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The present work reports enhanced power factor and reduced value of room temperature 
thermal  conductivity  in  undoped  PbTe  nanocomposite,  prepared  from  PbTe  
nanocrystals,  synthesized via chemical  route.  The highest  power factor  is  found to be  
19.21 ´ 10 –4 Wm –1K –2 with room temperature thermal conductivity of 1.53 Wm –1K –1. 
The potential barrier at the sharp interfaces of the grains of the nanocomposites, 
occurred due to the adsorption of oxygen by the grain surfaces, have been found to play 
the main role to produce the high value of Seebeck coefficient (416 mV/K at 500 K) by 
preferentially scattering the lower energy electrons and thus enhancing the power 
factor.  The  lattice  destruction  at  the  grain  interfaces  has  been  found  to  cause  the  
remarkable reduction in thermal conductivity, through scattering a wide spectrum of 
phonon wavelength. 
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1. INTRODUCTION 
 

Thermoelectric efficiency of any thermoelectric material is expressed in terms 
of a factor, thermoelectric figure of merit, ZT = a2sT/k, where a is the 
Seebeck coefficient, s is the electrical conductivity, T is the absolute 
temperature and k is the thermal conductivity, respectively. To enhance ZT of 
a thermoelectric system power factor (PF = a2s) must have to be enhanced 
together with a simultaneous reduction in k. For a three dimensional system, 
a is inversely related with s according as, 
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where kB is the Boltzmann constant, e is the electronic charge and EF is the 
Fermi energy. The above equation predicts that an enhancement in a must 
be accompanied with the simultaneous reduction in s. So, it is challenging, 
for a thermoelectric system, to enhance a without affecting s. To tackle this 
difficulty researchers have developed many strategies, e.g. (I) carrier pocket 
engineering [1], (II) local distortion of the band [2], (III) semimetal to 
semiconductor transition [3], (III) quantum confinement [4, 5]. Among all 
the strategies, we have implemented here the concept of energy filtering of 
carriers to enhance the power factor of the thermoelectric specimens. 
Besides, here we have tried to reduce lattice thermal conductivity by the 
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introduction of size effect on phonon by reducing structural characteristic 
length  of  the  system.  For  the  purpose,  we  have  prepared  the  samples  by  
compaction  of  PbTe  nanoparticles,  synthesized  via  solution  phase  chemical  
synthesis, under high pressure and temperature. Compaction of nanoparticles 
under high pressure and temperature enable us to introduce a large number of 
interfaces within the matrix of PbTe nanocomposites. The potential barrier 
developed at the grain interfaces scatter lower energy charge carriers 
enhancing its average energy, which in effect causes an enhancement in a. 
Further,  the  large  number  of  interfaces  causes  an  enhancement  of  phonon  
scattering,  which  results  in  a  dramatic  reduction  in  phonon  thermal  
conductivity of the materials. The thermoelectric parameters of the 
nanocomposites have been compared with the results that obtained from a bulk 
p-type PbTe grown by Bridgman method. The possible mechanisms involved in 
the reduction in thermal conductivity of nanocomposites have been discussed 
here on the basis of both the particle and wave aspects of phonon. 
 
2. EXPERIMENTAL 
 

For the preparation of the PbTe nanocomposites the nanoparticles synthesized 
by the process described elsewhere [6]. The nanoparticles were compacted 
under the pressure of 250 MPa at temperature 850 K under argon atmosphere. 
The pellets of diameter 12 mm and of thickness 2 mm were obtained. The 
density of the obtained pellets was determined by Archimedes method and 
found  to  be  ~  98  %.  Bulk  undoped  p-type  PbTe  was  grown  by  Bridgman  
method as described elsewhere [7]. Thermal conductivity of the specimens was 
measured by parallel heat conductance method as described elsewhere [8]. 
 
3. RESULTS AND DISCUSSION  
 

By X-ray diffraction spectra analysis, apart from the peaks of cubic phase of 
PbTe  rock  salt  crystal  structural  the  presence  of  few  impurity  peaks  of  
PbTeO3 of very small intensities have been confirmed. Also, EDS analyses 
reveal the presence of nearly 2-3 at. % of oxygen in the samples. 
 Fig. 1(a) shows the transmission electron microscopic image (TEM) of PbTe 
nanocomposite specimen, which reveals the presence of grains with a certain 
distribution in size in the range of 25-350 nm. Usually, the grains are 
polygonal as observed in Fig. 1(a). Selected area electron diffraction shows 
that the grains are single crystals with random orientations. Fig. 1(e) shows 
the grain size  distribution.  From TEM image analyses  it  is  found that  that  
nearly 80 % of the grains are smaller than 150 nm in size and shown by the 
grain size distribution curve Fig. 1(e). Nearly 40 % of the total grains fall 
into the range of 50-100 nm. In addition to the nanometer dimensional grains 
there are many nanoprecipitates, which are embedded in the grains. Fig. 1(b) 
shows the high-resolution TEM (HRTEM) image of grain boundaries between 
three adjacent  grains.  In spite  of  the fact  that  from Fig.  1(a)  it  may seems 
that grain boundaries are clean and sharp, HRTEM image analysis shows a 
roughness of nearly thrice of the distance between the nearest atoms in PbTe 
crystal lattice (as shown in Fig. 1(b)). Two types of nanodots have been found 
to be embedded within the grains. Fig. 1(c) shows the nanodots with twisted 
boundaries with similar chemical composition as that of surrounding matrix, 
as confirmed by energy dispersive spectrum (EDS) analyses. On the other 
hand Fig. 1(d) shows Pb-rich nanodots, as confirmed by EDS analyses, which 
remains endotaxially embedded within the matrix. 
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Fig. 1 – (a) A typical TEM image of multigrains of  PbTe nanocomposite specimen, 
(b)  HRTEM  image  of  adjacent  three  grains  showing  the  roughness  of  the  grain  
interfaces, (c) precipitate with twisted boundaries but with similar chemical 
composition as the surrounding matrix. (d) Pb-rich nanoprecipitate, (e) grain size 
distribution 
 

 The room temperature hole concentration of bulk and PbTe nanocomposite 
specimen has been found to be 1.492 ´ 10 18 and 1.57 ´ 10 18 cm – 3, respect-
tively. It is found that the presence of excess Pb in undoped PbTe causes the 
n-type conductivity [9]. However, Hall measurements confirm the p-type 
conductivity of PbTe nanocomposite specimen. The adsorption of oxygen by 
the grain surface during hot pressing causes an inversion of electrical 
conductivity of the specimen from n-type to p-type. The adsorbed oxygen at 
the grain surface draws electrons from within the grains and creates 
acceptor states at the boundaries [10]. So, while passing through the 
boundaries electrons get trapped by these acceptor states and forms 
potential barrier (Eb) across the grain interfaces [11]. At room temperature, 
the electrical conductivity of the nanocomposite and bulk PbTe specimens 
are 67.84 and 182.62 S/cm, respectively. The electrical conductivity of 
nanocomposite increases with the increase in temperature as shown in 
Fig.  2(a),  which  is  opposite  in  nature  as  compared  to  that  of  bulk  PbTe  
crystal. This opposite nature of temperature dependency of electrical 
conductivity of the nanocomposite specimen is attributed to the potential 
barrier scattering of the carriers at the grain interfaces. The potential energy 
barrier (Eb) at the grain boundaries related with the electrical conductivity of 
the specimen according as s ~ exp( – Eb/kBT) [12]. At low temperature, all the 
carriers do not gain sufficient thermal energy to overcome the potential 
barrier across the grain boundaries to take part in transport process and thus 
electrical conductivity remains low. However, with the increase of 
temperature number of carriers, which acquires sufficient energy to cross 
that barrier increases enhancing electrical conductivity of the specimen. So, 
with the increase of temperature the electrical conductivity of the specimen 
increases. 



 
 
 
694 B. PAUL, P. BANERJI  

  
 
Fig. 2 – Temperature dependent (a) electrical conductivity and (b) Seebeck 
coefficient of the nanocomposite and bulk PbTe in the temperature range 300-600 K 
 

 Fig. 2(b) shows the temperature dependent Seebeck coefficient of the 
nanocomposite and bulk PbTe in the range 300-600 K. At room temperature, 
the value of Seebeck coefficient of nanocomposite specimen is 342 mV/K, 
which is higher than the value obtained for bulk PbTe (287 mV/K). The 
Seebeck coefficient of both the specimens increases with temperature and 
attains a maximum value at a certain temperature beyond which Seebeck 
coefficient again begins to fall with the further increase in temperature. The 
maximum obtained value of Seebeck coefficient of nanocomposite has been 
found to be 416 mV/K at 500 K. It has been found that lower energy carriers 
have a negative contribution to the Seebeck coefficient [13]. At the inter-grain 
regions scattering of the lower energy carriers being high the Seebeck 
coefficient at this region, denoted by ab, becomes higher than the Seebeck 
coefficient at the grain regions and which is denoted here by ag [14, 15]. The 
total Seebeck coefficient of the nanocomposite specimen can be expressed as 
[14, 15], 
 

 e= + - ´( ) ( )g g b gS S S S l d  (2) 
 

Here, le  is the mean free path of the carriers, and d is the size of the grains. 
In nanocomposite specimen, due to its small grain size, the volume fraction 
of the intergrain regions increases enhancing its contribution to the Seebeck 
coefficient. In our samples, average grain size is smaller and corresponding 
volume fraction of intergrain regions higher than the samples prepared by 
the investigators reported elsewhere [16, 17]. Thus the Seebeck coefficient 
of the present samples becomes higher than the values reported for the 
undoped PbTe nanocomposites. With the increase in temperature the 
average energy of the carriers increases, which results in an enhancement of 
the Seebeck coefficient of the both the nanocomposites and bulk specimens. 
However, beyond a certain temperature the number electron and hole pairs 
increases, which causes a reduction in the value of Seebeck coefficient of the 
specimens with temperature. Fig. 3 shows the temperature dependent power 
factor of both the specimens in the temperature range 300-600 K. At room 
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temperature, the power factor of nanocomposite and bulk specimens are 
7.93 ´ 10 – 4 and 15.06 ´ 10 – 4 Wm – 1K – 2

, respectively. Although, at room 
temperature, the power factor of the nanocomposite specimens remains low its 
power factor attains a value of 19.21 ́  10 – 4 Wm – 1K – 2 at T = 500 K, which 
is considera-bly higher than that of bulk PbTe [18, 19]. That enhancement of 
power factor in nanocomposite speciemens occurred due to the simultaneous 
enhancement of both the electrical conductivity and Seebeck coefficient with 
temperature. 
 

 
 

Fig. 3 – Tempeart dependent power factor of the nanocomposite and bulk PbTe in the 
temperature range 300-600 K 

 

 At room temperature, thermal conductivity of the nanocomposite specimen 
is found to be 1.53 Wm – 1K – 1, which is considerably low as compared to the 
typical value of 2.3 Wm – 1K – 1 as  reported  for  p-type  bulk  PbTe.  The  
reduction in thermal conductivity of any materials without affecting its 
electrical conductivity is very challenging part in thermoelectricity. Though 
the roughness (d) of 3-4 atomic layers at the grain boundaries, as shown in 
Fig. 1(b), do not cause much reduction in electrical conductivity, it is 
sufficient to reduce thermal conductivity of the nanocomposite specimens 
remarkably through the destruction of the coherency of the phonon wave. It 
has  been  found  that  for  phonon  of  wavelength  l the  interface  can  be  
considered as smooth or rough according as [20], 
 

 
d
l

>>ì
í<<î

0.1  (Rough)

0.1 (Smooth)
 (3) 

 

Taking the longitudinal sound velocity (vl) as 1730 m/s [21] we obtained the 
average phonon wavelength as 1.66 nm at T = 300 K from the relation 
l = 2hvl/kBT. Here, kBT/2 is the average thermal energy of the system, h is 
the Plank constant. So, at room temperature, the ratio d/l >> 0.1, i.e. the 
interfaces are sufficiently rough for phonon to be scattered. So far, we have 
treated  phonon  as  wave  to  explain  the  possible  reason  of  lower  thermal  
conductivity of the nanocomposite specimen. However, wave property of 
phonon hold good when the structural characteristic length of the system 
becomes smaller than the coherence length of the phonon. Since, above room 
temperature, inelastic scattering of phonon becomes dominant, the phonon 
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coherence length can be assumed to be nearly equal to the mean free path of 
phonon. The phonon mean free path is found to be somewhere within the 
range  277-436  nm  for  PbTe  [22].  But,  about  80  %  of  the  grains  in  our  
nanocomposite specimens are below 150 nm. Hence, size affect is introduced 
here, which tunes the phonon contribution to thermal conductivity. But still 
here the wave nature of the phonon cannot be restored, because of certain 
roughness of grain interfaces the interface scattering become diffusive. 
Thus, here the size effect, induced by the grains with size smaller than the 
phonon mean free path falls into classical regime, i.e. particle nature of 
phonon  is  dominant  here.  Because  of  larger  phonon  mean  free  path  as  
compared to that of grain size the scattering rate of phonon increases, which 
results in much reduction in thermal conductivity of the system. So, both 
for the wave and particle aspects of phonon the interfacial scattering is an 
important factor for the reduction in thermal conductivity. It has been 
found that interfacial scattering does not depend on the periodicity and 
geometry of the grains; it only depends on the interface density (interfacial 
area per unit volume) of the nanocomposite specimen [23]. The interface 
density, in nanocomposite being higher its thermal conductivity is expected to 
be  much  reduced  than  that  of  its  bulk  counterpart  as  confirmed  in  our  
investigations. Further, the nanoprecipitates of dimension nearly 3-5 nm, as 
observed  in  our  HRTEM  image  analyses  is  useful  to  scatter  the  short  
wavelength phonon, which is beneficial for the reduction in thermal 
conductivity of the specimen. So, due to enhanced power factor and reduced 
thermal conductivity PbTe nanocomposite specimen has higher thermoelectric 
efficiency than that of its bulk counterpart. 
 
4. CONCLUSION  
 

In  conclusion,  hot-press  method  is  found  to  be  useful  and  simple  way  to  
incorporate large no of grains of nanodimensions within the matrix of PbTe. 
The potential energy barriers at the interfaces of the grains have been found 
to cause an enhancement of Seebeck coefficient of the nanocomposite 
specimens through preferential scattering of low energy electrons and 
reduction in thermal conductivity through destructive scattering of phonons. 
Due to its sharp grain interfaces the electrical conductivity of the nanocompo-
site specimens does not get much reduced. Hence, the remarkable enhancment 
of the Seebeck coefficient of the nanocomposite specimens causes a significant 
increase  in  its  power  factor  as  compared  to  that  of  bulk  PbTe.  Because  of  
higher power factor and reduced thermal conductivity PbTe nanocomposite is 
found to be a potential candidate for thermoelectric applications. 
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