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Phonon Scattering and Thermal Conductivity in p-Type 
Nanostructured PbTe-BaTe Bulk Thermoelectric Materials
 Transmission electron microscopy studies show that a PbTe-BaTe bulk thermo-
electric system represents the coexistence of solid solution and nanoscale BaTe 
precipitates. The observed signifi cant reduction in the thermal conductivity 
is attributed to the enhanced phonon scattering by the combination of sub-
stitutional point defects in the solid solution and the presence of high spatial 
density of nanoscale precipitates. In order to differentiate the role of nanoscale 
precipitates and point defects in reducing lattice thermal conductivity, a modifi ed 
Callaway model is proposed, which highlights the contribution of point defect 
scattering due to solid solution in addition to that of other relevant microstruc-
tural constituents. Calculations indicate that in addition to a 60% reduction in 
lattice thermal conductivity by nanostructures, point defects are responsible for 
about 20% more reduction and the remaining reduction is contributed by the 
collective of dislocation and strain scattering. These results underscore the need 
for tailoring integrated length-scales for enhanced heat-carrying phonon scat-
tering in high performance thermoelectrics. 
  1. Introduction 

 Increasing global demand for sustainable, renewable and clean 
energy has rejuvenated research in thermoelectric materials, which 
have the potential to convert waste heat into usable electricity. [  1–3  ]  
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Studies in this fi eld aim at achieving high 
fi gure of merit,  ZT,  to increase thermal 
energy conversion effi ciency.  ZT  is defi ned 
as  S  2  σ  T /( κ   e    +   κ   l  ), where  S  is Seebeck coef-
fi cient,   σ   is electrical conductivity,  T  is abso-
lute temperature,   κ  e   and   κ  l   are electrical 
and lattice thermal conductivities, respec-
tively. Higher energy conversion effi ciency 
is achieved by higher  ZT . [  4  ]  Two obvious 
approaches to increase  ZT  include: 1) raising 
the power factor (  σ  2 S ) [  5  ]  and 2) lowering total 
thermal conductivity (  κ  ). Reducing lattice 
thermal conductivity is considered especially 
effective via enhanced phonon scattering, 
since increase in power factor constitutes far 
more complex considerations. In addition, 
unlike   σ  ,  S , and   κ  e   that are entwined by the 
carrier concentration ( n ),   κ  l   is relatively inde-
pendent of it. 

 Enhanced phonon scattering has been 
achieved in nanoscale structures such as 
1D nanowires, [  6  ,  7  ]  and bulk samples composed of solid solu-
tion or nanoscale precipitates. [  8–11  ]  From the practical point of 
view, bulk materials are more cost-effective and scalable for 
applications with existing commercial applications, which are 
mainly in bulk form. It is already known that phonons with 
mid- to long wavelength can be scattered by nanoscale pre-
cipitates while those with shorter wavelengths can be scat-
tered by mass fl uctuation in solid solutions. [  8  ,  12–15  ]  However, 
a comprehensive and quantitative understanding of the rela-
tionship between microstructure and thermal conductivity has 
remained elusive. 

 Recent studies have shown that analysis of the detailed 
microstructure; comprising interfaces, strain fi elds, and various 
defects, by employing advanced transmission electron micro-
scopy (TEM) can shed considerable light on the infl uence of 
nanostructuring on lattice thermal conductivity. [  15–19  ]  Among 
all the material systems, PbTe-based nanostructured systems 
are very promising. [  2  ,  20  ]  The host matrix PbTe has the rock-salt 
structure and good carrier mobility, resulting in favorable com-
bination of higher power factor and nominally lower thermal 
conductivity. It has been previously shown that introduction 
of SrTe endotaxial nanostructures further reduces the lattice 
thermal conductivity of PbTe, but does not signifi cantly degrade 
the desirable electronic transport properties. The reported  ZT  
of nominal PbTe-based nanostructured systems has reached 
up to 1.8 for n-type (AgPb m SbTe 2 + m ) [  8  ]  and 1.7 for p-type (PbTe-
SrTe) [  12  ,  21  ]  semiconductors at 800 K. 
m 5175wileyonlinelibrary.com
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 Unlike predominantly coherent endotaxial SrTe nanostruc-
tures in PbTe matrix (misfi t  ≈  3%), BaTe is expected to exhibit 
a combination of coherent and semi-coherent PbTe-BaTe 
interfaces owing to higher lattice mismatch of 0.54 Å with 
PbTe (misfi t  ≈  8%). Thus, depending on the size of precipi-
tates that controls the overall strain energy density, one would 
expect misfi t dislocations in larger precipitates while coherent 
straining of smaller ones. In order to distinguish the different 
natures of coherent and semicoherent interfaces in this system, 
we report detailed microstructure analysis of a series of Na 2 Te 
doped PbTe-BaTe p-type specimens. This system represents the 
largest lattice mismatch (Table S1, Supporting Information) and 
potentially highest interfacial dislocation density among several 
important PbTe-MTe based systems (M  =  Ca, Sr, Ba). [  21  ]  In addi-
tion, it is an excellent choice to unravel the nature of solid solu-
tion and nanoscale precipitation in PbTe-based nanostructured 
systems. Such observations would be readily extended to other 
nanostructured systems which also show a combination of 
nanostructures embedded in solid-solution matrix comprising 
high population of point defects. 

 All of the investigated samples, PbTe-BaTe x% (x  =  1, 2, 3, 
and 4 mole) exhibit nanostructures embedded in solid solution 
matrix owing to  ∼ 0.1% solubility limit of BaTe in PbTe in the 
measured temperature range. The model of phonon scattering 
was calculated based on the semi-classical models [14,16,33–39]  
and the required parameters were retrieved by extensive TEM 
investigations and the reference. [  16  ]  In this study, the solid 
solution alloy effect is differentiated from that of the nanos-
tructures; and thus the role of point defects on lattice thermal 
conductivity in the nanostructured bulk systems is specifi ed 
(Figure S1, Supporting Information). Therefore, the under-
standing of correlative relationship between microstructure 
elements and associated phonon scattering is broadened into 
0D defects of the nanostructured systems.   

 2. Results and Discussion 

 Four samples of 1 mol% Na 2 Te doped PbTe- BaTe x% (x  =  1, 2, 3, 
and 4 mole) were synthesized in sealed fused silica ampoules in 
high-temperature furnaces by stoichiometric reaction of appro-
priate quantities of PbTe, BaTe, and Na 2 Te as described previ-
ously. [  21  ]  The powder X-ray diffraction (PXRD) patterns (Figure 
S2, Supporting Information) of PbTe-BaTe samples could be 
indexed on PbTe structure with an Fm-3m space group; no BaTe 
or other phase was observed within detection limits of XRD as 
similar to PbTe-SrTe/CaTe/MgTe system. [  12  ,  21  ,  41  ]  Although PXRD 
pattern is an important tool to prove the existence of BaTe, we 
have not observed any extra peak due to not only the detection 
limits of the PXRD but also the presence of very small nano-
scale precipitates (size  ∼  2 nm) of BaTe in the PbTe matrix. 
However, a continuous shift of the XRD Bragg peaks towards 
lower 2 θ  values with increasing concentration of BaTe was 
observed. For the cubic system, it implies the expansion of lat-
tice parameter when BaTe (a  ≈  7.001 Å) is added into PbTe (a 
 ≈  6.46 Å), which also supports that BaTe forms the solid solu-
tion with PbTe. More detailed analysis of nanostructures and 
composition will be presented below by TEM studies and such 
observations combining PXRD, electron energy loss spectrum 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
(EELS), energy-dispersive x-ray spectrum (EDS) and TEM 
clearly support a claim of nanostructures embedded in solid-
solution matrix comprising high population of point defects. 

 Temperature dependent electrical and thermal transport 
properties of these four samples are shown in  Figure    1  . As 
depicted in Figure  1 a, in the measured temperature range, elec-
trical conductivity is decreasing with the increase in the tem-
perature for all samples. It indicates that all the samples are 
highly doped semiconductor.  

 The positive Seebeck coeffi cient shown in Figure  1 b in addi-
tion to the room temperature Hall measurement (data is not 
shown) yielding the positive Hall coeffi cient confi rm the p-type 
carrier. The hole concentration 5.3  ×  10 19  holes cm  − 3  for PbTe-
BaTe 3 mol% sample at room temperature is also estimated 
in the previous study. [  21  ]  Figure  1 b,c illustrate that Seebeck 
coeffi cient, which drops from the maximum ( ≈ 340  μ V K  − 1  at 
750 K) to  ≈ 75  μ V K  − 1  at room temperature, and the power 
factor, respectively. We should mention here that although 
all the samples are nominally doped with 1 mol% Na 2 Te, the 
carrier concentration might be varied from sample to sample 
slightly. For example, in the case of 2 mol% BaTe sample, there 
might be unexpected loss of Na during the reaction. Therefore, 
the carrier concentration of this sample is slightly lower com-
paring to it of others and the lower carrier concentration is also 
suggested by higher Seebeck coeffi cient of PbTe-BaTe 2 mol% 
sample. This is also the reason why it has lower electrical con-
ductivity and lower power factor, resulting in relatively lower 
 ZT . However, it is evident that the thermal conductivity shown 
in Figure  1 d decreases with increasing concentration of BaTe. 
It arises mainly because of the reduction of “lattice ”  thermal 
conductivity owing to the rising content of BaTe, and will be 
discussed in detail below. Figure  1 e indicates that samples with 
higher percentage of BaTe lead to higher  ZT  values (up to 1.3 
for 3% BaTe), especially at temperatures above 500 K, which is 
a useful range for energy conversion effi ciency of PbTe-based 
system at mid-temperature (500–900 K). [  22  ,  8  ]  From the discus-
sion of each transport parameter above, it is clear that higher 
 ZT  value is mainly contributed by the reduction of lattice 
thermal conductivity, which is highly dependent on the BaTe 
concentration. There is about a factor of two difference in  ZT  
between the samples with high concentration of BaTe (3 and 
4%) and low concentration (1 and 2%). 

 In order to understand the relationship between lattice 
thermal conductivity and overall microstructure in the Na 2 Te 
doped PbTe-BaTe samples, an analysis of individual micro-
structural elements was carried out by scanning transmission 
and conventional TEM (S/TEM). It reveals that high number 
density nanostructures are present in the samples. The correla-
tion of size and density of nanoscale precipitates with the per-
centage of BaTe is shown in  Figure    2  . The low-magnifi cation 
images (Figure  2 a,b) depict the samples containing 3 and 1
 mol% BaTe, respectively. Many dark-contrast spherical pre-
cipitates with nominal size of less than 20 nm are observed. 
Corresponding electron diffraction pattern (DP) along [011] 
zone axis (inset) with an aperture including matrix and several 
precipitates shows only one set of Bragg refl ections. There is 
no differentiation between the matrix and precipitate phases 
in the diffraction pattern owing to the low proportion of nano-
scale precipitates/matrix in the selected area and small lattice 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 5175–5184



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

    Figure  1 .     Temperature dependence of electrical and thermal transport properties of PbTe-BaTe doped with 1 mol% Na 2 Te. a) Electrical conductivity 
( σ ), b) Seebeck coeffi cient ( S ), c) power factor (PF), d) total thermal conductivity ( κ Total), and e) thermoelectric fi gure of merit ( ZT ).  
mismatch. However, the DP including only one big precipi-
tate ( ≈ 700 nm) and small portion of the matrix is shown in 
Figure S3 (Supporting Information) and the corresponding 
d-spacing is marked for BaTe and PbTe.  

 To further confi rm the size and number density distribution 
in typical samples, we performed statistical analysis, shown 
in Figure  2 c. From the histogram of approximately the same 
volume for two samples, we fi nd that the size of precipitates 
is in the range of 2 to 15 nm and it is obvious that 3% BaTe 
sample has higher number density than that of 1% BaTe 
sample. Although it is challenging to quantitatively confi rm 
the composition of these nanostructured systems because of 
the diffi culty in differentiating the matrix and the precipitate 
signals, EELS (Figure  2 d) and EDS (Figure  2 e) measurements 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 5175–5184
were conducted to confi rm the existence of Ba and Te in the 
large precipitates. In the EELS patterns, the Ba M4, 5 edges are 
clearly seen when the beam was positioned at the spot 2 (pre-
cipitate) while there is no Ba signal at the spot 1 (matrix). In 
order to enhance the visibility of the core-loss edges of Ba, the 
background signals, which originate from multiple scattering, 
need to be subtracted. Fourier-ratio plural scattering removal 
method was thus conducted to deconvolute the core-loss spec-
trum and the zero-loss spectrum, which is obtained as a ref-
erence of plural scattering, of respective spots. [  23  ]  The similar 
backgrounds shown in Figure  2 d indicate that these two spots 
have comparable thickness. 

 To get additional compositional information, two sam-
ples (PbTe-BaTe 3%-Na 2 Te 1% and PbTe-BaTe 7%) were also 
5177wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  2 .     TEM analysis of PbTe-BaTe doped with 1 mol% Na 2 Te. Low-magnifi cation TEM images of PbTe containing 3 mol% (a) and 1 mol% of BaTe 
(b). The insets in the (a) and (b) show the corresponding electron diffraction patterns. c) Histogram of BaTe nanoscale precipitate size distribution 
and d,e) EELS and EDS spectra confi rming the element Ba.  
investigated by atom probe tomography (APT) with a commer-
cial Local Electrode Atom Probe (LEAP) instrument. [  24  ,  25  ]  Inter-
estingly, APT shows that in fact BaTe may be completely soluble 
8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
in PbTe when x% BaTe in PbTe is less than 0.5% at room tem-
perature, i.e., formation of solid solution Pb 1–x Ba x Te (x  <  0.5%). 
Due to the localized observation of APT and inhomogeneous 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 5175–5184
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    Figure  3 .     High-resolution TEM phase contrast images of the precipitates and atomic model. The BaTe nanoscale precipitates embedded in PbTe matrix 
with coherent interface, for 3 mol% BaTe (a) and 1 mol% BaTe (b). Enlarged high-resolution TEM phase contrast image of precipitate with modulation 
(c), and correspondingly, the simulated image in the inset and the atomic model (d).  
nature of the samples, it leads to different values of solubility 
at different observed spots. However, when x% value is greater 
than the solubility limit, the extra BaTe mainly forms nano-
structures as shown in Figure  2 a,b. Detailed APT studies will 
be published elsewhere. It should be mentioned here that we 
assume a similar solubility limit in the measured temperature 
range based on the S/TEM studies of rapid cooling (water and 
air quenched) processed samples (see Figure S4, Supporting 
Information). There are no signifi cant variances of nanostruc-
ture morphologies and number density between samples pre-
pared by different quenched rates. In addition, the measured 
temperature is only about a quarter of BaTe melting point. It 
is not expected that solubility would change signifi cantly in 
this measured temperature range. Therefore, our calculation 
(below) based on the TEM observation should be valid under 
the 10% error range for the property measurement. 

 High-resolution TEM images of  Figure    3  a,b show the case 
of the coherent interface between the nanoscale precipitates 
and the matrix. [  21  ,  26  ]  In the case of coherent spherical nanoscale 
precipitates, the dark contrast mostly resembles to the Ashby-
Brown strain contrast. [  27  ,  28  ]  Ashby-Brown contrast is a special 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 5175–5184
case of the strain-fi eld contrast dedicated to the description of 
coherent, spherically symmetrical strain. A typical case is cir-
cled in Figure  3 a. The line with no contrast is marked by arrows 
corresponding to the plane that is not distorted by the strain 
fi eld of the precipitates. The simplifi ed atomic model and sim-
ulated images of the precipitate and the matrix assuming the 
full strained and high coherence between PbTe and BaTe are 
illustrated in Figure  3 d and the corresponding high resolution 
image is shown in Figure  3 c. The Moiré fringes can be found 
around the precipitate. It is well known that Moiré fringes are 
formed by the interference between two sets of planes with 
nearly common periodicity and small relative rotation angle. 
The correlation between two interfaces can be determined by 
measuring the spacing of the lattice as indicated in Figure  3 c 
and applying the general Moiré fringes relationship [  29  ]  given by:

 

dgm = d1d2√
(d1 − d2)2 + d1d2β2

  (1)      

 d  gm  ( ≈ 1.49 nm) is the spacing of the fringes,  d  1  ( ≈ 0.34 nm) 
and  d 2   ( ≈ 0.28 nm) are the lattice spacing of the matrix and the 
5179wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  4 .     High-resolution TEM phase contrast image of the dislocation 
and the atomic structural model. a) The high-resolution image of the 
misfi t dislocation on the boundary between the matrix and the precipitate. 
The dislocation is circled in the simulated image as b) and the extra plane 
is indicated by arrows. c) The corresponding atomic structural model of 
the boundary and the misfi t dislocation.  

(a) [011]

P Q

2nm

c)
a

6.46Å(b)

Pb
Te
Ba
precipitate along [100], respectively, and  β  is the relative rota-
tion angle. The spacing periodicity and rotation angle are cross-
checked by the  Equation (1)  and confi rm that the small rotation 
angle between (220) planes of PbTe matrix and BaTe precipi-
tate is about 1.26 ° . Detailed analysis of the boundaries between 
the precipitates and matrix is shown in  Figure    4   and  Figure    5  . 
The defect, i.e., the misfi t dislocation, is observed at the inter-
face in the high resolution TEM phase contrast image as shown 
in Figure  4 a. The extra lattice plane is located at the side of 
PbTe, which has smaller lattice parameter ( a   =  0.646 nm) than 
that of BaTe ( a  =   0.7001 nm). The dotted line differentiates two 
phases of the matrix and the precipitate.    

Figure  4 b and 4c represent the simulated image along [110] 
zone axis and the modeling of the misfi t dislocation. The dis-
location core is circled. This model demonstrates the meas-
ured displacement vector of  a2 [100]   . In addition, the strain 
fi eld, caused by the lattice mismatch between PbTe and BaTe, 
around the boundaries was semi-quantitatively measured by 
geometric phase analysis (GPA) technique. [  30  ,  31  ]  The high 
0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
quality and clear lattice image with several precipitates marked 
as “i”, “iv” and “v” is shown in Figure  5 a. Figure  5 b shows a 
power spectrum image of Figure  5 a, which was obtained 
from Fourier mask fi ltering image processing. Comparing this 
diffractogram obtained by fast Fourier transform (FFT) with 
the DP shown in Figure  2 , we can see two sets of superim-
posed DPs. One set is exactly the same as the DP along [110] 
zone axis (insets in Figure  2 a,b) and another set is the diffuse 
spot indicated by white triangles. These superlattice-like spots, 
which appear due to the multiple-scattering, were selected to 
reconstruct the inverse fast Fourier transform (IFFT) image 
as depicted in Figure  5 c. Modulation due to the crystal defect 
and overlapping of the matrix and the precipitate, which are 
both not edge-on here, can be clearly seen here for the stacking 
faults “ii” and precipitate “i”, respectively. Modulation is not 
a special case but can be found easily among the matrix/pre-
cipitate interfaces, as Moiré fringes in Figure  3 c being another 
example. 

 Figure  5 d,e show the tensile in-plane strain fi eld  ε  yy  and  ε  xx  
(indicated as y and x in Figure  5 a), respectively. The strain fi eld 
is calculated based on the high resolution lattice image. Both 
elastic as well as plastic strains are observed here. The elastic 
strain occurs around the precipitate “i” with about 5% lattice 
mismatch. The crystal defect, which is stacking faults here and 
can be seen as two partial dislocations marked as “ii” and “iii”, 
exhibit the plastic strain in the system.   

 Figure 6  a illustrates the lattice thermal conductivity. The 
lattice thermal conductivity (  κ  l  ) is assessed by subtracting the 
electrical thermal conductivity (  κ  e  ) from the total thermal con-
ductivity (Figure  1 e) and   κ  e   is obtained by Wiedemann-Franz 
law. Lorentz number,  L , is calculated based on our experimental 
thermopower data as described previously. [  19  ]   

 To understand the mechanisms of phonon scattering in this 
PbTe-based system, semiclassical theoretical calculation based 
on the modifi ed Callaway’s model [  32  ]  is conducted. According 
to the Callaway’s model the lattice thermal conductivity is 
expressed as

 

κ1 = kB

2π 2c
(
kB T

h̄
)3

∫ θD
T

0
τc

e x

(ex − 1)2 x4dx

 
 (2)    

 Where  x  is defi ned as  h–  ω / k B T ,  k B   is the Boltzmann’s constant, 
 h–  is Plank constant,  c  is an average phonon-group velocity,  T  is 
absolute temperature and  θ  D  is Debye temperature. Based on 
TEM studies, the   τ  c   is the combined term, which relates the 
scattering from Umklapp process, normal processes, disloca-
tions, precipitates, strains, and point defects, respectively by the 
equation:

 τ
−1
c = τ−1

U + τ−1
N + τ−1

D + τ−1
P + τ−1

S + τ−1
P D   (3)    

 Relaxation time due to Umklapp and normal processes are 
acquired based on the fi tting of the experimental thermal con-
ductivity data. [  33  ,  34  ]  On the other hand,   τ  D   is estimated based 
on the equation provided by Zou et al., [  35  ]  assuming the occur-
rence of only edge dislocations and greater dependence on the 
dislocation number density here. Moreover, density and size 
of nanoparticles play important roles when calculating   τ  P   [  36  ,  37  ]  
as well as when considering elastic strain fi eld effect that are 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 5175–5184
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    Figure  5 .     Strain analysis of PbTe-BaTe. a) High-resolution TEM phase contrast image of nanoscale precipitates and stacking faults. b) The corre-
sponding power spectrum is composed of two sets of pattern, one is [200] as g 1  and [02-2] as g 2  indicated by red circles and another is white triangles. 
c) The inverse fast Fourier transform image showing the coherent interface and modulation around the precipitate i and stacking faults ii. d,e) The 
shear strain distribution of the nanoscale precipitates along y and x directions. There are elastic strains around the precipitate marked as i and the 
plastic strain are observed at the dislocation core indicated as ii, iii.  
adopted here. Strain fi eld is also taken into account using the 
model provided in reference [38]. The last term,   τ  PD  , describing 
the contribution of point defects from solid solution part, is 
given by: [  39  ]

  
τ−1

P D = A� = ω4δ3

4πυ3
�

  
(4)

   
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 5175–5184
 � = �S + �M   (5)    

 In the above equation,  δ  is the radius of the impurity atom 
in the host lattice,  υ  is the average lattice sound velocity and  Γ  
is the disorder scaling parameter, which depends on mass and 
strain fi eld fl uctuations. Both types of fl uctuations are taken 
to have an additive effect on   Γ  . [  40  ]  The mass fl uctuations are 
quantifi ed by   Γ  M   that takes into account the average mass of 
5181wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  6 .     Lattice thermal conductivity. a) Experimental (scattered symbol 
with 10% error margin) and calculated (open symbol) data of tempera-
ture depended lattice thermal conductivity. b) Solubility dependence on 
lattice thermal conductivity of 3 mol% BaTe sample.  
each sublattices and by the strain fi eld fl uctuations,   Γ  S,   that is 
a value weighted by the average sublattice mass, the average 
sublattice ionic radius and a phenomenological parameter   ε  . [  14  ]  
The parameter   ε   is a function of the Grüneisen parameter and 
hence is a measure of the anharmonic contributions to the lat-
tice. [  39  ]  The explicit relations of   Γ  M   and   Γ  S   are given by Yang 
et al. [  41  ]  as:

 

�M =
∑n

i=1 ci (
<Mi >

M∗ )2 f 1
i f 2

i (
M1

i −M2
i

<Mi >
)2

∑n
i=1 ci

  

(6)

   

 
�S =

∑n
i=1 ci (

<Mi >

M∗ )2 f 1
i f 2

i ε(
r 1
i −r 2

i
<ri >

)2

∑n
i=1 ci   

(7)

   

where the symbols in  Equation (6)  and  (7)  are as following:  c i   is 
the degeneracy (here  c 1    =   c 2    =  1),  f i   is the fractional occupation, 
  < r i  >   is the average radius,   < M i  >   is the average mass of each 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
sublattice and  M  ∗    is the average atomic mass of the compound. 
To estimate the solid solution Pb 1−x Ba x Te composition, we cal-
culated the mol% of BaTe nanoscale precipitates based on the 
average size and number density retrieved by the TEM study. 
Solubility x is in the range of 0.001 to 0.013 resulting from 
the disparity between calculated BaTe mol% and the nominal 
composition. To illustrate the signifi cance of the point defects 
effect, Figure  6 b demonstrates that lattice thermal conductivity 
decreases with increasing solubility of Ba. The range of solu-
bility is given instead of an exact number because it is diffi cult 
to measure the average solubility of the whole specimen by the 
localized TEM observations. 

 Based on these formulae and most of the parameters from 
TEM observations ( Table    1  ) and the reference, [  16  ]  the relaxation 
time of each scattering process is calculated and results in the 
lattice thermal conductivity of the sample containing 3 mol% 
BaTe.  Figure    7   shows the corresponding frequency-depended 
relaxation times of each phonon scattering mechanism at room 
temperature. It indicates that point defects as well as disloca-
tions scatter phonons with high frequency, while nanoscale pre-
cipitates play an important role in phonon scattering at low fre-
quency. Phonons with medium frequency are scattered by strain. 
In order to compare the reliability of the calculations, we directly 
compare the lattice thermal conductivity of our calculated values 
to experimentally derived values, as plotted in Figure  6 a. The cal-
culated result fi ts to the experimental measured data within the 
10% error margin. This indicates strong evidence that the pro-
posed model is consistent between theoretically and experimen-
tally derived parameters for this nanostructured system.     

 3. Conclusion 

 In summary, a detailed investigation of PbTe-BaTe nanostruc-
tured system using advanced S/TEM shows the close relation-
ship between the microstructure and thermoelectric fi gure of 
merit, specifi cally by virtue of the lattice thermal conductivity. 
The model of phonon scattering is built to reveal the contribu-
tion from various microstructure elements. Unlike previous 
reports of PbTe-MTe nanostructured bulk systems, the present 
study differentiates the point defect from the other microstruc-
ture constituents. Other than the boundaries, dislocations, 
strain and nanoscale precipitates, of which size and number 
density can be manipulated by controlling the nominal compo-
sition, point defects also play an important role in reducing the 
lattice thermal conductivity. In this studied system, a range of 
solubility is estimated and 0.1% solubility appears responsible 
for about 20% reduction in the lattice thermal conductivity. 
Thus, the solid solution nature of nanostructured systems is 
important in contributing to reduction in lattice thermal con-
ductivity, and must be taken into account for further advances 
in high performance bulk thermoelectrics.   

 4. Experimental Section 
 Nominal PbTe-BaTe (1 to 4 mol%) doped with Na 2 Te (1 mol%) samples 
were prepared in an ingot form at the scale of 10 g. Starting with 
mixture of high purity Pb, Te, Ba and Na 2 Te with appropriate ratios in 
an evacuated carbon-coated quartz tube, the heating profi le was then 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 5175–5184
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   Table  1.     Input parameters for calculation of relaxation time of phonon scattering for PbTe –3 mol% BaTe .

Relaxation time Parameter Symbol [unit] Value

 
τ−1

U ≈
h̄γ 2

Mυ2θD
ω2T exp(−θD /3T )

  

Grüneisen parameter of PbTe  ϒ 1.96

Average sound velocity of PbTe  υ  [m/s] 1770

Debye temperature of PbTe  θ  D  [K] 136

Average mass of an atom of PbTe M [kg] 2.7767  ×  10  − 25 

 τ    − 1   N    ≈   β  τ   U    − 1 Ratio of normal phonon scattering to 

Umklapp scattering
 β 2.5

 

τ−1
D ≈ ηD Nd

V 4 /3
0
2

ω3

+
23/2

37/2 ηD Nd B2
d γ 2ω

⎧⎨
⎩

1

2
+

1

24

(
1 − 2ν

1 − ν

)2
[
1+

√
2

(
υL

υT

)2
]2

⎫⎬
⎭

  

Dislocation density N d  [m  − 2 ] 4  ×  10 15 

Volume per atom for PbTe V 0  [Å 3 ] 33.69

Magnitude of Burgurs vector B d  [Å] 2

Longitudinal phonon velocity of PbTe  υ  L  [m/s] 3590

Transverse phonon velocity of PbTe  υ  T  [m/s] 1260

 τ    − 1   P    =   υ ( σ   s    − 1   +   σ    − 1   l  ) V p  ;  σ   s    =  2 π  R  2 ,

 

σl = π R2 4
9

(� D /D)2 (ω ψR / )4
  

Average radius of nanoscale precipitates R [nm] 2.25

Mass density of PbTe D PbTe [kg/m 3 ] 8164

Mass density of BaTe D BaTe  [kg/m 3 ] 5130

Number density of nanoscale precipitates V P  [m  − 3 ] 7.8578  ×  10 23 

 
τ−1

S ≈
144s γ2ε2

m r 4
0

υ
ω2

  

Misfi t between the matrix and the precipitate  ε  0 0.07

 τ   − 1   PD   (described in the text) Phenomenological parameter of PbTe E 65

Mass of an atom Pb M Pb  [amu] 207.2

Te M Te 127.6

Ba M Ba 137.33

Radius of an atom Pb r Pb [pm] 175

Te r Te 140

Ba r Ba 222

  

Fractional occupant f Pb 0.999

f Te 1

f Ba 0.001

Degeneracy c 1 , c 2 1

    Figure  7 .     Relaxation time versus normalized frequency of PbTe-3% BaTe 
at 300 K.  
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conducted as following: heat up to 1323 K for 15 h, then hold for 10 h. 
The cooling was fi rst down to 873 K at the rate of 11 K/h and then down 
to room temperature for 15 h. 

 Powder diffraction, thermal and electrical conductivity were conducted 
with an INEL diffractometer using Cu K  α   radiation, NetzschLFA 457, and 
ULVACZEM, respectively. The thermal conductivity was calculated by 
 κ   total    =   α  C P  δ  , where  α  is thermal diffusivity,  C P   is heat capacity calculated 
relative to 9606 reference and   δ   is density of the specimen calculated by 
the mass and dimension. 

 Microanalysis was conducted under JEOL 2100F S/TEM with 
200 kV. TEM samples were prepared by standard conventional method 
with polishing, dimpling, Ar-ion-milling with liquid nitrogen cooling 
stage. High-resolution image simulation was done by MacTempas 
computer code with input parameters: 2 mm for spherical aberration, 
8 nm for defocus spread, 0.55 mrad for semi-convergence angle of 
illumination and 7 nm  − 1  for objective lens aperture diameter.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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