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e separation in thermoelectric
Pb1�xGexTe to minimize thermal conductivity†

Hong Lian,* Anil Kumar,‡ Václav Oceĺık, Jacob Baas, Jamo Momand, Bart J. Kooi
and Graeme R. Blake *

Intensive studies have been carried out over the past decade to identify nanostructured thermoelectric

materials that allow the efficient conversion of waste heat to electrical power. However, less attention

has been paid to the stability of such materials under operating temperatures, typically 400 �C or higher.

Conventionally nanostructured ceramics tend to undergo grain growth at high temperature, lowering

the density of interfaces and raising the thermal conductivity, which is detrimental to device

performance. Therefore it is preferable to identify materials with stable nanostructures, for example

systems that undergo spontaneous phase separation. Here we investigate PbTe–GeTe alloys, in which

spinodal decomposition occurs on initial cooling from above 580 �C, forming complex nanostructures

consisting of Ge-rich and Pb-rich domains on different size scales. The resulting dense arrangement of

interfaces, combined with mass fluctuation associated with Pb–Ge mixing, enhances phonon scattering

and strongly reduces the thermal conductivity. Here we focus on the nominal composition

Pb0.49Ge0.51Te and show that by tuning the synthesis procedure, we are able to control the pattern of

compositional domains and the density of interfaces between them. This allows low lattice thermal

conductivities to be maintained even after thermal cycling over the operating temperature range.
1. Introduction

As the large-scale development of fossil energy continues, the
alarm for humanity has already sounded. Among methods of
harvesting energy from the environment and maximizing the
efficient use of existing energy sources, thermoelectric conver-
sion technology based on the Seebeck effect is gainingmore and
more attention. An important indicator to measure the quality
of thermoelectric materials is the gure of merit ZT ¼ (S2s/ktot)
T, where S, s, T, and ktot represent the Seebeck coefficient,
electrical conductivity, absolute temperature, and total thermal
conductivity (the sum of lattice and electronic components kL

and ke), respectively. How to maintain a high Seebeck coeffi-
cient and electrical conductivity while minimizing the thermal
conductivity is a challenging problem and is the focus of much
research. Various approaches have been followed in attempts to
increase ZT. Carrier concentration optimisation and band
structure engineering, for example by introducing resonant
states and inducing band convergence,1–5 can enhance the
power factor (PF ¼ S2s). The lattice component of the thermal
conductivity kL can to a large extent be optimized without
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affecting the other parameters, for example by nano-
structuring,5–8 utilizing intrinsic anharmonicity,9,10 scattering
phonons in liquid-like superionic conductors11,12 or from
interstitial point defects and vacancies,13–16 designing
composite materials or heterostructures,17,18 and deploying
a matrix containing nanoprecipitates.6,19–21

PbTe and GeTe-based compounds are narrow-gap IV–VI
semiconductors and are promising thermoelectric materials for
applications in the mid-temperature range of 200 �C to 500 �C.
The performance of PbTe can be improved by alloying, for
example in the systems PbTe–PbSe,22 PbTe–SnTe,23 and PbTe–
AgSbTe.24 The resulting atomic substitutions produce mass
uctuations, increasing the degree of short-wavelength phonon
scattering and reducing kL. Furthermore, PbTe–AgSbTe was
shown to undergo chemical phase segregation where the size of
the microstructural features decreases for fast-quenched
samples.25 Here we focus on the alloy PbTe–GeTe, which has
previously been studied for certain specic compositions. For
example, Pb0.13Ge0.87Te26 exhibits a high ZT of up to �2 when
doped with Bi2Te3. The compositions Pb0.36Ge0.64Te and
Pb0.13Ge0.87Te have an intrinsically complex microstructure that
depends on the preparation process,26–28 leading to a room
temperature kL much lower than that of PbTe or GeTe. The
microstructure is comprised of Ge-rich and Pb-rich domains,
which are formed due to the presence of a miscibility gap in the
PbTe–GeTe phase diagram and consequent spinodal decom-
position on cooling from the melt. This spontaneous and
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) Cooling procedures used in the preparation of different
samples. (b) Powder XRD patterns of the five Pb0.51Ge0.49Te samples.
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unavoidable chemical phase separation might be advantageous
in certain thermoelectric materials as it represents a simple
route to obtain inhomogeneous structural features with inter-
faces that can effectively scatter phonons.29 Since spinodal
decomposition is thermodynamically driven, such systems will
tend to retain chemical phase separation at the operating
temperatures of thermoelectric devices. In contrast, most arti-
cially nanostructured thermoelectric materials will tend to
undergo grain growth at high temperature, leading to a more
homogeneous structure; this decreases the density of interfaces
and is detrimental to obtaining low kL.

Within the Pb1�xGexTe system, Murphy et al. used rst-
principles simulations to predict that the anharmonic contri-
bution to kL is minimized in the vicinity of the composition-
driven so phonon mode phase transition between the cubic
rocksalt phase of Pb-rich compositions and the rhombohedrally
distorted, ferroelectric phase of Ge-rich compositions.30 It was
predicted that the minimum kL should be reached at the
composition Pb0.51Ge0.49Te. In this paper, we investigate in
detail how to control the microstructure that is spontaneously
formed for the optimal Pb0.51Ge0.49Te composition proposed by
Murphy et al.30 We show that large (>100 mm) grains of the same
crystallographic orientation contain hierarchical patterns of
compositional domains that are either Pb-rich or Ge-rich,
ranging from >10 mm to <100 nm in size. The microstructure/
nanostructure can be tuned by adjusting the annealing
temperature and time during the preparation process, and
certain features of the compositional domain patterns are
retained even aer subsequent annealing in the temperature
range relevant for the operation of thermoelectric modules. We
study the inuence of the microstructure on kL, and conclude
that the presence of a high density of compositional phase
domains covering a range of size scales is most conducive to
minimizing kL.

2. Experimental

The ve samples of Pb0.51Ge0.49Te were prepared using
elemental Pb, Ge, and Te (99.99% purity, Alfa Aesar), which
were mixed, ground and placed in a quartz tube that was
evacuated using a rotary vane pump, sealed with a ame and
then heated over 1 h to 850 �C. At this temperature the mixture
is in the liquid phase,31 where it was held for 1 h before
undergoing different cooling processes. The quartz tube was
continuously rotated during holding at 850 �C in order to
optimize the homogeneity of the liquid. Different cooling
procedures were then employed, as shown in Fig. 1a. Sample A
was obtained by quenching directly from 850 �C to room
temperature in water. Quenching can allow high-temperature
phases to be obtained at room temperature; in this case it was
hoped that quenching could stabilize a sample with the char-
acter of the Pb1�xGexTe solid solution that is found in a 100 �C
range in the phase diagram below themelting point.27 The other
samples underwent intermediate annealing steps aer slowly
cooling from the liquid phase to the solid solution region at
600 �C (Samples D and E), or to 500 �C (Samples B and C), which
is below the spinodal decomposition temperature and thus in
This journal is © The Royal Society of Chemistry 2021
a temperature region where GeTe and PbTe-rich domains are
expected to nucleate and grow. The ingots obtained aer
quenching (Samples A–D) or slowly cooling (Sample E) to room
temperature were cut into several pieces and the surfaces were
subsequently ground using 500 and 800 mesh sandpaper, fol-
lowed by polishing with 9, 3, and 1 mm diamond suspensions.
Final preparation for observation by scanning electron
microscopy (SEM) involved lapping with a 40 nm silica
suspension.

Powder X-ray diffraction (XRD) patterns were recorded using
a Bruker D8 diffractometer with Cu Ka radiation. The diffrac-
tion patterns were tted using the GSAS soware.32 The
microstructure was also studied with scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS),
and electron backscatter diffraction (EBSD) using a FEI Nova
NanoSEM 650 equipped with an EDAX EDS/EBSD system using
an Octane EDS detector and Hikari Plus EBSD camera. Team
v.4.5 and OIM Analysis v.8.0 soware were used to perform
semiquantitative EDS and EBSD data analysis, respectively. The
cubic structure of PbTe with a lattice parameter of 0.64 nm and
the set of main reections 02�0, 022, 222, 042, 242, 244 and �206
were used to index the obtained Kikuchi patterns. TEM lamellae
of different regions of the samples were prepared using a Helios
G4 CX dual beam system. These lamellae were analyzed by EDS
in a JEOL 2010 TEM, where the spectra were tted with the Cliff–
Lorimer (MBTS) correction method without absorbance as
implemented in the NSS 2.3 soware package from Thermo
Scientic.

Seebeck coefficient (S) and electrical conductivity (s)
measurements were simultaneously measured using a Linseis
J. Mater. Chem. A, 2021, 9, 12340–12349 | 12341
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LSR-3 apparatus. Thermal diffusivity (a) was measured using
the laser ash method using a Linseis LFA1000 apparatus. In all
cases data were collected on warming from 50 �C to 400 �C with
25 �C steps. Up to three data points for each value (S, s and a)
were averaged aer evaluating the quality of the tted model
and excluding abnormal values at each temperature. Thermal
conductivity was calculated using the formula k ¼ arCp. Here
the specic heat capacity Cp was calculated using the Dulong–
Petit approximation, which has previously been shown to be
valid for IV–VI tellurides;5 the density r was determined using
the measured mass and volume; values of rA¼ 6.81 gcm�3, rB¼
6.43 gcm�3, rC ¼ 6.49 gcm�3, rD ¼ 6.75 gcm�3 and rE ¼ 6.56
gcm�3 were obtained for Samples A–E, thus there is no obvious
dependence of density on cooling rate.
3. Results and discussion
3.1. Crystal structure analysis

Five samples of Pb0.51Ge0.49Te were prepared using different
cooling processes during the initial synthesis (Fig. 1a). The
corresponding room temperature powder XRD patterns are
shown in Fig. 1b. In each case all peaks could be assigned to
coexisting cubic PbTe(Ge) and rhombohedral GeTe(Pb) phases.
This phase coexistence can most clearly be distinguished in the
2q range from 27� to 30�, containing the cubic 200 peak and the
rhombohedral 011 peak. Samples A and D have two distinct
rhombohedral GeTe(Pb) phases. Samples A, C and D have
a particularly broad, asymmetric cubic 200 peak at �28� which
implies that a range of cubic PbTe(Ge) phases with slightly
different lattice parameters and hence different chemical
compositions are present. The cooling protocol used during
synthesis therefore has a great impact on the way in which the
spinodal decomposition occurs. In order to examine the phase
coexistence in Pb0.51Ge0.49Te in more detail, SEM was employed
to study the microstructure. This investigation is described
below, together with a more in-depth analysis of the XRD
patterns.
Fig. 2 (a)–(e) SEM-BSE images of Pb0.51Ge0.49Te (Samples A–E).
3.2. Morphological analysis

Fig. 2 shows SEM-BSE (backscattered electron) images of all ve
samples, where brighter contrast corresponds to a greater
concentration of heavier atoms. Further images are shown in
Fig. S1.†

Sample A shows Pb-rich dendrites with lengths of up to�150
mm and widths of�20 mmdispersed in a darker matrix (Fig. 2a).
The boundaries between the dendrites andmatrix (see inset) are
not sharp. Locally, there are areas in which the matrix segre-
gates into sub-micron Pb-rich and Pb-depleted areas with
sharper interfaces between them. Samples B and C (Fig. 2b and
c) also contain Pb-rich dendrites, but with dimensions (>500 mm
long and �50 mm wide) that are much larger than the dendrites
in Sample A. The matrix is almost completely segregated into
Pb-rich and Pb-depleted areas with sizes ranging from sub-
micron to tens of microns with sharp interfaces between
them. Samples D and E (Fig. 2d and e) exhibit even wider (�200
mm) Pb-rich dendrites dispersed in a Pb-depleted matrix. Inside
12342 | J. Mater. Chem. A, 2021, 9, 12340–12349
the matrix, smaller (Sample D) and larger (Sample E) areas with
Pb-rich and Pb-depleted zones are formed. The inset to Fig. 2e
demonstrates that in Sample E, which underwent the longest
treatment at high temperature and the slowest cooling rate, the
Pb-rich dendrites have started to decompose into a complex
pattern of much smaller regions in similar fashion to the
matrix.

The fact that Samples A and D were rapidly quenched from
850 �C (liquid phase) and 600 �C (solid solution region of the
This journal is © The Royal Society of Chemistry 2021
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phase diagram27) respectively allow us to conclude that the
extensive micron-scale patterning formed inside the darker
contrast matrix in the other three samples is the result of spi-
nodal decomposition, which takes place below �580 �C. In
Samples B and C, which were held just below the spinodal
decomposition temperature for 10 minutes on initial cooling,
almost all of the matrix has decomposed into Pb-rich and Pb-
decient regions that are visible in wide-area SEM-BSE images.

The elemental compositions of regions with light and dark
contrast in the SEM-BSE images were determined using EDS for
two representative samples: Sample A (Fig. 3a), which was
rapidly quenched from the melt, and Sample E (Fig. 3b), which
was slowly air-cooled. For Sample A, EDS spectra were taken in
four regions: spot 1 is inside a Pb-rich dendrite; spot 2 is in the
Pb-depleted matrix; spots 3 and 4 are Pb-rich and Pb-depleted
regions within a phase-segregated area of the matrix, respec-
tively. The inset of Fig. 3a demonstrates that there is no sharp
compositional boundary between the dendritic phase (1) and
the matrix (2). Spot 2 contains a Ge : Pb atomic ratio of 56 : 44;
this mixed composition is surprising due to the miscibility gap
in the phase diagram, and we examine this region further using
TEM as discussed below.

For Sample E shown in Fig. 3b, only two distinct areas of
light and dark contrast are observed, suggesting that the sample
has undergone almost complete spinodal decomposition. This
is supported by the EDS analysis, from which areas 1 and 2
contain Ge : Pb in the ratios 11 : 89 and 92 : 8, respectively. A
similar analysis of Samples B, C and D is presented in Fig. S2.†

From the above SEM-BSE and EDS observations it can be
concluded that as Sample A was prepared by a rapid quenching
process, there was insufficient time for spinodal decomposition
to take place completely. Sample A therefore provides insight
into how the decomposition process occurs. The structures of
the four representative areas in Fig. 3a were analyzed in more
detail by extracting lamellae of �10 mm using a focused ion
beam (see Fig. S3†) and studying them using scanning trans-
mission electron microscopy (STEM) combined with EDS.
Fig. 4a shows lamella 1, which was cut from the Pb-rich
dendritic phase. A large number of point defects and line
Fig. 3 SEM-BSE images of (a) directly quenched Sample A and (b)
slowly cooled Sample E. The numbers on the SEM images indicate
points at which EDS spectra were measured; the corresponding
compositions (atom%) of Te, Ge and Pb are shown in the tables.

This journal is © The Royal Society of Chemistry 2021
defects are visible in the STEM image, but the chemical
compositions determined for three spots in this region show
that the entire area is Pb-rich, consistent with the wider area
analysis performed by SEM-BSE (Fig. 3a). Fig. 4b shows lamella
2, which was extracted from a uniform contrast region of the
matrix where there is a roughly equal proportion of Pb and Ge
(Fig. 3a). However, STEM shows that the matrix is segregated
into sub-micron Pb-rich and Ge-rich regions that are not
resolved by SEM imaging. Lamella 3 was taken from an area of
the matrix in which large-scale phase segregation is apparent
(Fig. 4c). The Pb-rich and Ge-rich regions are several microns in
size and are also clearly visible in the corresponding STEM
image. There are many point defects and line defects in the Pb-
rich phase. In the Ge-rich phase the herringbone twin domain
structure typical of GeTe and other similar rhombohedral
crystal structures33 is visible. Lamella 4 in Fig. 4d was extracted
from a region of the matrix in which a ne phase segregation
pattern is visible; the corresponding STEM images show that
Pb-rich and Ge-rich regions of a few hundred nm coexist in
rather disorganized fashion. Further TEM images and EDS
elemental maps of the lamellae cut from Sample A are shown in
Fig. S4 and S5.†

Using the new insight gained above into the coexistence of
Pb-rich and Ge-rich phases, we next examined the XRD patterns
of Samples A–E inmore detail to obtain a better picture of phase
coexistence on the bulk scale. The XRD patterns shown in
Fig. 5a–e were tted with a combination of Ge-rich rhombohe-
dral and Pb-rich cubic phases, using the chemical compositions
determined by EDS analysis (for example shown in Fig. 3 and 4
for Samples A and E).

The most complex XRD patterns were obtained for Samples
A and D, which were both quenched directly from the solid
solution region of the phase diagram. In both cases (Fig. 5a and
d) there are two distinct rhombohedral phases as evidenced by
a pair of 011 peaks separated by approximately 1� in units of 2q.
This is consistent with the EDS study of Sample A, which shows
that the phase segregated regions of the matrix contain Ge-rich
domains containing <5% Pb (Fig. 4c and d), whereas regions of
the matrix with uniform SEM-BSE contrast still contain up to
17% Pb in the Ge-rich domains (Fig. 4b).

The latter probably give rise to the lower angle 011 peak
which has an asymmetric prole, suggesting that this phase
comprises a range of lattice parameters and hence variable
chemical composition. The cubic 200 peak, associated with Pb-
rich regions, is also asymmetric and was modelled approxi-
mately by two cubic phases. However, the peak prole is smooth
which again implies a range of compositions, as observed from
the EDS data in Fig. 4. The Pb-rich regions probed in both the
dendrites and different parts of the matrix contain from 8% to
19% Ge, which will give rise to broadening of the cubic 200
peak. The fact that suchmixed Pb/Ge domains still exist, and on
different length scales, indicates that spinodal decomposition
is incomplete in these two samples due to the fast quenching
rate.

The XRD patterns of Samples B and C, both annealed at
500 �C (below the spinodal decomposition temperature) before
quenching, can be tted rather well using a single cubic and
J. Mater. Chem. A, 2021, 9, 12340–12349 | 12343
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Fig. 4 SEM-BSE images of four different regions of Sample A. For each region a lamella was extracted at the outlined position: (a) lamella 1, (b)
lamella 2, (c) lamella 3, (d) lamella 4. STEM images of the lamellae (bottom left of each panel) were obtained, and EDS analysis on selected areas of
the lamellae (indicated by circles in the STEM images, results shown in bottom right of each panel) was performed.
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rhombohedral phase, although the cubic 200 peak of Sample C
is somewhat asymmetric, suggesting a narrow range of Pb-rich
compositions (Fig. 5b and c). This is consistent with the SEM-
BSE images in Fig. 2b and c, which show phase segregation
into well-dened light and dark regions throughout the matrix,
oen with stripe-like morphology. The relatively symmetric and
sharp XRD peaks imply that the Pb-rich phase in the matrix has
a similar chemical composition to that in the dendrites.

For Sample E, which was slowly cooled in air aer annealing
in the solid-solution region, the XRD pattern shown in Fig. 5e
can be well tted by single cubic and rhombohedral phases.
Both the cubic 200 peak and the rhombohedral 011 peak are
sharper than for the other samples, suggesting that slow cooling
leads to coexisting phases with better dened compositions. It
is likely that spinodal decomposition is the most complete in
this sample, which is consistent with the less well-dened
dendrites in the SEM-BSE image (Fig. 2e) and the observation
that most of the sample area is comprised of light and dark
regions with stripe-like morphology.

The unit cell volumes of the various phases of all ve
samples determined by XRD analysis are shown as a function of
12344 | J. Mater. Chem. A, 2021, 9, 12340–12349
chemical composition (as determined by EDS) in Fig. 5f. Most
data points lie close to a straight line connecting the unit cell
volumes of pure GeTe (here the rhombohedral setting with az
60� is used) and PbTe, which conrms the validity of the EDS
analysis and shows that up to 20% of Pb(Ge) can be incorpo-
rated in the structure of GeTe(PbTe). The single outlying data
point for Sample D is likely explained by sub-micron phase
segregation that EDS was unable to resolve.

Fig. 6 shows a simultaneous EBSD/EDS microstructural
characterization of a large area in Sample A. Fig. 6a is a BSE
image clearly showing the size and distribution of Pb-rich
dendrites (light contrast). Two cracks are visible as well as
several small circular pores in the form of black dots. The cor-
responding inverse pole gure map in Fig. 6b was obtained by
indexing EBSD patterns collected while scanning the whole area
and assuming the presence of the cubic phase; the rhombohe-
dral GeTe structure is closely related to the cubic structure by
a small distortion along the [111] direction. Here grain
boundaries are represented by drawing a black line between two
pixels that have a crystallographic misorientation larger than 5
degrees. This map is clear evidence that three large
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta01788h


Fig. 5 (a)–(e) Observed (black data points), fitted (red line) and difference (blue line) partial XRD patterns of Samples A–E. (f) Refined unit cell
volume of different phases within each sample as a function of chemical composition determined by EDS analysis. The volume of the cubic unit
cell has been divided by 3 for a direct comparison with the rhombohedral cell. The plot includes literature values of the unit cell volumes of GeTe
and PbTe.34,35

Fig. 6 (a) Back-scattered electron (BSE) image from a large area of Sample A. (b) 001 inverse pole figure map taken from the same area, together
with EDS elemental maps to visualize the distribution of Pb, Te and Ge. The black lines on all maps indicate grain boundaries, defined by
a crystallographic misorientation of >5�.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 12340–12349 | 12345
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Fig. 7 (a) Back-scattered electron (BSE) image of a decomposed dendrite in Sample E. (b) 001 Inverse pole figure map from the same area
together with EDS elemental maps to visualize the distribution of Pb, Te and Ge.
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crystallographic grains are present (their orientations are visu-
alized via 001 axonometric projections of the cubic crystal),
separated by complicated and rugged grain boundaries. This
demonstrates that although the Pb-rich dendrites and the
surrounding matrix have different elemental compositions,
their crystallographic orientations are largely the same. Small
subgrains inside the large grains correspond to Pb-rich and Ge-
rich areas where spinodal decomposition has already occurred,
as the elemental distribution maps with highlighted grain
boundaries clearly show. Further areas with spinodally
decomposed phases appear at the rugged grain boundaries
between large grains. Fig. 7 shows a similar EBSD microstruc-
tural characterization of Sample E, focusing on a decomposed
Pb-rich dendrite. This gure clearly shows that during spinodal
decomposition not only new compositional phases but also new
grain boundaries are formed at the place where a single crystal
of the Pb-rich phase originally existed.
Fig. 8 Temperature dependence of total thermal conductivity for
Samples A–E during (a) the first heating cycle and (b) the third heating
cycle.
3.3. Thermoelectric properties

The temperature dependence of the Seebeck coefficient S and
the electrical resistivity r of all ve samples is shown in Fig. S6.†
The samples were measured on heating to 400 �C (lead is easily
volatilized at higher temperatures) over three successive heating
cycles, cooling back to room temperature between each cycle.
The Seebeck coefficient is positive over the entire temperature
range, the same behavior as p-type GeTe, indicating that hole
carriers dominate the thermoelectric transport. During initial
heating to �250 �C samples A and D have much higher S and r

than the other samples, perhaps due to their more chemically
inhomogeneous nature that hinders charge transport. However,
in subsequent heating cycles both S and r become more similar
for the different samples, lying in the range 105–120 mV K�1 and
21–30 mU m respectively at 400 �C.

Fig. 8 shows the thermal conductivity of the ve samples,
again comparing the rst and third heating cycles. The thermal
conductivity of all ve samples is much lower (Fig. 8a) than the
12346 | J. Mater. Chem. A, 2021, 9, 12340–12349
end members of the series, reported as 2.3 W m�1 K�1 for
PbTe36 and 7.2 W m�1 K�1 for GeTe1 at room temperature.
Samples A and C exhibit particularly low thermal conductivities
of <0.5 W m�1 K�1 during initial heating to 400 �C, but these
values almost double during the second and third heating
cycles (Fig. 8b). Sample A has the lowest initial thermal
conductivity of only �0.35 W m�1 K�1 between room tempera-
ture and 200 �C, and is still lowest aer three thermal cycles
reaching a steady value of �0.8 W m�1 K�1 above 150 �C.

The contributions of the electronic and lattice thermal
conductivity can be evaluated using the Wiedemann–Franz
formula ke ¼ LsT, where L is the Lorentz factor evaluated from
the measured Seebeck coefficient using the relation

L ¼ 1:5þ exp
�
� jSj
116

�
.37 The lattice thermal conductivity kL is

then evaluated by the formula ktot¼ ke + kL; both components of
ktot are plotted versus temperature in Fig. 9. Sample A has the
lowest lattice thermal conductivity, increasing from �0.05 W
m�1 K�1 at 400 �C during initial heating to �0.35 Wm�1 K�1 in
the third heating cycle.

A key reason for the extremely low values of kL in Pb0.51-
Ge0.49Te is the spinodal decomposition that takes place in all
This journal is © The Royal Society of Chemistry 2021
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samples, resulting in inhomogeneous microstructures with
compositional domains ranging from <100 nm to tens of
microns in size. The domain boundaries will act as effective
phonon scattering centers. Nevertheless, there is considerable
variation in kL between different samples in Fig. 9c; we argue
that this can be explained by differences in the microstructure,
which in turn depend on the sample cooling procedure. Here it
is useful to compare the difference in compositional domain
size and hence interface density between a fast cooled sample
(A, directly quenched from 850 �C) and a slowly cooled sample
(E, held at 600 �C before cooling in air). In Fig. 3 it appears that
the compositional domains in sample E are coarser than in
Sample A. This difference can be quantied by estimating the
interface density in representative SEM-BSE images covering
approximate areas of 70 � 90 mm, as shown in Fig. S7.† Sample
A has more than double the interface density of Sample E,
which is likely the main reason for the lower kL that is experi-
mentally measured in Fig. 9.

The inuence of crystallographic grain boundaries on kL is
much less important than that of compositional boundaries. As
shown in Fig. 6b, the crystallographic domains in Sample A are
hundreds of microns in size. Although the domain size
decreases to tens of microns in the slow-cooled Sample E
(Fig. 7b), the higher density of crystallographic domain
boundaries has little effect on kL (Fig. 9c); the effect of the
compositional phase segregation on smaller length scales is
dominant.

The increase in kL from the rst to the third heating cycle,
especially for Sample A (Fig. 9c and d), suggests that signicant
microstructural changes occur as result of annealing. As dis-
cussed above and visible in Fig. 4b, the matrix component of
Sample A contains substantial regions in which considerable Ge
and Pb mixing remains; this results in a distinct rhombohedral
GeTe phase containing up to 17% Pb and thus a larger unit cell
volume, manifested by a 011 peak shied to lower angle in the
XRD pattern (Fig. 5a).
Fig. 9 Temperature dependence of (a), (b) electronic (ke) and (c), (d)
lattice (kL) thermal conductivity of Samples A–E in the first and third
heating cycles.

This journal is © The Royal Society of Chemistry 2021
Fig. 10 shows a partial XRD pattern of Sample A aer heating
to 400 �C and cooling slowly back to room temperature. It is
clear that the sample has undergone signicant changes; the
XRD pattern can now be tted using a model containing one
cubic Pb-rich and one rhombohedral Ge-rich phase. Only
a trace of the original second rhombohedral phase is still visible
at 2q ¼ 29�. However, the rhombohedral 011 peak is signi-
cantly broader than the cubic 200 peak, suggesting that the
chemical composition of the rhombohedral phase is not as well
dened.

These changes are consistent with the SEM-BSE images in
Fig. 11, where it is clear that aer heating, all of the Pb-depleted
matrix in Sample A has decomposed into well-dened light and
dark contrast domains, and moreover that decomposition of
the metastable Pb-rich dendrites is also in progress. The even-
tual completion of spinodal decomposition aer heat treatment
will lead to a two-phase segregation pattern with compositional
domains ranging from sub-micron to several microns in size.
The resulting mass disorder allows an extremely low kL to be
maintained, even though the value doubles with respect to the
as-prepared sample which exhibits mass disorder on the unit
cell scale in some regions. Nevertheless, sample A retains the
lowest kL of all ve samples aer three thermal cycles, which
suggests that a degree of disorder is “locked-in” by the initial
quenching process and is unaffected by subsequent annealing.

The power factor (PF) and gure of merit (ZT) determined
during initial heating of Samples A–E, and aer three heating
cycles to 400 �C, are shown in Fig. S8.† There is a large spread in
PF and consequently ZT as the microstructures of the samples
are still evolving during initial heating. By the third heating
cycle the initially quenched Samples A and D exhibit the highest
power factors in the 300–400 �C range, and Sample A exhibits
the highest ZT value by virtue of its retained low lattice thermal
conductivity.

Since the complexity of the microstructure does not appear
to be detrimental to the electrical conductivity or Seebeck
coefficient, our work suggests that the initial stabilization of
domains with multiple chemical compositions is key to high
thermoelectric performance in the Pb1�xGexTe system.
Although the chemically phase separated microstructure of as-
prepared Samples A and D cannot be maintained to the same
extent under high-temperature operating conditions, they
Fig. 10 Observed (black data points), fitted (red line) and difference
(blue line) XRD profiles of Sample A: (a) in the as-prepared state and (b)
after heating to 400 �C and subsequently cooling to room
temperature.
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Fig. 11 SEM-BSE images of representative regions of Sample A (a)
before and (b) after heating to 400 �C and cooling back to room
temperature.
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nevertheless retain some degree of this inhomogeneous char-
acter aer thermal cycling and exhibit the best thermoelectric
performance of the samples studied.

We note that in this work we have made no attempt to
optimize the electronic contribution to the thermoelectric
performance by chemical doping or further alloying, which has
previously proven successful for Pb1�xGexTe with for example
Bi2Te3,1,38 Se39 and Yb.40 Another approach was recently followed
by Bu et al.,41 who obtained true solid solutions of Pb1�xGexTe (x
¼ 0.4–0.9) by quenching from the single-phase region of the
phase diagram at 873 K into ice water, likely at a faster rate than
our samples. A single rhombohedral phase was then obtained,
avoiding phase decomposition as long as the temperature was
kept below 350 K; this allowed the rhombohedral distortion to
be tuned by varying the value of x. In turn, the degree of valence
band convergence could be optimized, leading to an average ZT
of 0.7 in the temperature range 200–350 K for the composition
Pb0.58Ge0.42Te (with 7% more Pb than in our current study).
Although these quenched samples showed homogeneous
microstructures, the lattice thermal conductivity remained low
(0.5 W m�1 K�1 at 300 K) due to the scattering of phonons from
point defects. Our current study is more focused on high-
temperature thermoelectric applications, where we expect that
applying doping/alloying to the complex microstructures that
we demonstrate here will lead to further improvement in the
performance of (Ge,Pb)Te-based materials.
4. Conclusions

We have examined the effect of phase separation phenomena
on the thermoelectric properties of Pb0.51Ge0.49Te. The spinodal
decomposition that occurs in the PbTe–GeTe system when
12348 | J. Mater. Chem. A, 2021, 9, 12340–12349
cooled from above 575 �C results in complex patterns of Ge-rich
and Pb-rich domains, which range in size from <100 nm to tens
of microns despite the crystallographic orientation domains
being larger than 100 mm in size. The densest pattern of
composition domains is obtained in samples that are rapidly
quenched, which gives rise to the lowest lattice thermal
conductivity. Spinodal decomposition in such samples is
incomplete, thus mass disorder between Pb and Ge on the unit
cell scale further contributes to lowering the thermal conduc-
tivity. With further heat treatment, spinodal decomposition
progresses leading to a signicant increase in thermal
conductivity, but the dense arrangement of compositional
boundaries in fast-quenched samples is retained to some extent
and thermal conductivity remains lower than in samples that
were initially cooled more slowly. Our results provide guidelines
for minimizing the lattice thermal conductivity in the Pb0.51-
Ge0.49Te system, which can further be doped to enhance the
electronic contribution to the thermoelectric performance.
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