrical and thermal con-
ductivity and mobility) at 300 K for CoSi materials. The
sign of the Hall coefficient was negative for all samples,
indicating that the conductivity is mainly due to electrons,
as expected. The carrier concentration was found in the
order of 4-5-10% ¢cm~3 (slightly decrease with x values)
suggesting that the incorporation of the Si;N, in the matrix
does not really affect them, see Table I. Moreover, the
electrical conductivity significantly drops with increased
different Si;N, concentration, and this is clearly attributed
to the lower mobility, see Figure 6. This significant effect
of Si;N, on the reduction of the mobility (factor >3 when
10% Si;N, is added) can be explained based on the con-
tribution of the Si;N,/SiO, aggregates that are formed on
the grain boundaries of the materials, as shown by elec-
tron microscopy, as well as the contribution of porosity.
When porosity exceeds 15%, the mobility reduction is
stronger.
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Figures 7 and 8 shows the temperature dependence of
electrical conductivity (7a), the Seebeck coefficient (7b),
thermal conductivity (8a) and the lattice thermal conduc-
tivity (8b) of the CoSi hot-pressed pellets. The electri-
cal properties of CoSi indicate semi-metallic behavior in
agreement with the literature.?®3° Figure 7(b) presents
the temperature dependence of Seebeck coefficient of the
n-type CoSi members. The Seebeck coefficient values are
quite similar for all samples being between 80-90 uV/K
at room temperature. The thermal conductivity of CoSi
nanocomposites, see Figure 8(a), decreases as a func-
tion of temperature showing typical behavior of the TE
materials. The room temperature thermal conductivities
of CoSi nanocomposites decrease from 15.7 W/m-K to
4.2 W/m-K when 0.0% and 10.0% Si;N, participates,
see Table I. The lattice thermal conductivity (K, ..) Was
estimated, aiming to study the effect of the inclusions
in the CoSi matrix, using the Wiedemann-Franz relation
Kiatice = Kiotal — Kelectrons where Kelectron = L-o-T with L=
2.45 x 1078 V2K~2, see Figure 8(b). The lattice thermal

J. Nanosci. Nanotechnol. 17, 1555-1563, 2017
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Figure 4. Backscattered electron (BSE) image (a) and the EDX elemental distribution maps (b—e) of Co, Si, O and N, respectively, of the CoSi/5.0%

Si;N, nanocomposites. Colors are the same as in Figure 3.

conductivity of all samples showed strong dependence on
x values, decreased monotonously with nano-Si;N, con-
centration and this is discussed in more detail in the next
section. Maximum ZT values for each concentration is pre-
sented in Table I. The highest value here is 0.19 at 630 K
and it is not higher than previous work?” mainly due to
the decrease of the mobility. Therefore, more work can be
done on the distribution of the different phases and the
grain boundaries of the material.

3.4. Analysis of the Lattice Thermal Conductivity
Thermal conductivity in multi-phase systems may be mod-
eled in two ways:

(a) with effective medium theory (EMT), where a prop-
erty (thermal conductivity) is derived as kind of weighted
average of the properties of each individual phase. EMT
applies in micro-scale constituents, where each phase is
large enough to develop its own properties.

(b) In terms of the semi-classical theoretical calcula-
tions of the mechanisms of phonon scattering, based on
the modified Callaway model.*' In this case, phonon

J. Nanosci. Nanotechnol. 17, 15655-1563, 2017

relaxation time is developed from contributions Umklapp
and Normal processes, dislocations, strains, point defects,
and precipitates.’? Precipitates have two contributions for
short-and long-wavelength scattering.

Opposite to EMT, the relaxation time due to the nano-
precipitates does not depend on the thermal conductiv-
ity of the precipitated phase, but only on particle size
(short-wavelength scattering) and mass difference (long-
wavelength scattering).’ In this part we will consider the
former (EMT) case. The expression:** 33

2

i

K;i—K
K; + 2k

0 and ) fi=1 (3)

where k; is the thermal conductivity of the i-th phase with
volume fraction f;. Considering the CoSi/Si;N, system,
the Eq. (3) was written as:

K, L — K Kg; — K
CoSi SizNy _
2 + fsipN, P 0 and

Kcosi 12K Kgi,n, T 2K

Jeosi +fSi3N4 =1

f CoSi

4)
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Figure 5. TEM/HRTEM images from the CoSi/2.5% Si;N, nanocomposite sample. (a) TEM image of the main CoSi phase and agglomerated SiO,
particles. The SAD pattern and EDX spectrum from CoSi and SiO,, respectively, are shown as insets in (a); (b) HRTEM image of a characteristic
Si;N, nanoparticle inside the CoSi matrix, (c) TEM image of Si;N, crystallites, aggregated with SiO, amorphous particles. The SAD pattern inset

confirms the crystallinity of the Si;N, phase.

Table I. Thermoelectric properties of CoSi nanocomposites (0 < x < 10%) at 300 K.
Carrier Electrical Seebeck Thermal

Concentration Mobility conductivity coefficient conductivity Max ZT
Composition x (%) n (10*°cm™) (cm?/Vs) (S/cm) (LV/K) (W/m-K) @650 K
100.0 CoSi:0.0 Si;N, 0.0 5.61 63.79 5732 —80.5 15.7 0.17
99.0 CoSi:1.0 SizN, 1.0 5.11 62.39 5104 —90.4 13.0 0.17
97.5 CoSi:2.5 Si;N, 2.5 4.15 56.35 3746 —92.6 10.9 0.19
95.0 CoSi:5.0 Si;N, 5.0 4.064 39.05 2902 —85.9 7.6 0.18
92.5 CoSi:7.5 SizN, 7.5 4.28 26.73 1833 —84.6 5.4 0.15
90.0 CoSi:10.0 Si;N, 10.0 4.11 19.91 1311 —78.6 4.2 0.12

where f and k are the fraction and the lattice thermal con-
ductivity of the composites and the feog;, fsin, and Keos;
and kg y, correspond to the constituent phases. The frac-
tion fg; n, was ranging in 0.0 to 0.1 while f,; was cal-
culated following feos; + fsi,n, = 1, see Table II. Taking
into consideration the known fractions, the lattice ther-
mal conductivity of the matrix (kg = 13.38 W/m-K)*
and the Si;N, (kg;,y, = 30.1 W/m-K*), Eq. (4) is solved
numerically for the lattice thermal conductivity of the
nanocomposites k. The results of the calculation are

“The lattice thermal conductivity of the matrix K., was estimated
based on an equation similar to Eq. (4) considering 4.7% porosity as
presented in Figure 1.
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drawn in Figure 9(a) with the upper line labeled “EMT
(CoSi/SizN,).” According to these calculations, the lat-
tice thermal conductivity was predicted to increase from
13.4 W/m-K to about 14.6 W/m K when 10% Si;N,
is incorporated due to the higher thermal conductivity of
the nitride phase. However, it is clear that the experimen-
tal lattice thermal conductivity of the composite materi-
als is significantly lower than the predicted from EMT
(CoSi/SizN,) and the trend is opposite (decreasing) reach-
ing the value of 3.2 W/m- K.

When EMT is applied, in the form of Eq. (4), the con-
tribution of the particles (Si;N,) in the CoSi matrix is
considered. However, this does not contain the contribu-
tion of any interfacial thermal resistance between the two

J. Nanosci. Nanotechnol. 17, 156565-1563, 2017
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Figure 6. Mobility of the hot-pressed CoSi/xSi;N, nanocomposites pel-
lets as a function of the Si;N, content.

phases in the composite. In order to evaluate the effect
of thermal resistance of the interface between particle
and matrix (thickness of d) we applied a methodology
that predicts the effective thermal conductivity in terms
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Figure 7. Temperature dependence of electrical conductivity (a) and
Seebeck coefficient (b) for hot-pressed CoSi/xSi;N, nanocomposites
pellets.
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Figure 8. Thermal conductivity (a) and lattice thermal conductivity (b)
for hot-pressed CoSi/xSi;N, nanocomposites pellets.

of EMT combined with the essential concept of Kapitza
thermal contact resistance.?’ For this reason, the following
equation® was used:

K= KCoSiKSi3N4(1 +2a)
+ 2Kcosi + 2 fsipn, [Ksign, (1 — @) — Keosi ]
/KSi3N4 (1+20) + 2Kces;
- ZfSi3N4[KSi3N4(1 — @) — Keosil S)

where « is a dimensionless parameter, defined by the ratio
a,/a; in which the interfacial thermal resistance is con-
centrated on a surface of zero thickness and character-
ized by Kapitza radius, «;, (o, =Rp, - Kcogi With Rpy =
lim 50 (6/k,)). a is the diameter of the particles and k|
is the thermal conductivity of the interface. Figure 9(b)
shows how the thermal conductivity of the composite
material, consisting by CoSi and Si;N, is affected by the
interfacial thermal resistance (« values of 0, 0.1, 0.5 and
1.0 were taken). Clearly, increase of the interfacial contri-
bution leads to decrease of the total thermal conductivity
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Table II. Fractions and lattice thermal conductivity values used for EMT analysis.
EMT Seosi fSi3 Ny fsio, JSoores Kcosi KsisNg Ksio, Kpores
CoSi/Si;N, 1-f, 0-0.1 - - 13.38 30.1 - -
CoSi/Si;N,/SiO, 1-fi—f; 0-0.1 0.05 - 13.38 30.1 1.38 -
CoSi/Si;N,/SiO,/Pores I-fomfs=fs 0-0.1 0.05 see Figure 2 13.38 30.1 1.38 0.0256
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Figure 9. Room temperature thermal conductivity of the hot-pressed CoSi/xSi;N, nanocomposites pellets as a function of the Si;N, content with (a)
calculations based on the EMT and (b) calculations based on the EMT combined with the concept of Kapitza thermal contact resistance.

of the material, however, the reduction is not that signifi-
cant compare to our data.

Therefore, an additional mechanism was required to be
included to the analysis to understand the results. Since
electron microscopy studies showed the existence of SiO,
in the materials, three terms were taken into account in
Eq. (3) and the EMT (CoSi/Si;N,/SiO,) model was devel-
oped. In this case, the fraction of Si;N, was ranging from
0.0 to 0.1; the fraction of SiO, was estimated by elec-
tron microscopy and for the purposes of the EMT analysis
was kept constant in 0.05; the fraction of CoSi was calcu-
lated by the formula fcos; + fsi,n, + fsio, = 1. see Table II.
Taking into consideration the known volume fractions, the
thermal conductivities (Table II), the EMT equation is
solved for the nanocomposite thermal conductivity k. The
results of calculation are added in the Figure 9(a) with the
line labeled EMT (CoSi/Si;N,/SiO,). Obviously, the pre-
dicted values from EMT (CoSi/Si;N,/Si0,) are still much
higher than the experimental data.

In addition, the contribution of the porosity on the
reduction of the lattice thermal conductivity in these
materials cannot be excluded since it is expected to
have significant effect. EMT formula was modified to
include also the pores of the pellets as fourth term
(CoSi/Si;N,/SiO,/Pores). The fractions f were considered
based on Table II. Taking into consideration the known
volume fractions, the thermal conductivities used previ-
ously (Table II), as well as the thermal conductivity of
the air (Ko = 0.0256 W/m-K), the nanocomposite ther-
mal conductivity was calculated. The results are included
in the Figure 9(a) with the green solid line labeled EMT
(CoSi/Si;N,/Si0,/Pores). According to the calculations,
the lattice thermal conductivity was predicted to reduce,
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however, although the similar trend, it is clear that the
experimental lattice thermal conductivity of the composite
materials is still lower than the predicted one. Additional
interfacial thermal resistance would further decrease the
predicted values, but still not as low as the experimental
data. At this stage, the lower values can be attributed on
the existence of nano-phases in the materials (as observed
by electron microscopy) as well as other mechanisms such
as the existence of dislocations, point defects and other
microstructure elements, as discussed elsewhere®>?® that
cannot be included in the EMT.

4. CONCLUSION

In conclusion, CoSi nanocomposites materials have been
synthesized using CoSi as matrix and nano-Si;N, via solid
state reactions, mechanical mixing and hot pressing. Elec-
tron microscopy confirmed the existence of nano-Si;N,
that were intentionally introduced in the nanocomposites
as well as the existence of micro-Si;N, due to agglomer-
ation. Interestingly, the existence of nano-and micro-SiO,
due to low oxidation of the material during processing
was also observed. The thermoelectric properties were sig-
nificantly affected by the Si;N, and SiO, inclusions as
well as the pores through the significant decrease of the
mobility. The thermal conductivity was strongly affected
and was found to decrease with increasing Si;N, con-
centration. This was attributed to the additional phonon
scattering mechanism that is introduced through not only
the inclusion of Si;N, but also the existence of SiO,
and pores. The reduction of lattice thermal conductiv-
ity via the formation of nanocomposite materials is dis-
cussed in the view of Effective Medium Theory. Three
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different cases of this model were studied for reach-
ing of the reduction of lattice thermal conductivity, tak-
ing into account the following combinations: CoSi/Si;N,,
CoSi/Si;N,/SiO, and CoSi/Si3N,/SiO,/Pores. The exper-
imental data were found to be closer to the results
of the EMT (CoSi/Si;N,/SiO,/Pores) although not fully
described. Moreover, the contribution of interfacial thermal
resistance between the Si;N, nanoparticles is not excluded.
The experimental values were still lower than those pre-
dicted and this can be attributed to the existence of nano-
phases as well as other microstructure elements such as
dislocations, point defects etc. More work can be done to
optimize the processing conditions, to enhance the nano-
effect on the lattice thermal conductivity through improved
dispersion that could positively affect the overall figure of
merit.
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