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1. Introduction

Thermoelectricity is one of the simplest energy conversion 
technologies, in which electricity is generated when a temper
ature gradient is introduced. It has attracted remarkable 
attention because of its application in power generation and 
solidstate cooling with the benefits of small size, less weight, 
long life, high reliability, no moving parts, fast response and 

no pollutants. The efficiency of this conversion depends on the 
performance of the thermoelectric material, which is defined 
by the dimensionless figure of merit zT  =  S2𝜎T/κ, where T is 
the temperature and κ is the thermal conductivity. To achieve 
an efficiency comparable to commercially available energy 
conversion devices, zT of 3 is required. The maximum reported 
zT is 2.6 for a tin selenide (SnSe) single crystal [1]. Currently, 
researchers are adopting various approaches to maximize zT 
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Abstract
The figure of merit (zT) of a thermoelectric material can be enhanced by incorporation of 
nanoinclusions into bulk material. The presence of bismuth telluride (Bi2Te3) nanoinclusions 
in Co4Sb12 leads to lower phonon thermal conductivity by introducing interfaces and 
defects; it enhances the average zT between 300–700 K. In the current study, Bi2Te3 
nanoparticles were dispersed into bulk Co4Sb12 by ballmilling. The bulk was fabricated 
by spark plasma sintering. The presence of Bi2Te3 dispersion in Co4Sb12 was confirmed 
by xray diffraction, scanning electron microscopy, transmission electron microscopy and 
electron back scattered diffraction technique. Energy dispersive spectroscopy showed 
antimony (Sb) as an impurity phase for higher contents of Bi2Te3 in the sample. The 
Seebeck coefficient (S) and electrical conductivity (𝜎) were measured in the temperature 
range of 350–673 K. The negative value of S indicates that most of the charge carriers were 
electrons. A decrease in S and increase in 𝜎 with Bi2Te3 content are due to the increased 
carrier concentration, as confirmed by Hall measurement. The thermal conductivity, 
measured between 423–673 K, decreased due to the increased phonon scattering at 
interfaces. A maximum zT of 0.17 was achieved at 523 K and it did not vary much 
throughout the temperature range. The experimental results of composites were compared 
by using effective medium theories.
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either by maximizing the power factor (S2𝜎) or reducing κ as 
much as possible.

Skutterudite based thermoelectric materials are considered 
as one of the most efficient materials for midtemperature ther
moelectric generator applications. Binary skutterudites with 
the chemical formula MA3 (M  =  Co, Ir, Rh and A  =  P, As, 
Sb) have shown interesting thermoelectric properties at mid 
temper ature ranges (400–700 K). The unit cell has been identi
fied as a bodycentred cubic structure with space group Im3̄ 
having eight formula units, 32 atoms and two voids per unit 
cell. It satisfies most of the requirements of a good thermoelec
tric material such as highly symmetric crystal structure, large 
unit cell, high average atomic mass, high carrier mobility, cova
lent bond between constituent atoms, high Seebeck coefficient 
and moderate electrical conductivity. However it has a high lat
tice thermal conductivity (κl) compared to other thermoelectric 
materials (7.5 W m−1 K−1 at 300 K for Co4Sb12), which results 
in low zT [2] and low device efficiency. The effective way to 
enhance zT is to reduce κl without effecting the interrelated S, 
𝜎 and electronic thermal conductivity (κe). Several approaches 
have been taken to decrease κl of bulk Co4Sb12 such as (i) 
incorporation of guest atoms into the two voids in the structure 
[3–7], (ii) substitution of the parent atoms, Co and Sb, by for
eign atoms [8–12] and (iii) introduction of nanoparticles into 
the matrix to form nanocomposites.

Nanocomposites comprise two or more immiscible phases 
having different properties, wherein at least one phase is 
restricted to the nanometer order. In recent years, nanocom
posites are being regarded as a promising solution to reduce 
the lattice thermal conductivity. Introducing a secondary 
phase into the bulk material enhances the grain boundary 
density and the number of interfaces, which act as effective 
scattering centres for phonons. Nanoinclusions may also 
lead to impurity defects that result in a further decrease in κl. 
Some  theoretical studies have been carried out to investigate 
the effects of shape and size of the inclusions and the micro
structure on transport properties of the composite [13, 14]. 
In the case of homogeneous dispersion of nanoparticles into 
the matrix, a significant reduction in κl is possible due to the 
strong scattering of midlong wavelength phonons with less 
effect on short wavelength electrons. The transport of charge 
carriers is also influenced by the distribution of the secondary 
phases in the nanocomposite. Electrons may be scattered at 
interfaces, which leads to low electron mobility and low elec
trical conductivity. It is very challenging to separate the scat
tering of phonons and electrons at interfaces. Furthermore, if 
the Fermi levels of the matrix phase and dispersion are dif
ferent, electron transfer will take place from the phase having 
a higher Fermi level to the lower one. Therefore, the band will 
bend away from the interface and will develop a potential bar
rier [15–17]. To enhance thermopower, it may be useful to 
filter the low energy carriers and increase the carrier density of 
states near the Fermi level. A low work function of inclusions 
is also required for an electron transfer between two phases. If 
the inclusion is more electrically conducting than the matrix, 
the Fermi level of the dispersion will be higher than that of 
the matrix. This way electron transfer will take place from the 
inclusion to the matrix, which will result in a higher electrical 

conductivity in the composite due to increased carrier concen
tration. Conversely, using an insulator as an inclusion is more 
effective to lower the thermal conductivity, but composites 
have some limitations. Bergman et al [18, 19] showed (from 
calculations) that zT of a binary composite material cannot 
exceed the highest zT of the individual components. The 
effective medium approximation [20, 21] also predicts that 
the value of electrical conductivity and thermal conductivity 
of composites will be an average of the two phases without 
considering the effects of interfaces and grain boundaries. 
Some experiments have even shown a decrease of zT in nano
composites [22]. But recently, some works on composites [23] 
have reported that zT of composites can be enhanced by opti
mizing the inclusion size and microstructures which enhance 
the phonon scattering and reduce the lattice thermal conduc
tivity effectively. Furthermore, the energy filtering effect at the 
interfaces enhances the Seebeck coefficient and consequently, 
the power factor.

Recently, many studies have reported on the effect of disper
sions on the thermoelectric properties of bulk Co4Sb12 [23–35]. 
An enhancement in zT has been observed through the addition 
of nanoparticles, which greatly decreased thermal conductivity 
compared to the bulk. Shi et al [23] reported that κl of Co4Sb12 
and fullerene (C60) composites reduced dramatically com
pared to the matrix, and a zT value of 1.3 was achieved with an 
appropriate quantity of dispersants. Zhou et al [24] have noted 
large improvements in both electrical conductivity and Seebeck 
coefficient as well as a large reduction in thermal conduc
tivity in Ag/Ba0.3Co4Sb12 nanocomposites, which produced an 
enhanced zT value of 1.0 at 823 K. In addition, nanocomposites 
such as Co4Sb12/ZrO2 [25], Co4Sb12/graphene [26], Co4Sb12/
WO3 [27], Co4Sb12/PbTe [28], Co4Sb11.7Te0.3/TiO2 [29] and 
CoSb3/WTe2 [30] showed significant decrease in thermal con
ductivity providing a great enhancement in zT. Specifically, 
YbyCo4Sb12∕Yb2O3  composites have shown a remarkable 
decrease in thermal conductivity leading to a high zT of 1.38 
at 850 K [31]. Yb2O3 as a homogeneous nanoscale distribution 
in (Sr0.25Ba0.25Yb0.50)0.5Co4Sb12.5 improved the thermoelec
tric performance, resulting in a zT value of 1.6 at 835 K [32]. 
According to another report, ultralow thermal conductivity 
with an enhanced Seebeck coefficient was obtained from gal
lium antimonide (GaSb) dispersed Yb0.26Co4Sb12 nanocom
posite materials, with an improved zT of 1.45 at 850 K [33]. 
Recently, Moure et al [34] have reported zT values close to 1.0 
in CoSb3/oxide nanocomposites due to the effective decoupling 
of thermal and electrical properties.

In the present work, nanocomposites made of randomly 
dispersed Bi2Te3 in the host matrix of bulk Co4Sb12 were syn
thesized. The influence of Bi2Te3 nanoparticles on the thermo
electric properties of bulk Co4Sb12 was investigated for a wide 
temperature range. The reason for using Bi2Te3 is that it has 
high electrical conductivity that can compensate for the power 
factor degradation at interfaces. In addition, Bi2Te3 has the 
highest zT of 0.6 at 300 K [36] and Co4Sb12 has the highest zT of 
0.08 at 623 K [2]. Thus, the Bi2Te3added Co4Sb12 composite 
material was expected to have a high average zT between 300–
700 K and a low lattice thermal conductivity due to increased 
grain boundaries and interfaces. A significant enhancement in 
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the power factor and remarkable decrease in thermal conduc
tivity resulted in improved zT values. A maximum zT of 0.17 
was obtained at 523 K and the average zT improved for the 
whole temperature range. The exper imental electrical conduc
tivity and thermal conductivity of the composites were exam
ined in the context of the effective medium theory proposed 
by Lewis and Nielson. The exper imental Seebeck coefficient 
was compared with the theoretical Webman–Jortner–Cohen 
(WJC) model [37].

2. Experimental procedure

2.1. Synthesis

Highly pure cobalt (99.995%) and antimony (99.999%) were 
weighed according to stoichiometric ratio and sealed under 
dynamic vacuum (5  ×  10−2 Pa) in quartz ampoules. The mat
erial was inductionmelted for 10 min at 1130 K followed by 
rapid quenching in water. The sample was annealed at 973 K for 
168 h. The ingot was handground into powder by using a mortar 
and pestle and then ballmilled at 250 rpm for 6 h. The Bi2Te3 
powder was mixed with Co4Sb12 powder according to the chem
ical formula (Bi2Te3)xCo4Sb12 (where x  =  0.1, 0.2, 0.3, 0.4) and 
the mixed material was ballmilled at 250 rpm for 1 h. The com
posite powder was compacted by spark plasma sinter ing using 
Dr. Sinter SPS625 at 823 K for 5 min with 50 MPa pressure  
under 0.5 mbar vacuum. All the samples were cut into rectangular 
pellets (10  ×  2  ×  2 mm3) to measure the electrical  conductivity 
and Seebeck coefficient and a circular pellet (6 mm diam
eter  ×  1 mm thickness) to measure the thermal conductivity.

2.2. Characterization

Powder xray diffraction (XRD) was carried out by the Rigaku 
Smartlab diffraction system using Cu Kα radiation with a step 
size of 0.02° and 2𝜃 range 5–90° for phase identification of 
the samples. High temperature XRD was done by XPERTPro, 
PANalytical from room temperature to 723 K. The surface 
morphology of the sample was observed by scanning elec
tron microscopy (SEM) using FEI ESEM Quanta 200 and the 
composition of the sample was detected by energy dispersive 
spectroscopy (EDS) using an electron probe micro analyzer 
(EPMA), namely JEOL JXA8530F. Electron back scattered 
diffraction (EBSD) was performed to capture the microstruc
tural details of the composites. EBSD was carried out at an 
accelerating voltage of 25 kV by scanning a sample area of 
2 µm  ×  4 µm with a step size of 20 nm using FEI Helios 
NanoLab Dualbeam. The grain boundaries and interfaces 
in the composite were studied by high resolution transmis
sion electron microscopy (HRTEM) using a FEI Tecnai F30 
with a field emission source operated at 300 kV. To prepare 
samples for TEM, powder samples were suspended in ethanol 
and dropcast on carboncoated cooper grids. The grids were 
dried using infrared radiation. The carrier concentration of the 
samples was measured by the Hall method at room temper
ature under a magnetic field of 0.25 T. The density of the sam
ples was measured using Archimedes’ principle. The Seebeck 
coefficient (S) and electrical resistivity (𝜌) were measured by 

the differential method and four probe method respectively 
using a Linseis LSR3 from room temper ature to 673 K. The 
laser flash method was used to determine thermal conductivity 
(κ  =  DCpd) of the samples from 423–673 K using a Flashline 
3000 (ANTER), where D is the diffusivity of the sample, CP 
is the specific heat and d is the density.

3. Results and discussions

3.1. Structural characterization

The powder and compacted pellet were investigated using 
XRD for structural phase determination. Figure 1 shows the 
XRD pattern of (Bi2Te3)xCo4Sb12 (where x  =  0.1, 0.2, 0.3, 
0.4) annealed and sintered composites. All the peaks were 
identified as δphase Co4Sb12 with Im3̄ symmetry and indexed 
with the relevant Miller indices (ICSD#41620). The highest 
peak of Bi2Te3 is at 2θ  =  27.7° [38] which was overlapping 
with the peak of the matrix phase. The peaks corresponding 
to the Bi2Te3 phase were not properly resolvable from the 
matrix phase as the amount of inclusion in the composite was 
very small. Another possible reason may be the very small 
grain size of the nanoBi2Te3 particles that cannot generate 
sharp diffraction peaks. The Rietveld refinement was used 
to refine the structural parameters considering a pseudo
Voigt profile function with no preferred crystal orientation. 
A quantitative Rietveld analysis was done considering inclu
sion as the secondary phase, which improved the quality of 
the Rietveld refinement. A Rietveld analysis of the XRD pat
tern of (Bi2Te3)0.2Co4Sb12 at room temperature is shown in 
figure 2. A Rietveld analysis of the powder XRD pattern con
firmed the presence of Co4Sb12 with a small amount of Bi2Te3 
as secondary phase that increased with increasing amounts of 
Bi2Te3. No peak shifts were observed with increasing Bi2Te3 
content; this indicates that Bi2Te3 had not occupied the void 
(2a sites) but formed a secondary phase as expected for a com
posite sample. This conclusion was also confirmed by calcu
lating the lattice parameters (a) of all samples using Rietveld 

Figure 1. Powder XRD patterns of (Bi2Te3)xCo4Sb12 (x  =  0.1, 0.2, 
0.3, 0.4).

J. Phys.: Condens. Matter 30 (2018) 095701
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refinement. There was no change in a at room temper ature as 
a function of Bi2Te3 content (figure 3).

No structural change was observed in high temperature 
XRD except a shift of peaks. At high temperature, atoms 
gain extra kinetic energy from the heat energy and start to 
vibrate and repel each other. Therefore, the unit cell expands 
with temperature because of the increased separation between 
atoms, which causes the expansion of lattice parameters and 
volume of the unit cell as shown in figure 4. The linear thermal 
expansion coefficient (αa) and volume thermal expansion 
coefficient (αv) were calculated by using the equations: 
αa = 1

a
da
dT  and αv =

1
v

dv
dT  where v is the volume of the unit 

cell (v  =  a3) and da
dT  and dv

dT  are the rate of change of the lattice 
parameter and volume respectively with temperature. Figure 5 
shows that αa and αv decrease with temperature which results 
in lower thermal stress at elevated temperatures.

Figures 6(a)–(d) show the SEM backscattered micrographs 
of (Bi2Te3)xCo4Sb12 (where x  =  0.1, 0.2, 0.3, 0.4). The sur
face of the samples showed the presence of very small pores; 
this suggests good densification, which is in good agreement 

with the density of the samples obtained using Archimedes’ 
principle (97% of the theoretical density). Similar morpholo
gies were observed for all the samples. The light grey area 
in  figures 6(a)–(d) is the Co4Sb12 phase and white area is the 
Bi2Te3 phase. The irregularly shaped Bi2Te3 nanoparticles 
were randomly distributed in the Co4Sb12 matrix. A small 
amount of elemental Sb (dark grey area) phase was also 
observed for x  ⩾  0.2, but no corresponding peak for Sb was 
observed in the XRD pattern. The average compositions of 
different phases detected by EDS in EPMA mode are listed 
in table  1. In EDS, the presence of Sb in the Bi2Te3 phase 
was observed. Composition was not detected properly in 
EDS as the L𝛼 energy of Te (3.769 eV) and Sb (3.604 eV) are 
very close. The carrier concentration at room temperature, as 
detected by the Hall measurement, increased with increasing 
Bi2Te3 content; this is listed in table 1.

Figures 7(a) and (b) show the EBSD generated phase map 
of (Bi2Te3)xCo4Sb12 composites with x  =  0.2 and 0.4. In the 
phase map, the green color represents the Co4Sb12 phase 
and red and yellow color represent Bi2Te3 and the Sb phase, 
respectively. Micrographs showed two types of regions: Bi2Te3 
and Sb phases were distributed at the grain boundary of the 
Co4Sb12 phase in one region. In the other region, randomly 

Figure 2. Rietveld refinement analysis of powder XRD pattern of 
(Bi2Te3)0.2Co4Sb12.

Figure 3. Lattice parameter of the assynthesized (Bi2Te3)xCo4Sb12 
nanocomposite as a function of Bi2Te3 content.

Figure 4. Temperature dependence of lattice parameter of 
(Bi2Te3)xCo4Sb12 (x  =  0, 0.2, 0.3, 0.4).

Figure 5. Linear thermal expansion coefficient as a function of 
temperature, inset: temperature dependence of volume thermal 
expansion coefficient.

J. Phys.: Condens. Matter 30 (2018) 095701
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dispersed Bi2Te3 phase and Sb impurity phase were observed 
within the parent Co4Sb12 grain. The effective grain size of 
the two regions was different. The average grain size of pure 
Co4Sb12 was around 1 µm. The grain size of Bi2Te3 inclusion 
was in the order of a few nm. The first region was prominent 
in the composite with x  =  0.2, whereas the second region was 
prominent in the composite with x  =  0.4 because of the com
paratively large amount of Bi2Te3.

The HRTEM of two samples shows that the composites 
have high grain density with sharp grain boundaries, as shown 
in figures  8(a)–(d). The region (second region mentioned 
in EBSD micrographs) where Bi2Te3 and Sb phases were 
agglomerated inside the parent grain of Co4Sb12 was investi
gated by TEM. Due to the small size (few nm) of phases in the 
composite, it was difficult to determine the grain size from the 
HRTEM micrographs of the agglomerate as it often contained 
overlapped grains. Three different phases were observed in the 
HRTEM micrograph, which agrees with the SEM, EPMA and 

EBSD results. A fast Fourier transform (FFT) generated from 
one phase showed cubic symmetry, indicating the presence 
of Co4Sb12 (figures 8(b) and (d)). The FFT generated from 
other regions showed hexagonal symmetry, which stems from 
Bi2Te3 and Sb phases. Figure  8(b) shows that the Co4Sb12 
particle aligned along the [0 0 1] direction is parallel to the 
beam direction. The interplanar spacing of lattice fringes of 
Co4Sb12 was 0.320 nm, which corresponds to the (2 2 0) plane. 
Figure 8(d) shows a fringe spacing of 0.322 nm corresponding 
to the (3 0 0) plane of Co4Sb12.

3.2. Transport properties

Figure 9 shows the variation of electrical conductivity with 
temperature. 𝜎 decreased with increasing temperature up to 
about 450 K and thereafter increased due to the generation 
of more charge carriers at high temperatures, indicating the 
semiconducting behaviour of composites. Another reason for 

Figure 6. SEM micrographs of (a) (Bi2Te3)0.1Co4Sb12, (b) (Bi2Te3)0.2Co4Sb12, (c) (Bi2Te3)0.3Co4Sb12, (d) (Bi2Te3)0.4Co4Sb12.

Table 1. Composition determined by EDS, band gap and carrier concentration at room temperature (300 K) of (Bi2Te3)xCo4Sb12 
nanocomposite.

Sample

Composition
Bandgap 
Eg  =  (2|Smax|Tmax) 
in eV

Carrier concentration 
at room temperature 
/cm3

Light grey region 
(Co4Sb12) White region (Bi2Te3) Dark grey region (Sb)

x  =  0.1 Co4Sb11.93(Bi0.003) Bi2Te1.8(Co0.41Sb1.8) — 0.19 6.70  ×  1019

x  =  0.2 Co4Sb11.67(Bi0.003) Bi2Te1.94(Co0.2Sb0.8) Sb0.95(Bi0.003Te0.002Co0.03) 0.17 8.47  ×  1019

x  =  0.3 Co4Sb11.91(Bi0.003) Bi2Te1.59(Co0.2Sb0.7) Sb0.9(Bi0.005Te0.007Co0.08) 0.15 1.25  ×  1020

x  =  0.4 Co4Sb11.76(Bi0.002) Bi2Te1.98(Co0.3Sb1.5) Sb0.88(Bi0.001Te0.015Co0.1) 0.15 1.42  ×  1020

J. Phys.: Condens. Matter 30 (2018) 095701
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Figure 7. EBSD phase maps of (a) (Bi2Te3)0.2Co4Sb12, (b) (Bi2Te3)0.4Co4Sb12.

Figure 8. (a) High resolution TEM micrograph of (Bi2Te3)0.2Co4Sb12 showing high density of grains with sharp grain boundaries, (b) FFT 
of crystalline phase Co4Sb12, (c) and (d) high resolution TEM micrographs obtained from (Bi2Te3)0.4Co4Sb12 in similar fashion.

J. Phys.: Condens. Matter 30 (2018) 095701
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the higher value of electrical conductivity at high temperatures 
is bipolar conduction. The minority charge carriers (holes) 
also become effective at this temperature range and take part 
in conduction. The electrical conductivity (𝜎) in the case of 
bipolar conduction can be expressed as: σ = neeµe + nppµp, 
where ne and np are the concentration of electrons and holes 
respectively, µe and µp are the mobility of electrons and holes 
respectively. With increasing Bi2Te3 content, 𝜎 increased 
greatly compared to bulk Co4Sb12 as Bi2Te3 contributes elec
trons to the system as confirmed by the Hall measurement 
data (table 1). The presence of a highly conductive Sb impu
rity phase in the composite with x  ⩾  0.2 is also responsible 
for high 𝜎.

The temperature dependence of the Seebeck coefficient 
(S) is shown in figure 10. S was positive for pristine Co4Sb12 
suggesting that it is a p type conductor. On the other hand, S 
was negative for pristine Bi2Te3 indicating its ntype semicon
ducting nature. As a result of this, S changed to negative for all 
the composite samples indicating that the majority of charge 
carriers were electrons. It was due to the electron transfer 

from the Bi2Te3 phase to the matrix phase. S decreased with 
the addition of Bi2Te3 content at room temperature. According 
to the Pisarenko relation, S is inversely proportional to 2/3 
of the carrier concentration [39]. Therefore, the decrease in 
S is due to the increased electron concentration provided by 
Bi2Te3 to the matrix. Moreover, S also showed the same trans
ition as electrical conductivity around 450 K: S increased 
with temperature and reached a maximum value at about 
450 K and then started to decrease at higher temperatures. The 
decrease in S may be due to bipolar conduction. When two 
types of charge carriers are present in the system, S is given by  
[28, 40, 41]:

S =
Snσn + Spσp

σn + σp
 (1)

where Sn is the Seebeck coefficient due to electrons, Sp is the 
Seebeck coefficient due to holes, σn and σp are the electrical 
conductivities of electrons and holes respectively. Though 
the majority of charge carriers were electrons, the contrib
ution from holes suppressed S effectively at high temper atures 
because of the higher mobility of holes. The band gap of the 
composites was calculated from the maximum S value (Smax) 
and the corresponding temperature Tmax by using the equa
tion  Eg = 2e |Smax| Tmax proposed by Goldsmid and Sharp 
[40]. The band gap of Co4Sb12 is 0.22 eV [42] and the band gap 
of Bi2Te3 is 0.16 eV [43]. The estimated band gap (reported 
in table  1) of the nanocomposite decreased with increasing 
Bi2Te3 content compared to matrix Co4Sb12; this can be attrib
uted to the increased carrier concentration of the nanocom
posite. The carrier concentration is related to the band gap via 
the relation: n  =  Aexp(−Eg/2kBT) where A is a pseudo con
stant, Eg is the band gap, kB is Boltzmann’s constant and T is 
the temperature. Therefore, the decrease of the band gap in the 
nanocomposite is due to the increase in carrier concentration.

Figure 11 shows the temperature dependency of the power 
factor. A maximum power factor of 0.83 mW m−1 K−2 at 
452 K was achieved for the composite with x  =  0.3, which is 
higher than that of pure Co4Sb12 (0.3 mW m−1 K−2 at 700 K) 
[26] and lower than that of pristine Bi2Te3 (2.92 mW m−1 K−2 

Figure 9. Temperature dependence of electrical conductivity of 
(Bi2Te3)xCo4Sb12 (x  =  0.1, 0.2, 0.3, 0.4).

Figure 10. Temperature dependence of Seebeck coefficient of 
(Bi2Te3)xCo4Sb12 (x  =  0.1, 0.2, 0.3, 0.4).

Figure 11. Temperature dependence of power factor of 
(Bi2Te3)xCo4Sb12 (x  =  0.1, 0.2, 0.3, 0.4).
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at 300 K) [36]. The increase in power factor of the composite 
is due to its high electrical conductivity (19 000–35 000 S m−1 
at 350 K) compared to the pristine Co4Sb12 (1500 S m−1 at 
350 K) [2]. Though the Seebeck coefficient of the nanocom
posite decreased slightly with increasing Bi2Te3 content, the 
very high electrical conductivity of the composite dominates 
over the Seebeck coefficient and increases the power factor. 
The power factor decreased with increasing temperature 
beyond 450 K. As the power factor is calculated via the rela
tion S2σ, the trend in the power factor with temperature for 
individual samples follows a similar nature like the Seebeck 
coefficient.

Figure 12 shows the variation in the thermal conductivity 
(κ) of (Bi2Te3)xCo4Sb12 with temperature. κ is mainly com
posed of two parts i.e. electronic thermal conductivity (κe) 
and lattice thermal conductivity (κl). κe was calculated using 
the Wiedemann–Franz relation: κe  =  LσT where L is the 
Lorenz number, σ is the electrical conductivity of the com
posite and T is the temperature. κl was determined by sub
tracting κe from the total thermal conductivity (κl  =  κ  −  κe) 
and is displayed in figure 13. κ decreased first with increasing 

temperature and then increased after a certain temperature; it 
obeyed the 1/T law at lower temperatures (423–573 K) indi
cating that Umklapp scattering is the dominant scattering pro
cess. Bipolar conduction is responsible for the enhancement 
of κ at higher temperatures. The bipolar thermal conductivity 
is mainly generated from the diffusion of both electrons and 
holes and can be expressed as [44, 45]:

κb =
σnσp

σn + σp
(Sn − Sp)

2T (2)

where the subscripts n and p stand for electrons and holes 
respectively. This extra term in the case of bipolar conduc
tion enhanced κ at higher temperatures. The total thermal 
conductivity of the composites decreased compared to bulk 
Co4Sb12 although κe had a higher value due to a high car
rier concentration. This can be attributed to the decrease in 
κl with increasing Bi2Te3 content. The addition of Bi2Te3 
nanoparticles in the sample produced many grain boundaries 
and interfaces. Therefore, the decrease in κl is due to the com
bined effect of (1) smallsized inclusions as confirmed by TEM 
and (2) increased scattering of midlong wavelength phonons 
(10–100 nm) at grain boundaries and interfaces because of the 
incorporation of nano dispersions. Hence the Bi2Te3 disper
sion can reduce κ without affecting σ, that is, it can decouple 
the interrelated σ and κ. κ of the composites decreased with 
increasing Bi2Te3 content. But in the composite with x  =  0.2, 
κ was a little higher than x  =  0.1, though κl was almost iden
tical for the two samples. Identical κl may be due to the low 
concentration of Bi2Te3 in both the composites, which could 
not induce sufficient interfaces to the system to scatter phonons 
effectively. The larger value of κ in the composite with x  =  0.2 
occurs because of higher κe due to its high electrical conduc
tivity. For composites with x  =  0.3 and 0.4, κl decreased sig
nificantly compared to x  =  0.1 and 0.2 resulting in a very low 
total thermal conductivity despite of their high κe, probably 
due to the increased phonon scattering at the interfaces.

The temperature dependence of zT of the composite is 
shown in figure 14. The zT of the composite increased com
pared to pristine Co4Sb12. This increase can be attributed to 
the increased electrical conductivity and reduced thermal 

Figure 12. Temperature dependent total thermal conductivity of 
(Bi2Te3)xCo4Sb12 (x  =  0.1, 0.2, 0.3, 0.4).

Figure 13. Temperature dependent lattice thermal conductivity of 
(Bi2Te3)xCo4Sb12 (x  =  0.1, 0.2, 0.3, 0.4).

Figure 14. Temperature dependent thermoelectric figure of merit 
(zT) of (Bi2Te3)xCo4Sb12 (x  =  0.1, 0.2, 0.3, 0.4).
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conductivity. The value of zT decreased with increasing 
temper ature beyond 550 K because S decreased and κ increased 
in this temperature regime due to bipolar conduction. A max
imum zT value of 0.17 was obtained for (Bi2Te3)0.3Co4Sb12 at 
523 K which is three times higher compared to Co4Sb12 [2]. 
Although the obtained zT value is relatively low compared to 
other reports on composite materials, the average zT improved 
throughout the working temperature range of 350–673 K. So, 
this property of maintaining the same zT over a broad temper
ature range is quite useful for the improvement of device per
formance. The average zT value was 0.15 in the temperature 
range between 350–673 K for (Bi2Te3)0.3Co4Sb12.

4. Theoretical calculations

4.1. Theoretical predictions of electrical conductivity  
and thermal conductivity

The experimental results were compared with predicted 
transport properties by using the effective medium theories 
proposed by Lewis and Nielson [20, 46, 47]. Averaging or 
combining the properties of individual phases can predict 
the transport properties of composite materials. According to 
Lewis and Nielson, the effective electrical conductivity (σc) of 
a composite system is given by:

σc =
1 + A

( σs
σm

−1
σs
σm

+A

)
φ

1 − φψ
( σs

σm
−1

σs
σm

+A

) . (3)

The same expression is also applicable for thermal conduc
tivity. Thus, the effective thermal conductivity (κc) of a com
posite is given by:

κc =
1 + A ( κs

κm
−1)

( κs
κm

+A)
φ

1 − ( κs
κm

−1)
( κs

κm
+A)

ψφ
, (4)

where σs and σm are the electrical conductivities, κs and κm 
are the thermal conductivities of the secondary phase and 
matrix phase respectively, φ is the volume fraction of the 

secondary phase, A is the shape coefficient of nanoparticles 
and ψ depends on the maximum packing volume fraction of 
nanoparticles (φm) through the equation:

ψ = 1 + (
1 − φm

φ2
m

)φ. (5)

The Lewis–Nielson model gives the correct behaviour when 
φ  →  φm and σs

σm
→ ∞.

The calculations for the transport property were performed, 
considering different values of φm. The best fit was obtained 
for φm  =  0.25. The assumption of irregularly shaped inclu
sions is considered in this calculation. According to Nielson 
[48], the value of A is 3 for irregularly shaped nanoparticles. 
Since Bi2Te3 is not stable above 500 K, its transport properties 
are not available above this temperature. Therefore, this model 
can predict properties up to 500 K. For (Bi2Te3)xCo4Sb12 
(where x  =  0.1, 0.2, 0.3, 0.4), the corresponding volume 
fractions of Bi2Te3 are 4.43%, 8.49%, 12.22% and 15.65% 
respectively.

Figure 15 shows the variation in electrical conductivity 
with temperature as predicted from the Lewis–Nielson model 
using equation (3). The calculated data matched well with the 
experimental results, but did not follow the same temperature 
dependence. The measured electrical conductivity decreased 
with increasing temperature within 500 K because of the very 
high carrier concentration of the composites. The calculated 
data showed an increase with temperature because they fol
lowed the trend of Co4Sb12.

The thermal conductivity was calculated using equa
tion (4) and plotted with respect to temperature in figure 16. 
The calculated effective thermal conductivity of the com
posites systematically decreased with the addition of Bi2Te3 
content following the behaviour of Co4Sb12. For  composites 
with x  =  0.3 and 0.4, the calculated κ did not match the 
experimental data. Since the Lewis–Nielson method does 
not consider the effect of interfaces and grain boundaries, 
this can be attributed to the increased phonon scattering at 
matrix–nanoparticle interfaces for higher concentrations of 
the Bi2Te3. Therefore it is very difficult to theoretically predict 

Figure 15. Comparisons between predicted and experimental 
electrical conductivity of (Bi2Te3)xCo4Sb12 composites. Figure 16. Measured and predicted effective thermal conductivity 

of (Bi2Te3)xCo4Sb12 composites.
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the thermal conductivity of composites without considering 
interface scattering.

4.2. Theoretical prediction of Seebeck coefficient

Following the strategy of effective medium theory, Webman 
et al [36, 49] derived a formula for the Seebeck coefficient 
that depends on both the electrical conductivity and thermal 
conductivity of the individual phases present in the composite 
material and is given by:

φm
σm(Sc − Sm)

(2σc + σm)(2κc + κm)
+ φs

σs(Sc − Ss)

(2σc + σs)(2κc + κs)
= 0,

 (6)
where S is the Seebeck coefficient, κ is the thermal conduc
tivity, σ is the electrical conductivity and the subscripts m, s 
and c denote the matrix phase, secondary phase and composite 
medium respectively. The WJC model is more accurate in the 
case of a high σs

σm
 ratio.

The effective Seebeck coefficients for nanocomposites 
were calculated using equation (6) and are shown in figure 17. 
The measured data are different from the calculated Seebeck 
coefficient in contrast to the electrical and thermal conductivi
ties. The calculated Seebeck coefficient was positive whereas 
the measured Seebeck coefficient was negative. The WJC 
model failed to calculate S correctly because Sm and Ss have 
different signs. The chemical potential (µ) of the two phases 
are different in a composite. This difference is large when one 
phase is p type and another phase is n type. As charge carriers 
transfer from one phase to the other, an additional contribution 
(function of µ) will feature in the calculation of the Seebeck 
coefficient [50–52]:

∆S =
1
|e|

dµ
dT (7)

where T is the temperature and e is the unit charge. When 
Sm and Ss have the same sign, this extra contribution is very 

small and can be neglected. With different signs of Sm and Ss, 
it is not negligible. Webman et al had not considered this extra 
term in their equation.

The overall effect of nanoinclusions on the thermoelectric 
properties of composites depends on many factors such as the 
concentration of nanoparticles in the matrix and the potential 
barrier, position of Fermi level and boundary between the two 
phases. The exact calculation of transport properties is not 
possible. The theories can only develop a reasonable approx
imation of transport properties considering the properties and 
relative fractions of the components.

5. Conclusions

(Bi2Te3)xCo4Sb12 (where x  =  0.1, 0.2, 0.3, 0.4) composite 
thermoelectric materials were fabricated by high energy ball
milling followed by spark plasma sintering. The influence 
of dispersions on the thermoelectric properties of compos
ites was investigated in the temperature range of 350–673 K. 
Structural and morphological studies were carried out using 
SEM, EPMA, EBSD and TEM. The Rietveld analysis of XRD 
patterns showed that Bi2Te3 is present in the composites as a 
secondary phase. The SEM micrographs also supported the 
XRD analysis. The presence of a small amount of Sb was 
observed in the samples for x  ⩾  0.2 in EPMA. The EBSD 
analysis showed that the average grain size of Co4Sb12 in com
posites was 1 µm. Bi2Te3 inclusions were agglomerated in the 
grain boundary and dispersed randomly throughout the bulk 
matrix Co4Sb12, which affected the thermoelectric properties 
significantly. The electrical conductivity increased and the 
Seebeck coefficient of the composites reduced on the addition 
of Bi2Te3 due to the increased carrier concentration. The com
posites showed ntype conduction whereas the majority of 
charge carriers in the case of Co4Sb12 were holes. The overall 
power factor of composites improved compared to pristine 
Co4Sb12 due to the high electrical conductivity. A decrease in 
the thermal conductivity was observed, which could be attrib
uted to the enhancement of phonon scattering at interfaces 
caused by the dispersed Bi2Te3 in the Co4Sb12 matrix. The 
enhanced zT of composites over a broad temperature range 
(350–673 K) was due to their higher electrical conductivity 
and lower thermal conductivity. A maximum zT of 0.17 was 
achieved for (Bi2Te3)0.3Co4Sb12 at 523 K and the average zT 
value was 0.15 from 350 K to 673 K. Though the obtained zT 
is not as high as in previous reports, this composite approach 
is a very effective way to produce high performance thermo
electric materials. Optimization of inclusion size, proper com
position and homogeneous distribution of Bi2Te3 in Co4Sb12 
matrix can help to achieve higher zT. Therefore, this approach 
can be applied to high zT thermoelectric materials such as 
doped or filled Co4Sb12 for further improvement in zT.
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