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Abstract: We have investigated the possible mechanisms of phonon scattering by nanostructures and
defects in PbTe-X (X ) 2% Sb, Bi, or Pb) thermoelectric materials systems. We find that among these
three compositions, PbTe-2% Sb has the lowest lattice thermal conductivity and exhibits a larger strain
and notably more misfit dislocations at the precipitate/PbTe interfaces than the other two compositions. In
the PbTe-Bi 2% sample, we infer some weaker phonon scattering BiTe precipitates, in addition to the
abundant Bi nanostructures. In the PbTe-Pb 2% sample, we also find that pure Pb nanoparticles exhibit
stronger phonon scattering than nanostructures with Te vacancies. Within the accepted error range, the
theoretical calculations of the lattice thermal conductivity in the three systems are in close agreement with
the experimental measurements, highlighting the important role of misfit dislocations, nanoscale particles,
and associated interfacial elastic strain play in phonon scattering. We further propose that such particle-
induced local elastic perturbations interfere with the phonon propagation pathway, thereby contributing to
further reduction in lattice thermal conductivity, and consequently can enhance the overall thermoelectric
figure of merit.

Thermoelectric materials hold promise in devices such as power
generators, heat pumps, coolers, and thermal sensors wherein they
can convert thermal energy to electrical energy without any moving
parts; they are reliable, lightweight, robust, and environmentally
friendly.1-3 The key issue in thermoelectrics research is to develop
materials with a significantly increased thermoelectric figure of
merit, ZT ) σS2T/κ, where σ is the electrical conductivity, S is the
Seebeck coefficient, and κ ) κe + κl is the thermal conductivity,
composed of the electronic and lattice contributions to thermal
conductivity. Thus, thermoelectric performance can be improved
by lowering their lattice thermal conductivity and enhancing the
power factor (σS2).4-7

Modern design principles as well as synthesis and charac-
terization approaches are bringing thermoelectric research into
a new era.8-11 Recently, materials with embedded nanoscale
precipitates in bulk materials seem to show strongly reduced
thermal conductivity.12-21 Such results have raised keen interest
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in understanding nanostructuring effects. Research indicates that
the low-to-mid frequency (mid-to-long wavelengths) phonons
can be significantly scattered by nanostructures and the high-
frequency (short wavelengths) phonons are scattered mainly by
the point defects, such as solid solution alloy substitution and
atom vacancies. However, the role of interfaces and associated
elastic strain is unclear in relation to its influence on phonon
scattering.

Figure 1 shows a schematic representation of three types of
precipitate-matrix interfaces: coherent (with possible elastic
strain), incoherent (with minimal interactions between the
phases), and semicoherent (misfit dislocations separated by
elastic strain). These three scenarios embody different atomic
configurations and associated local interfacial relaxation mech-
anisms. We propose that not all precipitate-matrix interfaces
are the same and the nature of such precipitate-matrix interfaces
will have notable influence on phonon scattering at and across
such interfaces. Thus, over and above the control of the size
and morphology of nanoscale particles, control of interfacial
characteristics is likely to be important in developing thermo-
electric materials with a higher ZT.22

Recent reports have shown that Ag1-xPbmSbyTem+2
16 and

PbTe-PbS18 materials can achieve record-high ZT values for
an n-type bulk thermoelectric, suggesting that nanostructured
PbTe-based materials may offer performances better than many
other materials systems. Although the emerging realization that
the increased ZT of these materials is derived mainly from lower
lattice thermal conductivity caused by embedded nanostructures,
a complete understanding of the relations between the nano-
structures and lattice thermal conductivity, especially the role

of different elements in the precipitate phase and associated
nature of interfaces, has remained elusive.

In this contribution, we have investigated a set of model
nanostructured PbTe-based thermoelectric materials with high-
resolution transmission electron microscopy (HRTEM) coupled
with calculations of the lattice thermal conductivity to shed light
on the fundamental issue of the relationship between nanostruc-
tures and lattice thermal conductivity. We show that among these
three compositions, PbTe-2% Sb has the highest nanoparticle
density, exhibits larger strain and notably more misfit disloca-
tions at the precipitate/PbTe interfaces than the other two
compositions, and therefore has the lowest measured and
calculated lattice thermal conductivity. Our findings have useful
implications for the understanding and optimal designing of
thermoelectric materials for further improvement in their
performance.

Stock PbTe was prepared from high-purity Pb (Rotometals
99.99%) and Te (Plasmaterials, 99.999%) in several 100-200
g batches in evacuated quartz ampules at 1273 K.7 The addition
of excess Pb, Bi, and Sb in the appropriate molar ratios was
then carried out on a 10 g scale using Pb, Bi, and Sb metals
(Tellurex, 99.999%). The samples were heated to the melt, held
for 10-15 h, and then rapidly cooled from 1273 K in a room
temperature water bath. The samples were examined with
powder X-ray diffraction and scanning electron microscopy
along with measurements of their electrical and thermal transport
properties.7 Electrical conductivity was measured using an
ULVAC ZEM-3 variable temperature electrical conductivity and
Seebeck coefficient system. Thermal diffusivity was measured
using a Netzsch LFA 457, and the heat capacity of samples
was calculated relative to a pyroceram 9606 reference. Total
thermal conductivity was measured using the relation κtot )
RCpδ, where R is thermal diffusivity, Cp is specific heat, and δ
is the density of the sample, calculated from sample dimensions
and mass. Lattice thermal conductivity was calculated using the
Wiedemann-Franz relation assuming an L0 of 2.45 × 10-8

WΩK-2. The thin sections of the specimens were examined
under scanning transmission or transmission electron microscopy
(S/TEM) mode with JEOL 2100F, 3000F, and 2200FS with
spherical aberration (Cs) corrector transmission electron mi-
croscopes. TEM samples were prepared by conventional
methods, with due care to mechanical and ion beam damage.
The samples were cut into 3-mm-diameter discs by a disk cutter,
then ground, dimpled, polished, and subsequently Ar-ion milled
on a stage cooled with liquid nitrogen. High-resolution images
were simulated with the MacTempas program code23 with the
following parameters as input: spherical aberration of 1 mm,
defocus spread of 8 nm, semiconvergence angle of illumination
of 0.55 mrad, and a 7 nm-1 diameter of the objective lens’
aperture.

TEM investigation of the three samples of PbTe-2% X (X )
Sb, Bi, or Pb) shows nanoscale precipitates with a lower
nanoparticle density in PbTe-Bi 2% and PbTe-Pb 2% samples
and with a higher nanoparticle density in the PbTe-Sb 2%
sample. Most precipitates in all samples have a regular spherical-
like shape, except for PbTe-Pb 2% in which we also observed
some very narrow platelet-like precipitates. Figure 2 shows
typical low magnification images of the samples with a different
nanoparticle density. In Figure 2a lower densities of both weak
contrast spherical- and platelet-like nanoscale precipitates were
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Figure 1. Schematic of phonons scattered by three possible types of
boundaries between matrix and nanoparticles.
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observed in the PbTe-Pb 2% sample similar to those reported
in ref 24. The spherical-like precipitates show a 2-fold increase
in density distribution with respect to the platelet-like precipi-
tates. In Figure 2b, the image of the sample PbTe-Sb 2% depicts
higher density nanoscale precipitates with a dark contrast and
a size distribution of 1-10 nm. Although it is difficult to
quantitatively determine the compositions of precipitates due
to overlap with the matrix, we have observed a higher intensity
of Sb and Bi in the precipitates (dark areas) by energy dispersion
X-ray spectroscopy (EDS) for samples PbTe-Sb 2% and PbTe-
Bi 2%, respectively.

To analyze the strain distribution at the boundaries between
the nanoinclusions and the PbTe matrix, we have examined
PbTe-Pb 2% (Figure 3), PbTe-Bi 2% (Figure 4), and PbTe-Sb
2% (Figure 5) interfaces at the atomic level with HRTEM.
Figure 3a is the lattice image of one precipitate in sample PbTe-
Pb 2% along the [001]PbTe direction. This precipitate has a lattice
parameter very close to that of the matrix PbTe. Figure 3b is a
representative high resolution TEM image of a platelet-like
precipitate, obtained with the electron beam parallel to the
[010]PbTe axis. Examining the contrast of the defect feature in
Figure 3a and b, reminiscent of vacancy coalescence, we believe
that the precipitates are likely comprised of Te vacancies within
the PbTe region. Figure 3c shows a model of a Te deficient
PbTe precipitate in the nominally stoichiometric PbTe matrix.
The simulated image based on this model when inserted into
Figure 3b agrees well with the experimental result within the
constraints of experimental parameters. Although the platelet-
like precipitates are mainly dominated by Te vacancies, we have
also observed platelet-like precipitates, inferred to be rich in
Pb. Figure 3d is the STEM image of one platelet-like precipitate.
Figure 3e is the enlarged image in a boxed area of Figure 3d.
The platelet-like Pb precipitate links the antiphase domains of
PbTe separated by a pair of partial dislocations with a Burger
vector of 1/2 [100]. Figure 3f is the atomic level model, which
illustrates the likely atomic structure of the Pb (rich) precipitate.

In a representative Figure 4a, the PbTe-Bi 2% sample shows
precipitates of a 2-4 nm size distribution in this image, although
the range of sizes spans ∼1-10 nm in the entire sample. Most
of the precipitates are detected as Bi, while a few precipitates,
for example in Figure 4b which is an enlarged part from Figure
4a, clearly show different structures from Bi precipitates. Two
types of antiphase boundaries are seen in/around this precipitate:
a conservative antiphase boundary (APB) (horizontal red

arrowhead) with a 1/2 unit cell shift (marked by green
arrowheads) and a nonconservative antiphase boundary (per-
pendicular red arrowhead) depicting one missing lattice plane,
similar to the observations in ref 25. A line scan profile across
this nonconservative APB (blue line in Figure 4b is shown in
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Figure 2. Typical images of two samples: PbTe-Pb 2% (a) and PbTe-Sb
2% (b). (a) The image shows two types of nanoscale precipitates: one is a
regular spherical-like shape; another one is a platelet-like shape. (b) The
image has only one regular type of precipitate. From comparison of the
two images, (b) has a higher nanoscale precipitate density than (a).

Figure 3. (a) High magnification atomic resolution lattice image along
[001] direction of one typical precipitate in sample PbTe-Pb 2% reveals
the precipitate has similar structure and the same lattice parameter as those
of the PbTe matrix. (b) Lattice image along [010] direction shows the dark
line precipitate has a short c direction. (c) is the structure modeling, where
blue dots are Pb atomic columns and purple dots are Te atomic columns,
the simulated image according to the model inset in (b). (d) The STEM
image depicts another type of platelet-like nanoscale precipitate. Its enlarged
part image is shown in (e), and (f) is the structure model of the precipitate
and matrix.

Figure 4. (a) High resolution TEM image of sample PbTe-Bi 2% shows
some precipitates with size distribution of 1-4 nm. (b) is the enlarged image
boxed in (a), which reveals that the precipitate has a different structure
from the matrix and conservative antiphase boundary. (c) Line scanning
profile blue line in (b) shows B ) 8.87 Å, C ) 7.8 Å, with A selected as
standard calibration.
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Figure 4c). If we use the lattice parameter of PbTe (marked A
in Figure 4b and c) as a reference, the B and C distances are
0.88 and 0.78 nm, respectively. The lattice parameters of this
precipitate are determined to be close to those of PbTe, which
exactly do not correspond to that of elemental Bi, but rather a
likely BiTe phase which is also cubic with a lattice parameter
of 0.647 nm. The new BiTe precipitates originate from a
chemical reaction between the PbTe matrix and Bi. A possible
reaction can be expressed as follows:

With ∆G1300K° )-62.89 kJ/mol.26 Although this reaction may
not be the most favorable, its existence indicates that the PbTe/
Bi boundary is thermodynamically metastable at 1300 K.

Figure 5a is the HRTEM image of a 4 nm precipitate in the
PbTe-Sb 2% sample. One interfacial boundary (∼1 nm dark
contrast) between the matrix and precipitate is observed. Figure
5b is the enlarged lattice image of the boxed area, which clearly
shows a dislocation at the boundary marked by an oval dotted
line. In Figure 5c the inverse fast Fourier transform (IFFT) image
of the precipitate depicts two dislocation cores at the boundary.
Burger’s circuit around the dislocation core in Figure 5b yields
a closure failure with a projected vector of 1/2 a[010]. A high
strain region is found at the boundary region pointed out by a
vertical arrowhead. To analyze the strain in detail, this image
was studied by geometric phase analysis (GPA),27,28 which is
a lattice image processing method for strain field analysis. GPA
was used to investigate the variation in the lattice parameter,
thus the elastic strain at/around the boundaries. To reduce the
artifacts of the strain analysis, it is necessary to obtain and use
high quality, clear lattice images. Figure 5d is the strain map
profile along the 001 direction (εyy) showing two highly strained
dislocation cores, with yellow indicating expansion and blue

compression (see the color scale). From the strain map distribu-
tion of this image, it is clear the arrowhead-indicated precipitate/
matrix boundary is highly strained.

From such detailed TEM observations, it is obvious that all
three compositions have variable strain at the precipitate/matrix
boundaries. After the processing and analysis of more than 10
precipitates, the largest strained boundaries were found in the
sample PbTe-Sb 2% while the smallest strained boundaries were
found in the PbTe-Pb 2% specimens. Figure 6a shows typical
line scan profiles of the boundaries between the matrix and
precipitate for all three samples at 300 K. The misfit of
boundaries in sample PbTe-Sb 2% (blue curve) is ∼8% while
for sample PbTe-Bi 2% (red curve) it is ∼4%; however for
sample PbTe-Pb 2% (green curve) it is only 1% or less.

Figure 6b shows the size distribution for all three samples
under the same TEM observation volume. It is clear that the
PbTe-Sb 2% sample has the highest density of precipitates,
approximately two times more than the PbTe-Pb 2% or PbTe-
Bi 2%. However, all samples have an average particle size of
2-4 nm. On average, the estimates of the distribution density
and size of all types of nanoscale precipitates are as follows:
∼1 × 1012/cm2, ∼4 nm for PbTe-Sb 2%; (2-4) × 1011/cm2,
2-3 nm for PbTe-Pb 2% and PbTe-Bi 2% samples. We note
that although the size distributions of the precipitates are
relatively broad (range of 1-10 nm), the strains at the
boundaries of precipitates with different sizes are still quite
similar. We also note that many misfit dislocations appear in
almost every precipitate observed at the precipitate/matrix
boundary in sample PbTe-Sb 2%, which means that the density
of dislocations is similar to that of precipitates while only a
few dislocations are observed in the PbTe-Bi 2% and PbTe-Pb
2% specimens.

Overall, the observed nanoscale architecture comprising the
precipitates, interfacial region, and associated local strain are
all likely to enhance phonon scattering and thus reduce the lattice
thermal conductivity in these systems. To evaluate the phonon
scattering mechanisms of the precipitates in the PbTe-based
materials in more detail, we performed theoretical calculations

(26) Knacke, O.; Kubaschewski, O.; Hesselmann, K. Thermochemical
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Figure 5. (a) High-magnification lattice image of PbTe-Sb 2% depicts
clearly the boundary between precipitate and matrix. (b) Enlarged image
of box in (a) shows a misfit dislocation at the precipitate/matrix boundary.
(c) IFFT image shows two dislocation cores in this precipitates. (d) The
strain distribution of the nanoscale inclusions clearly show the two
dislocation cores on the right side and a highly strained boundary on the
left side.

Bi + PbTe f BiTe + Pb (1)

Figure 6. (a) Average strain distributions of boundaries between nanoscale
inclusions and matrixes in PbTe-Sb 2% (blue curve), PbTe-Bi 2% (red
curve), and PbTe-Pb 2% (green curve). (b) Under the same volume,
histograms of nanoscale precipitates in PbTe-Pb 2% (green), PbTe-Bi 2%
(red), and PbTe-Sb 2% (blue).
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of the lattice thermal conductivity using a theory of relaxation
time of phonons based on the Debye model,29

where kB is the Boltzmann’s constant, p is the Plank constant,
T and θD are respectively the absolute temperature and Debye
temperature, υ is an average phonon-group velocity, x ) pω/
kBT, τN is the relaxation time due to normal phonon-phonon
scattering, and τc is the combined relaxation time. The latter is
obtained by integrating the relaxation times from various
processes. From our TEM studies, at a certain frequency, the
relaxation time mainly is primarily related to scattering from
the strain, nanoscale precipitates, dislocations, boundaries, and
the phonon-phonon interactions:

where τU, τN, τB, τD, τP, and τS are the relaxation times
corresponding to scattering from Umklapp processes, normal
processes, boundaries, dislocations, precipitates, and strains
respectively. The first five mechanisms have been investigated
previously.30-37

The last variable, τS, is due to scattering from the localized
and distributed strain in the vicinity of the precipitates and
associated interfaces, which has seldom received attention due
to the difficulties of accurately measuring the elastic strain. To
understand the effect of the strain field on lattice thermal
conductivity, we have performed first principles calculations
based on linear response density functional theory (DFT)38 to
investigate the phonon properties of PbTe under various strain
conditions. The DFT calculations show that, under tensile
hydrostatic strain, phonon modes are softened and the stiffness
of PbTe decreases. The speed of sound in PbTe is reduced
accordingly, since it is proportional to the square-root of
stiffness, which is very sensitive to strain.39,40 For in-plane
tensile or compressive strains, the low-frequency phonons are
softened while high-frequency phonons are stiffer. The thermal

conductivity is a result of the competition between the strain-
induced modification of low-frequency and high-frequency
phonons. However, it is mainly dominated by the variation of
low-frequency phonons, and thus the lattice thermal conductivity
reduces to a smaller value. For example, for 2% in-plane tensile
strain, as shown in Figure 7, the acoustic phonon frequency
decreases ∼20%. Due to high temperatures, e.g., 300-700 K,
studied in this work, the Umklapp processes are important in
scattering heat-conducting phonons.41 We estimate the strain-
induced reduction of the lattice thermal conductivity based on a
model42,43 that can be used to calculate lattice thermal conductivity
from phonon spectra and has been shown to be applicable to a
wide range of crystal structures and compounds. According to this
model, the thermal conductivity largely depends on the Debye
temperature of acoustic phonons, which can be written as Θa,i )
(pωa,i)/(kB) for each acoustic phonon branch i. If we assume the
acoustic phonon mode Grüneisen parameter is invariant for small
strains, then the thermal conductivity can be expressed as κ ∝ Θa,i

3 ,
and the reduction of thermal conductivity can be as large as 50%
for 2% in-plane tensile strain. Our DFT calculations clearly indicate
that strain field can play an important role on reducing thermal
conductivity at high temperature. This provides a more fundamental
basis for our further analysis of strain effects based on Debye’s
model, as we will present in great detail below.

To simplfy our calculation, the relaxation time due to elastic
strain field, τS, is given by Peter Carruthers44

where g ) 24γFυ2, A′ ) εr0
2, q ) (ω)/(υ), F is the density of

the crystal, σ is the scatter density, r0 is the radius of the sphere,
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Figure 7. Phonon density of states (DOS) versus the phonon frequency under
2% in-plane tensile strain of PbTe determined by DFT calculation. The low-
frequency DOS part is mainly contributed by acoustic modes, and the high-
frequency part is from optical modes. The acoustic phonon frequency decreases
∼20% for 2% strain compared with the unstrained one, as clearly shown by
the shift of the first peak. This will lead to a significant reduction of the lattice
thermal conductivity, as discussed in the text.
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and ε is the misfit between the sphere and the matrix. The misfit
has a dependence on temperature, which can be written as

where ε0 is the misfit at room temperature (300 K) which can
be obtained from Figure 6a, and RP and RM are the thermal
expansion coefficients of the precipitate and matrix, respectively.
The coefficients of thermal expansion of Pb, Bi, Sb, and PbTe
are 29.1 × 10-6/K, 13.4 × 10-6/K, 8.5 × 10-6/K, and 19.8 ×
10-6/K, respectively.

Based on these formulas and the parameters obtained from
TEM observations and ref 31, we have calculated the lattice
thermal conductivity of nanostructured-PbTe-Pb 2%, PbTe-Bi
2%, and PbTe-Sb 2%.45 For comparison, here we also include
measured electrical transport properties of all three samples:
PbTe-X (X ) 2% Sb, Bi, or Pb). In Figure 8a, the electrical
conductivity of PbTe-Sb 2% is quite similar to that of PbTe-Bi
2%; this indicates electron scattering is not proportional to the
strain strength and dislocation density. However, the electrical
conductivity of PbTe-Pb 2% is much lower than those of the
other two, which suggests the platelet-like precipitates have very
strong electron scattering and reduce electron mobilities. The
total thermal conductivity (Figure 8b) of the PbTe-Bi 2% sample
is 4 W/mK at room temperature and 1.7 W/mK at 700 K, which
is almost twice those of the other two samples. Figure 8c shows
the plots of the experimental and calculated lattice thermal
conductivity of the three samples, the error bars in the measured
data mainly resulting from instrumental errors. Within the

margin of error, the agreement between calculated and experi-
mental data for the three samples reinforces the validity of the
argument that dislocations, strains, and nanoscale precipitates
all significantly reduce the lattice thermal conductivity. Our
calculations further suggest that Pb nanocrystals have stronger
phonon scattering than Te vacancy PbTe in the PbTe-Pb 2%
sample, and likewise Bi particles have a stronger phonon
scattering than BiTe precipitates in PbTe-Bi 2% sample.

For the sample PbTe-Sb 2%, the plots of relaxation times
based on theoretical data on some of the above possible
contributing terms are shown in Figure 8d. Collectively, it
suggests that dislocations cause strong, high-frequency phonon
(>0.6 ωD) scattering, and nanoscale particles appear to dominate
phonon scattering with frequencies below 0.6 ωD. Strain at the
boundaries also induces strong, low-frequency phonon (<0.15
ωD) scattering; however it is weaker than nanoparticles. Though
somewhat intuitively obvious, this contribution provides a
comprehensive account reflecting the consistency between
experimental observations and theoretical calculations of the
nanoparticle induced phonon scattering in PbTe-based thermo-
electric materials and thus explains their greatly reduced (lattice)
thermal conductivity.

Conclusions

Advanced TEM can delineate the detailed nanostructure of
Sb, Bi, and Pb embedded in PbTe thermoelectric materials and
shed new light regarding their influence on the thermoelectric
figure of merit, more specifically on its lattice thermal conduc-
tivity. The study reveals that dislocations, nanoscale particles/
precipitates, and strain play an important role in increasing
phonon scattering thus reducing the lattice thermal conductivity
of this system. The theoretical calculations of lattice conductivity
are consistent with the measured experimental values, indicating
the validity of the approach and premise. This work also teaches
that the mere presence of nanostructuring in the semiconductor

(45) The calculation of lattice thermal conductivity of PbTe-Pb 2% sample
included the fact that sizes of lead nanoparticles will shrink at high
temperature due to their high interdiffusion after melting. Note: our
in situ TEM experiment showed some lead nanoparticles start to melt
at 400 K. It also revealed that the melting temperature depends on
the size of lead nanoparticles, which is in agreement with Coombes’s
observation (Coombes, C. J. J. Phys. F: Met. Phys. 1972, 2, 441).

Figure 8. Temperature dependence of electrical conductivity (a), total thermal conductivity (b), and lattice thermal conductivity (c) of PbTe-Pb2%, PbTe-Bi
2%, and PbTe-Sb 2% (diamonds, triangles, and circles, respectively). In (c) the open diamonds, triangles, and squares are the theoretical calculations based
on TEM observations. (d) Relaxation time versus the normalized frequency of PbTe-Sb 2% at 300 K. The phonon frequency (ω) is normalized to the Debye
frequency (ωD).

ε ) ε0 + [RP - RM(1 - ε0)](T - 300) (5)
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is not enough to increase phonon scattering. What is required
is the use of appropriate nanoprecipitates which create large
mass contrast, significant strain fields (elastic strain), and
dislocations (plastic and elastic strain).
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