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A B S T R A C T   

The thermoelectric properties of co-doped (Bi0.98In0.02)2Te2.7Se0.3/reduced graphene oxide composites between 
10 - 325 K are presented. X-ray diffraction confirms that the composites adopt a rhombohedral structure with 
space group R3m. Field emission scanning electron microscopy reveals an interface structure of reduced gra-
phene oxide (rGO). N-type conducting behaviour is observed for all the samples, as ascertained by Hall effect and 
Seebeck coefficient measurements, with a carrier concentration of 1025/m3

. The thermal conductivity and 
electrical resistivity of (Bi0.98In0.02)2Te2.7Se0.3/0.02 wt% reduced graphene oxide composite is found to decrease 
by 1.6 and 10 times respectively in comparison with that of (Bi0.98In0.02)2Te2.7Se0.3. The power factor is 
enhanced by 7 times for (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% rGO compared to that of (Bi0.98In0.02)2Te2.7Se0.3.   

1. Introduction 

Thermoelectric materials play a vital role in the recycling of waste 
heat into electricity. In recent decades promising progress has stimu-
lated hope that thermoelectrics can perhaps be used for clean energy 
production technology. The efficiency of thermoelectric materials is 
measured by a dimensionless quantity, known as the thermoelectric 
figure of merit, denoted by ZT [1,2]. In order to improve the ZT value, a 
high Seebeck coefficient, low thermal conductivity and low electrical 
resistivity are necessary. The challenging task is to balance these pa-
rameters. The composite method of preparation of thermoelectric ma-
terials may optimize these parameters independently, potentially 
enhancing the thermoelectric properties [3–5]. 

Efforts have been made to improve ZT in bismuth selenides and 
tellurides via methods such as ball milling [6–8], spark erosion [9,10], 
and melt spinning [11,12]. The preparation of a composite material by 
integrating rGO in the matrix of (Bi0.98In0.02)2Te2.7Se0.3 by solid-state 
reaction might reduce the lattice thermal conductivity by increasing 
the density of interfaces and hence the degree of phonon scattering. 
Furthermore, even a small weight fraction of rGO can enhance the 
electrical conductivity because it can provide additional electron con-
duction channels with intrinsically high mobility [13]. The doping of 
indium in the superlattice supplies additional electrons, increasing the 

carrier concentration. However, significant substitution of indium leads 
to the localization of electrons in the vicinity of the doped site [14]. The 
covalent radius of bismuth is only slightly larger than that of indium, 
thus indium is primarily doped on the atomic site of bismuth. There is 
also the formation of antisite defects of Bi(In) on Te(Se) and vice versa. 
This decreases the electrical resistivity and enhances the carrier con-
centration by creating V..

Te and V..
Se. The inclusion of Se on the Te site and 

In on the Bi site creates donor and acceptor levels respectively in the 
band gap of Bi2Te3. This leads to the convergence of degenerate elec-
tronic bands [15]. Se atoms in (Bi0.98In0.02)2Te2.7Se0.3 are found mainly 
on the Te(2) (0 0 0.792) [16] sites and decrease the carrier mobility due 
to strong ionized impurity scattering. However, Se dopants also narrow 
the band gap, allowing a larger number of electrons to participate in 
electron conduction. The decreased mobility and increased phonon 
scattering in doped samples have also been attributed to point defects 
and scattering between carriers with increased concentration [17]. The 
doping of In in Bi2Te3 is thus an approach that helps to optimize the 
carrier concentration while forming point defects that scatter 
heat-carrying phonons, favouring a high thermoelectric figure of merit. 

Reduced graphene oxide (rGO) has high electrical conductivity and 
can be used as a composite material for this system. The addition of rGO 
into the (Bi0.98In0.02)2Te2.7Se0.3 matrix enhances phonon scattering by 
its location mainly at the grain boundaries. This is also expected to 
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inhibit matrix diffusion during sintering, maintaining a small grain size, 
and control the carrier concentration by the interface scattering phe-
nomenon [18]. Hence, by the combined effect of TeSe on BiIn antisite 
defects and rGO interfaces, we expect modification of the thermoelectric 
properties, which is the motivation of the present work. 

In a previous paper we achieved enhancement of the thermoelectric 
performance of (Bi0.98In0.02)2Se2.7Te0.3 in both the low and near-room- 
temperature range [19]. In this study, a novel one-step preparation to 
incorporate reduced graphene oxide in (Bi0.98In0.02)2Te2.7Se0.3 is re-
ported, and the thermoelectric performance is investigated in the tem-
perature range 10 - 325 K. 

2. Experimental methods 

2.1. Synthesis of reduced graphene oxide (rGO) 

An “improved Hummer’s” method was used to synthesize reduced 
graphene oxide powder. 360 ml of concentrated H2SO4 and 70 ml of 
H3PO4 were mixed with 3 g of graphite flakes in an ice bath under 
constant stirring. 18 g of KMnO4 was added to the mixture at intervals of 
15 min and stirred for 24 h. Further, 20 g of ice cubes and 3 ml of H2O2 
solution were slowly added to the ice bath to ensure that the tempera-
ture did not exceed 5 ◦C. The mixture turned from brown to yellow 
which indicates completion of the reaction. The solution (mixture con-
taining graphene oxide) was then washed with 200 ml of water, 200 ml 
of 30% HCl, 200 ml of ethanol and 200 ml ether. The process was 
repeated three times to obtain a suspension of graphene oxide (GO) 
[20]. 

The prepared suspension was dispersed in 20 ml distilled water for 
an hour through an ultrasonicator by adding hydrazine hydrate. The 
mixture was kept in an oven for 30 min at the temperature of 100 ◦C. As 
a confirmation of the conversion from graphene oxide to reduced gra-
phene oxide, the colour of the dried mixture turned from yellow to 
black. The product was dried once again to obtain rGO powder. 

2.2. Preparation of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% 
reduced graphene composites 

The composite samples were prepared using a solid - state reaction 
technique. Details of the preparation of (Bi0.98In0.02)2Te2.7Se0.3 are 
given in our previous publication [19]. This compound and rGO were 
added in stoichiometric ratio (11.90:1 for 0.01 wt% rGO and 4.88:1 for 
0.02 wt% rGO) and ground for 2 h using an agate mortar and pestle to 
form a homogeneous mixture. The powder was pelletized under 5 ton 
hydraulic press compression. The pellets were sealed in a quartz tube 
under 10− 6 torr pressure. The sealed sample was sintered at a temper-
ature of 400 ◦C for 24 h. The sintered sample was then ground for 90 
min, pelletized, sealed and sintered further at 250 ◦C for 36 h. 

2.3. Characterization techniques 

Powder X-ray diffraction (XRD) was carried out using a Rigaku 
Miniflex diffractometer with CuKα radiation (1.54 Å) in the 2θ range 20 
- 80

◦

with a step of 2
◦

/min to confirm the purity and crystallinity of the 
products. 

The surface morphological features of the samples were inspected 
using a field emission scanning electron microscope (Carl Zeiss Sigma, 3 
detectors, 20 to 120 μm range with accelerating voltage up to 30 kV) 
with a magnification of 35000x. The chemical composition of the sam-
ples was examined by energy dispersive X-ray analysis (EDX) using an 
EVO MA18 microscope equipped with Oxford EDX (X-act). 

Hall effect measurements were performed between 80-330 K with an 
Ecopia HMS-5500 system using the Van der Pauw method. The pellets 
were cut into squares, with gold plated contacts at the four corners. 

Raman spectra of the synthesized powder material were recorded in 
the wavenumber range 1200-2000 cm− 1 using a Peak seeker Pro TM 

Raman system. 
Temperature-dependent electrical resistivity, Seebeck coefficient, 

thermal conductivity and ZT values were measured using a Physical 
Property Measurement System (PPMS) in the temperature range 
10–325 K. 

3. Results and discussion 

3.1. Raman spectra of reduced graphene oxide 

The Raman spectrum of reduced graphene oxide (Fig. 1) exhibits a D 
peak at 1350 cm− 1 and a G peak at 1590 cm− 1

. The formation of the D 
band is mainly due to edge and grain boundary disorder in the rGO. The 
G-band originates from the C-C stretching of sp2 hybridized C atoms 
[21]. The concentration of defects (E) can be estimated by the ratio of 
the intensities of the D and G bands: 

E =
ID

IG
(1)  

Here ID and IG are the intensities of the D and G peaks, respectively. The 
value of E is found to be 1.17 which is smaller than earlier reported 
values [20,22,23]. The usual concentration of defects in graphite is 
smaller than rGO [24]. 

3.2. X-ray diffraction (XRD) study 

Fig. 2 exhibits the XRD patterns of the composite samples, where the 
most intense peak in all three samples is 015 at 28◦. The missing of peak 
102 in (Bi0.98In0.02)2Te2.7Se0.3/0.02 wt% rGO composite is due to lattice 
structural phase transition, leads to the orientation of host lattice 
(Bi0.98In0.02)2Te2.7Se0.3 towards the higher symmetry [25,26]. There are 
no peaks from rGO due to the small weight fraction in the 
(Bi0.98In0.02)2Te2.7Se0.3 matrix [27]. The crystallite size (D) and strain 
(ε) were quantified using the Williamson-Hall (WH) method 

βhkl =
(

kλ
Dcosθ

)

+ (4εtanθ) (2)  

where k represents the shape factor (k = 0.9), λ is the X-ray wavelength 
(λ = 0.154nm), β is the Full Width at Half Maximum intensity, θ is the 
diffraction angle and D is the crystallite size. The analysis data of W–H 
plots, extracted crystallite size and strain parameters of three samples 
are listed in Table 1. The strain increases as the crystallite size becomes 
smaller with increasing rGO concentration. 

Rietveld refinement of the structures was performed using the EXPO 

Fig. 1. Raman spectrum of rGO powder.  
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2014 software [28] (Fig. 3), for which Rp (Profile factor), Rep (Expected 
Profile factor), Rwp (Weighted profile factor), χ2

, and the lattice pa-
rameters are listed in Table 1. The samples all adopt the rhombohedral 
crystal system with space group R3m. The increase in the content of rGO 
decreases the lattice parameters gradually as it creates a shrinkage in the 
lattice structure. As a result, the degree of compressive stress in the 

structure increases. 

3.3. Field emission scanning electron microscopy (FESEM) 

Fig. 4 shows FESEM images of the (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% 
and 0.02 wt% rGO composites. Fig. 4 (a) reveals a grain distribution 
with significant spaces between them. The hair-like structures in the 
composite samples are rGO fibers that accumulate at the grain bound-
aries [Fig. 4 (b) and (c)]. It is observed that there is a reduction in pore 
size as rGO is added to the compound. The density (d) was determined 
using a Contech instrument and the values are provided in Table 1. The 
uneven grain growth indicates the fine polycrystalline nature of the 
materials. 

3.4. Energy dispersive X-ray spectroscopy (EDX) 

EDX images of (Bi0.98In0.02)2Te2.7Se0.3,0.01 wt% and 0.02 wt% 
(Bi0.98In0.02)2Te2.7Se0.3 rGO composites are shown in Fig. 5. 
(Bi0.98In0.02)2Te2.7Se0.3 shows the presence of bismuth, indium, sele-
nium and tellurium as can be seen in Fig. 5 (a) whereas the composite 
samples [Fig. 5 (b) and (c)] also show the presence of carbon and ox-
ygen. The observed elemental composition of the studied samples 
matches well with the expected pre-crystal formation, as shown in 
Table 2. 

3.5. Hall measurements and electrical resistivity 

Figs. 6 and 7 show the temperature dependent carrier concentration 
(n) and Hall mobility (μ) of the composites in the temperature range 80 - 
330 K. The results confirm n-type conducting behaviour of the samples. 
As the temperature increases, there is a gradual increase in the carrier 
concentration, which is of order of 1025/m3 for all three samples. The 
Fermi-level of (Bi0.98In0.02)2Te2.7Se0.3 lies in the overlapping region of 
the band, as it contains enough electrons to fill the bands. As 0.01 wt% 
rGO is added to the compound (Bi0.98In0.02)2Te2.7Se0.3, there is an in-
crease in the carrier concentration, which is due to the provision of an 
extra transmission channel for the electrons by the rGO molecules. The 
incorporation of rGO releases trapped electrons by reduction of a double 
Schottky barrier band alignment with (Bi0.98In0.02)2Te2.7Se0.3 [29]. This 
alignment allows a path for the transmission of electrons, and as a result, 
the carrier concentration increases [30,31]. However, the interfaces 
generated by the rGO reduce the mobility due to increased interfacial 
charge scattering [32]. The (Bi0.98In0.02)2Te2.7Se0.3 /0.02 wt% rGO 
composite shows a slight reduction in n in comparison to 

Fig. 2. XRD patterns of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% 
reduced graphene composites. 

Table 1 
Structural analysis data of (Bi0.98In0.02)2Te2.7Se0.3, 0.01 wt% and 0.02 wt% (Bi0.98In0.02)2Te2.7Se0.3 rGO composites.  

Sample name Plane of 
peaks 

βCosθ  4Sinθ  D(nm) ε  Lattice 
parameter(Å) ±

0.005  

Rp Rwp Rep χ2 R2 d(g/ 
cm3

)±0.001  

(Bi0.98In0.02)2Te2.7Se0.3 015 107 
1010 
1013 
2112 
0021 

0.008 
0.009 
0.012 
0.013 
0.016 
0.020 

0.961 
1.012 
1.303 
1.592 
1.823 
2.078 

16.3 
±1.0  

0.0010 
±0.0001  

4.445 31.154 11.4 15.0 10.9 1.8 0.98 5.562 

(Bi0.98In0.02)2Te2.7Se0.3/ 
0.01 wt% rGO 
composites 

015 107 
1010 
1013 
2112 
0021 

0.010 
0.012 
0.013 
0.014 
0.016 
0.018 

0.958 
1.014 
1.212 
1.303 
1.522 
1.823 

14.6±0.2 0.0025±0.0006 4.434 30.133 14.0 11.4 7.5 2.2 0.97 6.576 

(Bi0.98In0.02)2Te2.7Se0.3/ 
0.02 wt% rGO 
composites 

015 107 
1010 
1013 
2112 
0021 

0.014 
0.016 
0.010 
0.021 
0.027 
0.028 

0.962 
1.061 
1.103 
1.525 
1.834 
1.903 

8.9 ±0.7  0.0040 
±0.0001  

4.343 30.104 7.4 9.7 7.1 1.8 0.99 6.965  
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(Bi0.98In0.02)2Te2.7Se0.3 /0.01 wt% rGO at 330 K due to the saturation of 
interfacial charge of the compound (Bi0.98In0.02)2Te2.7Se0.3. The process 
of charge scattering in rGO is caused by both intrinsic and extrinsic 
factors. Extrinsic sources include vacancies, surface and edge disorder. 
In order to consider the electron density at the material interface, 
electrons are expected to have a dominant role in the transport prop-
erties of the rGO composites. In addition, slight oxidation of the surface 
of (Bi0.98In0.02)2Te2.7Se0.3 results in carrier trapping at the grain surface. 
The oxygen atoms of rGO form chemical bonds and transfer charge to 
the Tese atoms [30,33,34]. 

The temperature dependent electrical resistivity of the prepared 

composites is presented in Fig. 8. It is observed that pristine 
(Bi0.98In0.02)2Te2.7Se0.3 has the highest electrical resistivity. The com-
posite samples show a decrease in electrical resistivity with increasing 
rGO content. The (Bi0.98In0.02)2Te2.7Se0.3/rGO composites exhibit 
degenerate semiconducting behaviour between 10–325 K, whereas 
(Bi0.98In0.02)2Te2.7Se0.3 shows typical quasi-degenerate semiconducting 
behaviour due to the presence of Se vacancies. The value of electrical 
resistivity is found to decrease by 10 times for (Bi0.98In0.02)2Te2.7Se0.3/ 
0.02 wt% reduced graphene oxide compared to that of (Bi0.98In0.02)2-

Te2.7Se0.3 at 325 K. This reduction is due to the grain boundaries which 
also cause the variation in carrier concentration and Hall mobility [35]. 

Fig. 3. Fitted XRD patterns of a) (Bi0.98In0.02)2Te2.7Se0.3 b) (Bi0.98In0.02)2Te2.7Se0.3 0.01 wt% rGO c) (Bi0.98In0.02)2Te2.7Se0.3 0.02 wt% rGO composites.  
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The rGO forms hair-like grains which are embedded in the grain 
boundaries of (Bi0.98In0.02)2Te2.7Se0.3. These grains act as a conducting 
channel for the scattering of carriers (electrons). Therefore, conducting 
electrons cannot easily move across the grain boundaries due to the 
energy barrier between (Bi0.98In0.02)2Te2.7Se0.3 and rGO. Selenium 
partially segregates on the crystal surface, causing the creation of 
positively charged selenium vacancies (VṠe) whose charge is compen-
sated by free electrons. The free electron concentration is dominated by 
the diffusion of selenium into the layers of tellurium [36,37]. The 
negligible interaction of rGO with (Bi0.98In0.02)2Te2.7Se0.3 is the reason 
for the degeneracy of the compounds. Hence there is an increase in 
electron concentration in the conduction band with the formation of 
discrete energy levels. 

Fitting the resistivity to Mott’s low temperature electron hopping 
model (VRH model) (Fig. 9) shows hopping of electrons between the 
nearest localized sites between 30 – 130 K. Electron hopping is the main 
mechanism of the conduction below 130 K, which takes place in a very 
narrow energy band around the chemical potential. Due to the elec-
tronic states, electrons are localized in this potential level [38]. The 
slope is used to calculate the characteristic temperature (Tₒ) and 
pre-exponential factor (ρo), which are presented in Table 3. Further-
more, the density of states at the Fermi level N(EF) is calculated using 

N(EF) =

(
18α3

kBTo

)

(3)  

where kB is the Boltzmann constant, α is the localization length, Tₒ is the 
characteristic temperature and ρo is the pre-exponential factor. The 
small polaron hopping model (SPH) is applied between 115–250 K 
(Fig. 10) using 

ρ = ρ0Texp
(

EA

kBT

)

(4)  

Here the activation energy (EA) is calculated using the slope of the linear 
fits. It has been noted that the hopping of polarons occurs due to the 
exchange of energy between electrons and the lattice by the adsorption 
of polarons at disordered sites [39]. 

3.6. Seebeck coefficient 

The temperature dependent Seebeck coefficient of (Bi0.98In0.02)2-

Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites in the temperature 
range 10–325 K is shown in Fig. 11. The Seebeck coefficient is negative 
over the entire temperature range due to the extensive number of 
antisite defects where TeSe are substituted by BiIn ions. The highest 
Seebeck coefficient is observed for the (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% 
rGO composite. As the temperature increases to ~220 K, the Fermi level 
moves away from valence band which results in an increase in the 
magnitude of the Seebeck coefficient [40]. Above ~220 K, there is a 
slight decrease in the magnitude of the Seebeck coefficient due to the 
increasing influence of phonon-electron interactions over phonon- 

Fig. 4. FESEM images of a) (Bi0.98In0.02)2Te2.7Se0.3 b) (Bi0.98In0.02)2Te2.7Se0.3 0.01 wt% rGO c) (Bi0.98In0.02)2Te2.7Se0.3 0.02 wt% rGO composites  
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phonon interactions, where the Fermi-level approaches the edge of the 
conduction band [41]. The surface morphology of the samples can also 
affect the carrier concentration and carrier mobility. To study the in-
fluence of carrier scattering on the transport properties of the com-
pounds, the Seebeck coefficient and Hall carrier concentration are 
related by 

γ = lnn + S (5) 

The values of the carrier scattering factor γ are presented in Table 3. 
The Seebeck coefficient is negligible compared to the natural logarithm 
of the carrier concentration (n) of each sample. The scattering factors 
match well with theoretical and experimental calculations [42,43]. In 
heavy composite compounds, antisite defects of Bi(In) on Te(Se) reduce 
the mobility with an increase in carrier concentration [44]. The intrinsic 

Fig. 5. EDX images of a) (Bi0.98In0.02)2Te2.7Se0.3 b) (Bi0.98In0.02)2Te2.7Se0.3 0.01 wt% rGO c) (Bi0.98In0.02)2Te2.7Se0.3 0.02 wt% rGO composites.  

Table 2 
The elemental composition data of the (Bi1-xInx)2Se2.7Te0.3/rGO composite 
samples.  

Sample Elements Expected 
weight % 

Observed 
weight% 

(Bi0.98In0.02)2Te2.7Se0.3 Bi 52.30 51.73 
In 0.58 0.45 
Te 43.94 44.76 
Se 3.18 3.06 

(Bi0.98In0.02)2Te2.7Se0.3/0.01wt% 
rGO composite 

Bi 48.38 47.98 
In 0.27 0.20 
Te 40.64 41.23 
Se 2.97 2.50 
C 5.16 5.66 
O 2.58 2.43 

(Bi0.98In0.02)2Te2.7Se0.3/0.02wt% 
rGO composite 

Bi 44.10 43.87 
In 0.24 0.18 
Te 37.1 38.33 
Se 2.55 2.20 
C 11.33 10.66 
O 4.71 4.76  

Fig. 6. Temperature dependent carrier concentration (n) of (Bi0.98In0.02)2-

Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites. 
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disorder and defects in the materials hinder carrier motion and cause a 
decrease in the charge mobility. The deep states are filled and lifted up 
by the quasi fermi energy, leading to a higher average hopping rate [45, 
46]. These hopping sites originate from oxygen vacancies on rGO which 
are generated by sintering. The effective mass was calculated using 
Mott’s relation 

S(T) =
8k2

bπ2m∗

3eh2

( π
3n

)2/3
T (6)  

where S(T) is the temperature dependent Seebeck coefficient, kb is 
Boltzmann’s constant, m* is the effective mass of the electrons, e is the 
electron charge, h is Planck’s constant, n is the carrier concentration, 

and T is the temperature in Kelvin [47]. The scattering of charge carriers 
has a direct influence on the Seebeck coefficient. Hence the Fermi level 
is calculated by the equation 

EF = −
3eS

π2k2
bT

(7) 

The Fermi energy values are given in Table 3. To probe the carrier 
scattering phenomena, the carrier mobility is plotted as a function of 
concentration at 325 K in Fig. 12. 

Fig. 7. Temperature dependent carrier mobility (μ) of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites.  

Fig. 8. Electrical resistivity of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites.  
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Fig. 9. Variable range hopping model of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites.  

Table 3 
Scattering factor (γ), Fermi energy (EF), Activation energy (EA), Pre-exponential factor (ρo) characteristic temperature (To) Density of states (N(EF).  

Sample γ (300 K)  EF (meV) (300 K) EA (meV) ρoΩm (10 K)  To 10− 2 K  N(E) 1024(eV m− 3) (300 K) 

(Bi0.98In0.02)2Te2.7Se0.3 58.88 1.0 12.0 0.04 0.03 400.0 
(Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% rGO composites 57.25 1.5 23.0 0.004 0.36 2.0 
(Bi0.98In0.02)2Te2.7Se0.3/0.02 wt% rGO composites 58.5 3.0 17.0 0.001 0.53 1.0  

Fig. 10. Small polaron hopping model of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites.  
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3.7. Thermal conductivity 

The temperature dependent thermal conductivity of the samples is 
shown in Fig. 13. The total thermal conductivity of the composite 
samples is smaller than that of (Bi0.98In0.02)2Te2.7Se0.3 above 50 K due to 
umklapp scattering [48]. The uniform ordering behaviour of the thermal 
conductivity can be attributed to the limited interface charge scattering 
occurring with the agglomeration of rGO. Therefore, the interface 
scattering effect of the rGO composites and the (Bi0.98In0.02)2Te2.7Se0.3 
grain boundaries have a strong influence on the decrease in total 

thermal conductivity. The total thermal conductivity is comprised of 
electronic and lattice components, which are related by the 
Wiedemann-Franz law [49] 

κe =
L0T

ρ (8)  

where L0 is the Lorentz number, 2.50 × 10− 8 WΩK− 2 which is calculated 
using [45] 

Fig. 11. Temperature dependent Seebeck coefficient of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites.  

Fig. 12. Plot of carrier concentration vs carrier mobility of of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites at 300 K.  
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L0 = 1.5 + exp
[

−

(
|S|
116

)]

(9)  

and ρ is the electrical resistivity. The temperature dependent Lorentz 
number is shown in Fig. 14. The lattice component of the thermal 
conductivity (kL) is obtained by subtracting the electronic thermal 
conductivity from the total thermal conductivity (κ). The electronic and 
lattice thermal conductivity are shown in Fig. 15 and 16 respectively. 
The grain boundaries are filled with rGO to lower the binary Schottky 
barrier [50]. Due to the uneven distribution of rGO grains in the 
microstructure, the uncovered grains act as scattering points for carrier 
mobility along with anti-site defect scattering [51]. The thermal con-
ductivity is 1.6 times smaller for (Bi0.98In0.02)2Te2.7Se0.3/0.02 wt% rGO 
compared to that of (Bi0.98In0.02)2Te2.7Se0.3 at 325 K. Hence the major 
contribution to the thermal conductivity is from phonons rather than 

charge carriers [52]. 

3.8. Power factor (PF) and thermoelectric figure of merit (ZT) 

The PF was calculated over the temperature range 10-325 K using the 
relation PF = S2/ρ (inset Fig. 17). The PF of the 0.02 wt% sample is 
higher at low temperature, and there is a crossover at 150K above which 
the 0.01 wt% sample has a higher PF. The highest value of the PF (7μW/ 
mK2) is obtained for (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% rGO at 325 K. 
The PF is 7 times larger for (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% rGO 
compared to (Bi0.98In0.02)2Te2.7Se0.3 at 325 K. The temperature depen-
dent ZT is calculated using ZT = S2T

Kρ . The reduction in lattice thermal 
conductivity of (Bi0.98In0.02)2Te2.7Se0.3 and the composites is accom-
plished by the introduction of BiIn defects and TeSe vacancies in super- 

Fig. 13. Temperature dependent total thermal conductivity of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites.  

Fig. 14. Temperature dependent Lorentz number of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites.  
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stoichiometric crystals and by interface defects, which leads to an 
overall enhancement in the ZT value for the (Bi0.98In0.02)2Te2.7Se0.3/ 
0.01 wt% rGO composite. The present thermoelectric results are 
compared with other works in Table 4. 

4. Conclusion 

In this work we report the thermoelectric performance of pristine 
(Bi0.98In0.02)2Te2.7Se0.3 and its rGO composites in the temperature range 
10 – 325 K. The compounds adopt the rhombohedral crystal structure 

with space group R3m. Inspection of the surface morphology reveals the 
existence of a hair-like interface between (Bi0.98In0.02)2Te2.7Se0.3 and 
rGO, which has a significant effect on the transport properties. The 
electrical resistivity can be described by small polaron hopping and 
variable range hopping above and below ~130 K, respectively. The 
presence of rGO in the matrix of (Bi0.98In0.02)2Te2.7Se0.3 decreases both 
the thermal conductivity and electrical resistivity, by 1.6 and 10 times 
respectively at 325 K for (Bi0.98In0.02)2Te2.7Se0.3/0.02 wt% rGO, due to 
the combined effect of antisite defects and interface scattering. The 
highest PF (7μW/mK2) and ZT (0.0026) values are observed for the 

Fig. 15. Electronic thermal conductivity of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites.  

Fig. 16. Lattice thermal conductivity of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composite.  
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(Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% rGO composite at 325 K. Suitable 
optimization of the (Bi0.98In0.02)2Te2.7Se0.3/0.02 wt% rGO compound 
might lead to low temperature thermoelectric refrigeration applications. 
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Fig. 17. Temperature dependent ZT and PF (inset) of (Bi0.98In0.02)2Te2.7Se0.3/0.01 wt% and 0.02 wt% rGO composites.  

Table 4 
Comparison of thermoelectric results of the present compound with other similar compounds.  

Sl. 
No. 

Compound Method Electrical Resistivity 
(Ωm) 

Thermal conductivity (W/ 
mK) 

Seebeck Coefficient 
(µV/K) 

Temperature 
(K) 

1 Bi2Te3/rGO 1wt% Ultrasonic Method 5.3 × 10− 5 1 -80 300 [53] 
2 Bi2Te3/0.25% rGO Hot pressing method 8 × 10− 6 1.3 -100 300 [54] 
3 Bi2Te3/ Graphene Solution Based SPS 1.1 × 10− 5 0.4 -131 300 [55] 
4 Bi2Te3/ Graphene Hydrothermal SPS 1.05 × 10− 5 2.5 -113 300 [56] 
5 Bi2Te3/ Graphene Wet chemical 

sintering 
3.5 × 10− 5 0.7 -132 300 [57] 

6 (Bi0.98In0.02)2Te2.7Se0.3/ wt% rGO 
composite 

Solid-state reaction 3.0 × 10− 3 0.8 -140 300 [*] 

*Present work 
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