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ABSTRACT
Thermoelectric properties of nanostructured Sb2Te3/graphite composites are investigated both experimentally and theoretically and the contribution of graphite to heat transport mechanism is addressed. XRD results indicate the solid state insolubility of the graphite phase in
Sb2Te3 as no shift is observed in the diﬀraction peaks corresponding to Sb2Te3 in the composite samples. Raman spectroscopic analysis
conﬁrms the presence of graphite in the nanostructured composite samples. Temperature dependence of carrier concentration nH, thermal
conductivity κ, Seebeck coeﬃcient S, resistivity ρ, and, hence, the thermoelectric ﬁgure of merit ZT is reported. Graphite incorporation
leads to around 40% decrease of κ, essentially due to the decrease of lattice thermal conductivity, κL. A low κL value of 0.8 Wm−1 K−1 is
reported, which mostly arises due to enhanced phonon scattering at the heterointerfaces created by the addition of graphite. S increases in
Sb2Te3/graphite nanocomposites. Calculation reveals that reported large S value is related with the low hole concentration. Theoretical simulation in the frame of Boltzmann equation approach shows satisfactory agreement of nH, S, and ρ with experimental data, and based on the
modiﬁcation of the density of states and its derivative near Fermi energy with graphite addition, a plausible explanation is provided.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5095935
I. INTRODUCTION
A thermoelectric (TE) material is a promising platform for
converting waste thermal energy into valuable electrical energy and
hence attracts wide research interest in Condensed Matter and
Material Physics.1 Over the past few decades, it has drawn attention
of researchers immensely due to its potential to be viable as a green
energy source. Eﬃcient TE materials could enable the replacement
of compression based refrigeration system as well. These application potentials lead to the resurgence in activity toward obtaining
a TE material with better eﬃciency. Eﬃciency of a TE material is
S2
T,
designated by a dimensionless term ﬁgure of merit, ZT ¼ ρκ
where ρ is the electrical resistivity, S is the Seebeck coeﬃcient
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(or thermopower), κ is the thermal conductivity, and T is the absolute temperature. The parameters, i.e., S, ρ, and κ, are interrelated.
Therefore, it has been a great challenge for years to obtain high ZT
TE materials.2–5 It is thus imperative to decouple these parameters.6
From this viewpoint, there are two representative methods for
enhancing ZT: nanostructuring as an intrinsic method and composite as an extrinsic method.7–12 Nanostructuring leads to low κ
due to increased phonon scattering at the nanograin boundaries.13,14 However, at the same time, carrier (electron/hole) scattering at the nanograin boundary increases ρ, which is undesirable.
Composites, another promising method to obtain high ZT material,
consist of TE matrix and nanosized dispersoids.15–18 In the composite
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TE material, interface scattering plays a signiﬁcant and a positive
role. Hicks and Dresselhaus also proposed to introduce quantum
conﬁnement eﬀects in low dimension materials, by introducing
nanoscale phase into the TE matrix.15,19,20 The enhanced interface
scattering at the newly formed boundaries between TE matrix and
nanoscale disperoids reduces κ to a great extent.11,21,22 Moreover,
the nanograin boundaries in composites increase S by means of
carrier ﬁltering or quantum conﬁnement eﬀect, although ρ of these
highly disordered material is usually compromised.23–25
Binary pnictide chalcogenides, viz., Bi2Te3 (both n and p-type)
and Sb2Te3 ( p-type) are well known TE materials near room temperature (RT).26–28 Their layered crystal structure leads to a poor κ,
suitable for TE applications.29 Carbon based materials provide
phonon blocking.10,21,22 Hence, as second phase carbon based
materials, viz., graphene and carbon nanotube (CNT) have been a
popular choice, where its high electrical conductivity also plays a
positive role.30 Graphene nanosheets have been reported to be
eﬀective in enhancing the TE performance of polyaniline (PANI)
based TE nanocomposite samples.31 In recent years, the inﬂuence
of CNT, graphene, and graphite on the TE properties of Bi2Te3
based nanostructured composite samples has been extensively
studied.10,11,32–34 Another important related pnictide chalcogenide
TE material is Bi0.5Sb1.5Te3. It has been reported that formation of
nanocomposite of Bi0.5Sb1.5Te3 with graphite and C60 eﬀectively
reduces κ.21,22,35 Simultaneous increase in electrical conductivity and
phonon scattering in the graphene nanosheet/(Bi2Te3)0.2(Sb2Te3)0.8
TE nanocomposite has also been reported by Li et al.36 Despite such
attempts, it should be mentioned that only limited eﬀorts have been
made to study the TE performance of p-type Sb2Te3 based nanocomposite system.37–39 However, to the best of our knowledge, the eﬀect
of dispersing carbon based compounds on the TE properties of the
Sb2Te3 composite system is yet to be explored.
In this article, the TE properties of the Sb2Te3/graphite nanocomposite system have been studied in detail. A high room temperature (RT) S value of around 210 μV/K is obtained for the pristine
nanostructured Sb2Te3 sample, which further increases to around
250 μV/K with 1.0 wt. % of graphite. The obtained S is one of the
highest values reported for Sb2Te3 based samples. In addition, a 40%
reduction in κ near RT is observed in the synthesized Sb2Te3/graphite
nanocomposites. Furthermore, the experimental data are theoretically
simulated in the framework of Boltzmann equation approach for isotropic dispersion law. Quantitative agreement between calculation
and experimental data is obtained. The modiﬁcation of the electronic
states with graphite incorporation is predicted from the theoretical
modeling.
II. EXPERIMENTS
Polycrystalline Sb2Te3 ingots were synthesized by solid state
reaction method, details of which could be obtained elsewhere.26,28
Corresponding nanocomposite samples, i.e., Sb2Te3 + x wt. %
graphite (x = 0, 0.5, and 1.0), were prepared subsequently by adding
desired weight percentage of graphite with the synthesized Sb2Te3
ingots using planetary ball mill machine (Pulverisette, Fritsch,
Germany). The speed of main disk was 200 rpm and the ball
to sample ratio of 10:1 was used during milling. To avoid any
unwanted reaction, especially oxidation, milling was performed in Ar
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atmosphere. Ball milled powders were pressed into pellets using
the hot press method under the uniaxial pressure of 70 MPa at
425 °C (698 K) temperature for 1 h. The pellets thus obtained had
a density of around 90% of the theoretical density of pristine
Sb2Te3 (6.50 g/cm3). Structural characterization of Sb2Te3 + x wt. %
graphite (x = 0, 0.5, and 1.0) samples were carried out using synchrotron powder X-ray diﬀraction (XRD) facility at the Indian Beamline
BL-18B, Photon Factory, Japan. The samples were illuminated by
a monochromatic X-ray beam with wavelength λ = 0.09782 nm.
Synchrotron powder XRD measurements were performed in the
10° ≤ 2θ ≤ 50° range. Standard Si was used to determine the instrumental proﬁle.40 Rietveld reﬁnement technique using MAUD software was employed to extract the structural parameters for all the
samples.41 Microstructures of the samples were characterized using
Transmission Electron Microscope (TEM; JEM 2100 HR, JEOL)
operating at 200 KV. Details of ρ(T),26,42 S(T),26,42 κ(T),43 Hall coeﬃcient nH(T) measurements,44 and room temperature Raman spectroscopic studies26,28,45 can be found elsewhere.
III. RESULTS AND DISCUSSION
Figure 1 represents XRD patterns after Rietveld reﬁnement of
Sb2Te3 + x wt. % graphite (x = 0, 0.5, and 1.0) nanocomposite
samples. All the diﬀraction peaks are indexed with the rhombohedral
crystal structure of Sb2Te3 with space group R3m. No additional
peak is evidenced due to the graphite phase in the synthesized nanocomposite samples. The amount of graphite added is very small, at
least within the detection limit of XRD.33,36 However, existence of
graphite is conﬁrmed by Raman spectra (RS) as shown later. At the
same time, XRD results clearly indicate the solid state insolubility of
graphite in Sb2Te3 as no shift is observed in the diﬀraction peaks of
nanocomposite samples. Rietveld reﬁnement details along with the
parameters obtained after reﬁnement are provided in Table SM1
in the supplementary material. The extracted unit cell parameters of
the Sb2Te3/graphite nanocomposite samples are also presented in
Table I. It is revealed that lattice parameters do not signiﬁcantly
change with the addition of graphite. Also, grain sizes of all the
nanocomposite samples, as obtained after reﬁnement, are around
15 nm (see Table SM1 in the supplementary material). This excludes
grain size and related other eﬀects on ρ(T), S(T), κ(T), and nH(T)
data as well as TE properties of synthesized Sb2Te3/graphite
nanocomposite.
Raman spectroscopic measurement conﬁrms the presence of
graphite in Sb2Te3/graphite nanocomposite samples (Fig. 2).
The primitive unit cell of Sb2Te3 contains 5 atoms giving rise to 15
lattice dynamical modes at the center of the Brillouin zone, among
which 3 are acoustic modes and 12 are optical modes. Because of
inversion symmetry, these optical modes are exclusively Raman or
infrared active. Out of these 12 optical modes, 4 modes, e.g.,
2A1g , 2Eg are Raman active in the frequency range of 30–200 cm−1
and 2A1u , 2Eu are infrared (IR) active. More detailed analysis along
with the corresponding atomic displacements for diﬀerent vibrational modes can be found in the literature.25,46 In Fig. 2, peaks
observed at around 64 and 117 cm−1 are attributed to Raman active
A11g and Eg2 vibrational modes of Sb2Te3, respectively.44–48 The peak
at 135 cm−1 indicates the IR active mode of Sb2Te3.49 The IR active
mode in Raman spectra mostly arises due to the breakdown of
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FIG. 2. Room temperature Raman spectra of Sb2Te3 + x wt. % graphite (x = 0,
0.5, and 1.0) nanocomposites. Raman active A11g and Eg2 mode of Sb2Te3 are
indicated. The peak marked with asterisk (*) is associated to the IR active mode
of Sb2Te3. Raman active D, G, D0 , 2D, and D + G bands conﬁrm the presence
of graphite in x = 0.5 and 1.0 samples.

FIG. 1. X-ray diffraction patterns of Sb2Te3 + x wt. % graphite (x = 0, 0.5, and
1.0) samples at room temperature after Rietveld reﬁnement.

crystal symmetry as a ﬁnite size eﬀect in nanostructured samples
and has been reported earlier by Shahil et al. during Raman spectroscopic analysis of mechanically exfoliated few-quintuple layers of
Bi2Te3.47 In addition, all the as-prepared Sb2Te3/graphite composite
samples exhibit several Raman active peaks: D band (∼1350 cm−1)
and D0 band (∼1620 cm−1) corresponding to defect and disorder
induced or edge areas of graphite and G band (∼1580 cm−1),
arising due to vibration of sp2-hybridized carbon.50 The peak at

TABLE I. Lattice parameters (a and c) extracted by Rietveld reﬁnement of XRD patterns for Sb2Te3 + x wt. % graphite (x = 0, 0.5, and 1.0) samples.

x
0
0.5
1.0

a (Å)

c (Å)

4.273 6
4.275 6
4.272 4

30.422 3
30.441 4
30.343 8
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about 2950 cm−1 is also induced by disorder and associated with
D + G combination mode. Furthermore, the Raman band appearing
around 2700 cm−1 corresponds to the overtone of the D band (2D),
which arises due to the double resonant scattering process from the
zone edge phonons of graphite and is exhibited in all kinds of graphitic materials.51
The presence of graphite and nature of its distribution are
further conﬁrmed by TEM study. High resolution TEM image of a
typical Sb2Te3/graphite composite sample with highest graphite concentration (x = 1.0) is illustrated in Fig. SM1 in the supplementary
material. Several lattice stripes with deﬁnite widths of 0.322 nm,
0.272 nm, and 0.210 nm clearly represent, respectively, the (015),
(018), and (110) planes of Sb2Te3. Some less dark regions, identiﬁed as graphite (marked by a dotted circle in Fig. SM1 in the
supplementary material), indicate that graphite is randomly dispersed in the Sb2Te3 matrix.
In order to investigate the TE properties of bulk Sb2Te3/graphite
composites, κ(T), S(T), and ρ(T) measurements were carried out.
Figure 3(a) shows the temperature dependent variation of κ for
diﬀerent Sb2Te3/graphite composite samples. The room temperature
κ value (∼1.5 Wm−1 K−1) of pristine Sb2Te3 is in excellent agreement
with the reported data.39 As demonstrated in Fig. 3(a), κ values of
Sb2Te3/graphite composites signiﬁcantly decrease compared to those
of the pristine Sb2Te3 sample over the whole temperature range.
A maximum reduction of 40% in κ is observed for the Sb2Te3 composite sample containing 0.5 wt. % of graphite. The total thermal
conductivity (κ) is composed of electronic contribution (κe) from
the charge carriers and lattice contribution (κL) from phonons:
κ = κe + κL. The contribution of κe can be estimated with the
Wiedemann–Franz law: κ e ¼ LTσ, where L is the Lorentz number
and σ (=1/ρ) is the electrical conductivity. Instead of common
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FIG. 3. Temperature dependence of (a) total thermal conductivity (κ) and (b)
lattice thermal conductivity (κL) for Sb2Te3 + x wt. % graphite (x = 0, 0.5, and
1.0) samples indicating similar variation of κ(T) and κL(T) with graphite
concentration.

practice to treat L as a universal factor with 2.44 × 10−8 W Ω K−2
(degenerate limit),52 ﬁrst order correction to the degenerate limit of
L is estimated from the measured S(T) data.53 Snyder et al. recently
demonstrated the method to be accurate for common band structures/scattering mechanisms found for TE materials.53 Thus, using
the estimated values of L and measured ρ(T) data, κe(T) is evaluated. The temperature dependence of κL(T) is determined easily
using the obtained κ and κe. The κL value as low as 0.8 Wm−1 K−1
is obtained for the x = 0.5 sample near RT. Such a low value of
κL can be found in some high ZT (>1) TE material, viz., doped
PbTe, Bi0.5Sb1.5Te3/C60 nanocomposite, and others.14,21,22 However,
to the best of our knowledge, this is one of the lowest κL values
reported for Sb2Te3 based samples. For comparison with κ
[Fig. 3(a)], the κL(T) data of the composite samples as a function
of graphite content are plotted in Fig. 3(b). The results reveal that κ
is dependent primarily on κL and shows similar temperature and
graphite content dependence. Therefore, the dominant factor that
determines κ of Sb2Te3/graphite composites is the scattering of
phonons.11,32 The main cause of the reduction in κ as well as κL is
likely the newly formed Sb2Te3/graphite heterointerfaces, which act
as eﬀective phonon scattering centers. The nanostructure of Sb2Te3
scatters heat carrying phonons. Moreover, the distributed graphite
in the matrix acts as centers to scatter heat carrying phonons, and
the large number of mesoscale boundaries between the two phases
can also increase the scattering of phonons, which results in a
decrease of κL and hence κ.
Due to the large diﬀerence in atomic mass between C atoms
and atoms of Sb and Te, graphite nanoparticles and interfaces act
as eﬀective scattering centers of phonons in nanocomposite Sb2Te3.
This plausibly explains the observed signiﬁcant reduction of κL for
the x = 0.5 wt. % graphite sample. However, further addition of
graphite (1.0 wt. %) raises the κ values of the composite. It is noteworthy to mention that the theoretical κ value of graphite at room
temperature is around 398 W/m K (for in-plane, i.e., ab directions)
and 2.2 W/m K (for the c direction).54 The observed increase in κ
in the 1.0 wt. % graphite content sample can be attributed to this
high κ of graphite, which subdues the reduction in κ arising due to
phonon scattering eﬀect as observed in the lower graphite (0.5 wt. %)
content sample.32 However, interestingly, all Sb2Te3/graphite composites have lower κ than the pristine Sb2Te3. Similar results are
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recently reported for Bi2Te3/graphene and Bi2Te3/CNT based composite TE materials.11,32
The Seebeck coeﬃcients (S) of Sb2Te3/graphite composites are
presented in Fig. 4(a). The S(T) data reveal that all samples are
p-type in nature. The S value of the single crystalline Sb2Te3 compound is reported around 80 μVK−1 along the cleavage planes55
and 95 μVK−1 along the perpendicular direction at 300 K.56
However, the obtained S value of the present polycrystalline nanostructured Sb2Te3 samples, having average grain size around 15 nm,
is much higher (∼210 μ VK−1) and corroborates with the Sb2Te3
nanoparticle system reported earlier.37,57,58 A similar high value of S
for the Sb2Te3 system has also been reported by other groups.59–63
It is noteworthy to mention that grain size of the nanostructured
Sb2Te3 samples reported here is comparable to the de Broglie wavelength of Sb2Te3 (∼18 nm).58 Due to this, density of states and the
energy spectrum of holes are modiﬁed. This can, in principle,
decrease the carrier concentration. Nanostructuring also increases
the number of grain boundaries in the system. Hence, the probability
of both carrier and phonon scattering increases, which is reported to
be favorable for increase of S.15,25 Furthermore, S(T) data clearly
show that addition of graphite leads to the increase of the S value of

FIG. 4. Thermal variation of (a) Seebeck coefﬁcient (S), (b) electrical resistivity
(ρ), and (c) carrier concentration (nH) for different weight percentages (x) of
graphite in Sb2Te3/graphite nanocomposites. Figures 4(d)–4(f ) represent the
theoretically simulated curve of S, ρ, and nH for the samples, respectively. The
simulation was performed in the frame of the Boltzmann equation and shows
satisfactory agreement with experimental data.
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the composite samples. In fact, Hall measurement data discussed
later indicate that carrier concentration (nH) in Sb2Te3/graphite composites decreases with the addition of graphite [Fig. 4(e)]. For degenerated systems, in reference to the relatively simple semiclassical
Mott Jones formula of electron transport applicable for Sb2Te3 and
related samples, Seebeck coeﬃcient is represented by2
S¼


2
8π 2 k2B *
π 3
,
m
T
3nH
3eh2

(1)

where kB is the Boltzmann constant, h is the Planck constant, m*
is the eﬀective mass, and nH is the carrier (hole) concentration.
As demonstrated below, this also corroborates with our modeling
in the framework of the kinetic equation. So, incorporation of
graphite in the Sb2Te3/graphite composite system has a positive
eﬀect on κ and S.
The ρ(T) curve, presented in Fig. 4(b), depicts that ρ of the
synthesized nanocomposite system increases with increasing graphite content. The increase in the ρ value of Sb2Te3/graphite samples
with the increase of graphite can be mainly attributed to the
decrease of nH, since ρ ¼ nH1eμ, where μ is the carrier mobility and
other symbols have their usual meaning. Furthermore, increased
number of interfaces and grain boundaries resulting in additional
scattering centers for carriers also lead to an observed higher ρ
value in the composite samples.
For crystalline material, nH and μ play crucial role in determining the S and ρ data as well as modulating its TE performance.2
Thus, to have a better understanding, Hall measurements of the
nanocomposite samples were performed. The measured values of
nH are relatively small compared to Sb2Te3 single crystals and is
almost temperature independent [Fig. 4(e)].9,64 Such behavior is
rather typical for semiconductors with a single type of carriers.
However, in reference to the energy band diagram proposed for
Sb2Te3 based materials, it can be assumed that in the investigated
materials, only the upper valence band (UVB) of light holes is contributing to hole transport.21,22 In the case of contribution from the
ﬁlled lower valence band (LVB) of heavy holes, redistribution of
carriers between UVB and LVB takes place leading to the visible
change in temperature dependence of nH due to a large diﬀerence
of hole mobilities in UVB and LVB.
We calculated the values of diﬀerence between the top of
valence band EV and Fermi energy EF (Table II) in the degeneration limit using the experimental values of nH and light hole
eﬀective mass tensor,65

where m1, m2, and m3 are the components of eﬀective mass tensor
along principal directions of the valley and ħ is the Planck constant.
These values are smaller than the separation between upper and
lower valence bands.21 The observed smaller value is consistent
with the suggestion that only upper valence band contributes to
hole transport. Furthermore, we estimated mean free path l and
wavelength λ of holes from μ and EF as shown in Table II. To
obtain this, we assume isotropic and quadratic dispersion law for
holes with eﬀective mass m equal to one valley density of states
eﬀective mass,66,67
l¼

EF ¼

π 4=3 h2 nH
25=3 (m

1 m2 m3 )

1=3

,

2πh
λ ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ,
2mEF

μ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2m(EV EF ),
e

m ¼ (m1 m2 m3 )1=3 , (3)

where e is the elementary charge.
For a sample with 0 wt. % graphite, calculated l is very close to
the mean crystalline size obtained from XRD and TEM data. Thus,
for this sample, nH and ρ data suggest that hole transport is mainly
limited by interface scattering and the hole mean free path is nearly
independent on energy and temperature.
To verify the supposition, we calculated ρ, nH, and S for the
sample with 0 wt. % graphite in the framework of the Boltzmann
equation in relaxation time approximation. In the calculation, we
assume constant mean free path equal to the value in Table II.
The following expressions were used:66,67
ρ ¼ 1=σ;
S ¼ σ S =σ;
nH ¼

σ2
;
eσ H

σ¼

4e2 lm
π 2 h3

σS ¼

4elm
π 2 h3

EðV

@f0
ðEV
@E

EÞdE;

1

EðV

@f0
ðEV
@T

(4)

EÞdE;

1

pﬃﬃﬃ pﬃﬃﬃﬃ EðV
4 2e3 l2 m
@f0 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EV EdE:
σH ¼
3
2
@E
π h

1

Carrier concentration was determined using the equation for concentration of acceptor impurities,66,67

2=3

EV
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EðV
pﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
6 2m3=2
f0 EV EdE,
NA ¼
π 2 h3

(2)

(5)

1

TABLE II. The parameters of the investigated nanocomposites obtained by using
the experimental nH data at 50 K.

x
0
0.5
1.0

nH (1018/cm3)

μ (cm2/V s)

EF (meV)

l (nm)

λ (nm)

8
8
2.8

710
200
280

24
24
12

16
4.5
4.4

19
19
26
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where f0 ¼



exp

1

EF E
kB T

 , kB is the Boltzmann constant, T is the
þ1

temperature, and NA is the concentration of ionized acceptors that
we assumed to be temperature independent. We also assumed that
all acceptors are ionized. Using the concentration of carriers, we
can calculate Fermi energy. The only ﬁtting parameter was NA.
Eﬀective mass m = 0.184m0 was calculated using expression (2) and
data provided in Ref. 65, where m0 is the mass of free electron.
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We can observe (Fig. 4) that the temperature dependencies of
S, nH, and ρ are in good agreement with experimental data. The
diﬀerence in temperature variation of ρ and nH can originate from
hole scattering by phonons. Thus, hole transport can be described
in the frame of the Boltzmann equation, although hole wavelength
is comparable to the hole mean free path and hole momentum is
not a good quantum number. However, expression (4) can hold
their validity if electronic states near the top of valence band
remain delocalized. Every electron state carries probability ﬂux
density i. Nonequilibrium energy distribution function of holes
over states carrying i has the same form as for Bloch states in the
crystalline material, where i ¼ mp . Hence, the density of states has
the same form of the crystalline material and determined by m and
valley degeneration, which is equal to 6 for Sb2Te3.
In the nanocrystalline material, electronic states near the top
of valence band form the electronic Bloch states of crystallites.
Therefore, the density of states could uphold its energy dependence
and the above-mentioned other conditions could be fulﬁlled.
In this case, our calculation shows that the large value of S in the
crystalline material originates from relatively low hole concentration.
Assuming that the applicability of expressions (3–4) holds also
for nanocomposite samples with graphite, we make an attempt to
ﬁt temperature dependencies of S, ρ, and nH using two ﬁtting
parameters: NA and m and taking l equal to estimates from
Table II. The calculated values of the temperature dependencies of
the S, ρ, and nH are shown in Figs. 4(d)–4(f ), respectively, and are
in reasonable quantitative agreement with experimental data.
The list of calculated parameters is given in Table III.
For a sample with 0.5 wt. % graphite, the optimal value of
eﬀective mass is very close to the literature value used for the
sample with 0 wt. % graphite content. The value of ionized acceptor
concentration is slightly smaller. Thus, the eﬀect of 0.5 wt. % graphite on electronic states and carrier concentration is negligible. The
signiﬁcant eﬀect is the acceleration of the relaxation of distribution
function, which is indicated by essentially a smaller value of l. The
fast relaxation of distribution function can be due to weak coupling
of electronic states in graphite particles with electronic states near
the top valence band in Sb2Te3.
For sample with 1.0 wt. % graphite, optimal NA is signiﬁcantly
smaller than those in 0 wt. % and 0.5 wt. % graphite content samples.
This smaller NA value points to the localization of the part of charge
carriers. Thermal activation of these carriers to the delocalized states
could explain the diﬀerence between experimental and calculated S
for the sample with 1.0 wt. % graphite. Additionally, the optimal
value of m is essentially smaller in this sample than in the samples
with 0 wt. % and 0.5 wt. % graphite content. This points to the
smaller density of electronic states and its derivative near Fermi
energy for the sample with x = 1.0. Modiﬁcation of energy spectrum
TABLE III. Parameters used to calculate temperature dependence of nH, S, and ρ.

x
0
0.5
1.0

m/m0

NA (1018/cm3)

0.184 (calculated)
0.181 (fitted)
0.085 (fitted)

9.1 (fitted)
8.4 (fitted)
3.0 (fitted)
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with larger graphite content could explain the smaller concentration
of charge carriers. Signiﬁcant amount of carriers could be captured
by graphite particles in this sample (x = 1.0) due to the change of
energy diﬀerence between acceptor defects and electronic states in
graphite particles. Thus, addition of 1.0 wt. % graphite modiﬁes electronic states and their distribution in Sb2Te3 nanocrystalline material.
Experimentally measured S for all samples is almost the same below
250 K. It is consistent with the results of our calculation. This indicates that the lower concentration of charge carriers in the sample
with 1.0 wt. % graphite is compensated by modiﬁcation of energy
spectrum.
The room temperature ZT value for the synthesized samples
varies between 0.38 (x = 0) and 0.18 (x = 1.0) and increases with
increasing temperature (see Fig. SM2 in the supplementary material).
It is noteworthy to mention that graphite addition plays a positive
role toward the betterment of crucial TE parameters, i.e., S and κ.
However, the positive eﬀect in S and κ data is subdued by the
increase of ρ with graphite addition in Sb2Te3/graphite nanocomposite samples, which in turn is reﬂected in the ZT values.
In this work, we evaluate the role of graphite in the
Sb2Te3/graphite nanocomposite system both experimentally and
theoretically, and the contribution of graphite in heat transport is
emphasized. It should be pointed that graphite addition simultaneously improves crucial TE parameters, viz., κ and S, which makes
the present study interesting. The enhanced TE property can be
expected by applying this approach to prepare a similar nanocomposite system with graphite dispersion, and tuning of graphite concentration and related TE material/graphite nanocomposites should
be investigated in future.
IV. CONCLUSION
The phase purity of the Sb2Te3 + x wt. % graphite (x = 0, 0.5,
and 1.0) nanocomposite samples, synthesized by the ball milling
method, is conﬁrmed by XRD studies. Rietveld reﬁnement, carried
out based on the XRD data, reveals that the lattice parameters
as well as the grain size of the synthesized samples do not change
signiﬁcantly with graphite concentration. Raman spectroscopic
analysis and transmission electron microscopy conﬁrm the presence of graphite in the sample. S value as high as 212 μV/K is
obtained for pristine nanostructured Sb2Te3. Seebeck coeﬃcient,
Hall carrier concentration, and resistivity of investigated samples
were calculated using expressions derived from the Boltzmann
equation for isotropic dispersion law and constant mean free path.
Reasonable quantitative agreement between calculation and
experimental data was obtained with only one (for x = 0) or two
(for x = 0.5 and 1.0) ﬁtting parameters. Calculations show that the
high S value of pristine Sb2Te3 originates mainly from lower
carrier concentration. Variation of ﬁtting parameters points to the
acceleration of relaxation of the hole distribution function for an
addition of 0.5 wt. % graphite. Signiﬁcant modiﬁcation of electronic
states including reduction of the density of states and its derivative
near Fermi energy is also demonstrated with graphite incorporation. In addition, modeling depicts localization of the part of states
for the 1.0 wt. % graphite content sample. Graphite incorporation
signiﬁcantly decreases κ of nanostructured composite samples. In
order to calculate κL accurately, ﬁrst order correction to the
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degenerate limit of Lorentz number L is considered for the estimation of κe and L is obtained from the measured S data. κL thus
extracted from κ is found to be as low as 0.8 Wm−1 K−1 in Sb2Te3/
graphite nanocomposite. This low κL along with high S makes
graphite a potential dispersoid in nanostructured Sb chalcogenides
based TE material, which has not been reported earlier.
SUPPLEMENTARY MATERIAL
See the supplementary material for Rietveld reﬁnement details
along with the reﬁnement parameters, high resolution TEM image
of a typical nanostructured Sb2Te3/graphite composite sample, and
temperature dependence of ZT of nanocomposite samples.
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