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Abstract A unidirectional solidification experiment by
Bridgman method has been performed for the Pbyy
Bi,g gTes;» composition, which lies on the pseudo-binary
PbTe-Bi,Te; system, resulting in the formation of Wid-
manstitten precipitates of a ternary compound, most likely
with the structure of PbBi,Te, in the PbTe matrix. The
formation of the precipitates is caused by the decrease of
bismuth solubility in the PbTe phase with decreasing tem-
perature. The PbTe-rich part of the PbTe-Bi,Te; phase
diagram was investigated from the compositional variations
in the unidirectionally solidified sample and the diffusion
couples. This proved that the solubility decreases with
decreasing temperature: 15.6 & 0.9 (583 °C) to 6.2f%:;
(450 °C) at.% Bi. The orientation relationship between the
matrix and precipitates has been examined by electron
backscatter diffraction technique; precipitation occurs on
{111} habit planes in PbTe with orientation relationship
(0001)precipitate//{ 111 }PbTe and <1 1§O>precipitate//<1 10>F’bTe~
The thermoelectric properties in PbTe with Widmanstitten
precipitates as examined by the scanning Seebeck probe
method is —46 + 2 pVK™ .
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Introduction

In nanostructured materials, phonons are scattered at
interfaces [1], which can reduce the lattice component of
the thermal conductivity [2]. This reduced thermal con-
ductivity can lead to thermoelectric materials with a high
thermoelectric figure of merit, z7, defined as Sza/;c, where
S is the Seebeck coefficient, ¢ the electrical conductivity,
and x the thermal conductivity. Substantial z7" has been
observed in structures with small nanoparticles [3] as well
as larger precipitates in PbTe-Ag,Te [4].

Solid-state phase transformation is an effective route to
introduce nanostructure in bulk thermoelectric materials
[5]; e.g. in the PbTe—Sb,Tes system, nanolamellar struc-
ture is formed by a eutectoid reaction [6, 7] and x;, has
been found to decrease as the inter-lamellar spacing
decreases [8]. Plate-shaped Sb,Te; precipitates in PbTe [9]
and the size scale of the precipitation structure has been
controlled [10, 11]. Plate precipitates, so called Wid-
manstitten plates, have larger interface area per unit vol-
ume than, for e.g., spherical particles compared for the
same volume fraction and number density because of their
shape and hence could be more effective in reducing the
lattice thermal conductivity. However, such an impact of
nanostructuring on the lattice thermal conductivities has
not been systematically studied by changing particle size
or morphology.

While nanostructure formation in the PbTe-Bi,Tes
system, where both PbTe and Bi,Te; show good thermo-
electric properties, has not been reported so far, similar
solid-state reactions to the PbTe—Sb,Te; system may be
expected because of the chemical kinship between Bi and
Sb. In phonon scattering at interfaces, the mass contrast of
the phases consisting of the interfaces and the interface
structure are important key parameters [12]. Comparisons
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of different precipitates in PbTe matrices would be a
helpful tool in understanding the reduction in x, and
enhancement of z7. The thermoelectric properties of
compounds in this system have been studied within the
solid solution PbTe up to 1.94 at.% Bi [13] and 0.84 at.%
Bi [14]. While several research groups have investigated
the phase diagram of the pseudo-binary PbTe-Bi,Te;
system [15, 16], the solubility in the PbTe phase in equi-
librium with a solid phase has been measured only at
500 °C [16, 17] as shown in Fig. 1. Unidirectional solidi-
fication by Bridgman method is a powerful tool to obtain
qualitative information on phase diagrams such as phase
equilibria, temperature dependence of solubility, etc. In
this article, a unidirectional solidification experiment by
the Bridgman method has been conducted to investigate the
PbTe-rich region of the phase diagram in the pseudo-binary
PbTe-Bi,Te; system and to show the formation of
Widmanstitten precipitates, which could be effective in
reduction of the lattice thermal conductivity in thermo-
electric PbTe. The structural features of the precipitates
such as composition and orientation relationship with the
matrix PbTe are discussed. The solubility range in the
PbTe phase is also determined as a function of temperature
by diffusion couple experiments to prove that the precipi-
tates form due to the reduction of solubility range of PbTe
phase with decreasing temperature. The knowledge on the
solubility range is also quite important in order to under-
stand transport properties since point defect structure of the
matrix phase in the precipitation structure is closely con-
nected to the composition of the matrix phase.

Experimental
Bridgman method

Stoichiometric quantities of Pb, Bi, and Te granules (8.2 g
in total) were loaded into a fused silica ampoule with 6 mm
inner diameter and then sealed under argon gas of
approximately 3.4 x 10* Pa to obtain an alloy with overall
composition of Pby4Bi,g gTes;,, which lies on the pseudo-
binary line between PbTe and Bi,Te;. To avoid contact
between the fused quartz and sample, the inside of the
fused quartz tube was coated with carbon by imperfect
combustion of acetone. The sample was then inductively
melted for approximately 5 min and subsequently cooled
in air. Unidirectional solidification was performed using a
Bridgman-type furnace; the ampoules were moved down-
wards with a velocity of 0.37 mm h™'. The furnace tem-
perature was set to 800 °C. The temperature gradient was
~27 °C mm~" at temperatures close to the liquidus tem-
perature, ~ 650 °C, reported in the PbTe-Bi,Te; phase
diagram [18]. A sample thus obtained (hereafter, “as
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Fig. 1 PbTe-rich part of the equilibrium phase diagram of the
pseudo-binary PbTe-Bi,Te; system based on the previous report [18]
(dotted lines) and this work (solid and dashed lines). The diagram
also includes the existence range of PbTe phase reported by Chami
et al. [16], Golovanova et al. [17]. The data point plotted at the
peritectic temperature 583 °C [16] is the maximum solubility in the
PbTe phase and the composition of the phase crystallized next to
(above) the PbTe phase in the unidirectionally solidified sample by
Bridgman method. The data points plotted at 450 and 550 °C were
determined using PbTe/Bi,Te; diffusion couples. The top arrow
indicates the composition at which the unidirectional solidification
experiment was carried out in this study and which is close to the
nominal composition of PbBi,Te,. The solid circles show the points
where isothermal annealing experiments were carried out and the
samples are composed of two phases. Further studies are needed for
the Bi,Te; rich-side boundary of “PbBi,Te,”

solidified” state) was cut in half longitudinally for micro-
structural observations.

The inner cross sections were exposed by cutting with a
diamond saw and polished with a series of SiC papers up to
#800, then polished with a series of Al,O; powder
(3-0.3 pum), and finally with colloidal silica (0.05 pm). The
microstructure was observed using a field emission-scan-
ning electron microscope (FE-SEM, Carl Zeiss LEO 1550
VP) equipped with a backscattered electron detector. The
accelerating voltage was 20 kV. The chemical composition
was measured as a function of the distance from the bottom
end of the sample using a wavelength dispersive X-ray
spectrometer (WDS, JXA-8200, JEOL Ltd.) with Bi and
PbTe samples as standards for ZAF conversion [19] from
intensities of Pb M,, Bi M, and Te L, to concentrations.
The accelerating voltage was 15 kV. To determine the
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average composition of hetero-phase microstructure, the
probe diameter was set to 25 um. The crystallographic
orientations in the microstructures were determined using
the electron backscatter diffraction technique (EBSD; HKL
Technology, Inc.). The operating voltage of the electron
beam for EBSD was 20 kV. The surface of the samples
was inclined at 70° to the vertical direction with respect to
the electron beam. Electron backscatter patterns were
analyzed using a commercial software package Channel
5™ (HKL Technology, Inc.).

Determination of solubility range of PbTe by diffusion
couples

The solubility range in PbTe phase in the PbTe-Bi,Te;
system was examined at two temperatures, 450 and 550 °C,
using PbTe/Bi,Te; diffusion couples. PbTe and Bi,Te;
were synthesized by induction heating under argon atmo-
sphere followed by annealing at 585 °C for 24 h and at
400 °C for 24 h, respectively, for homogenization. The
experimental set up for making diffusion couples is the
same as described elsewhere [20]. The polished planes of
Bi,Te; and PbTe samples were brought into contact using a
stainless steel clamp. The clamp holding a couple of Bi,Te;
and PbTe samples was wrapped in Ti and Ta foil and was
sealed in a quartz tube with 30 kPa Ar. The couple was heat
treated at 520 °C for 30 min for diffusion bonding. After
the bonding, the diffusion couple was cut into four pieces
perpendicularly to the bonded interface. Each piece was
annealed at 550 °C (15 or 64 h) or 450 °C (9 or 24 days) to
determine the phase boundaries at these temperatures. The
concentration profiles were measured by WDS.

Isothermal heat treatments

A sample with PbyoBigTes, composition (8 at.% Bi), which
also lies on the pseudo-binary PbTe-Bi,Te; system, was
synthesized, annealed at 585 °C for 7 days for homogeni-
zation, and annealed at 450 °C for 38 h to confirm the
phase boundary determined by the diffusion couple
experiments and reproduce the Widmanstitten precipitates.
In order to check the phase stability of a ternary interme-
diate phase at two relevant temperatures (350 and 550 °C)
in the PbTe-Bi,Te; system, a sample with Pbj43Bisg¢
Tes;; composition corresponding to “PbBi,Te,” was
annealed at 550 °C for 7 days and further annealed at
350 °C for 10 days. The annealing compositions (temper-
ature and composition) for both the isothermal annealing
experiments are indicated in Fig. 1. After the heat treat-
ments, the microstructure was observed by FE-SEM.
Powder X-ray diffraction experiments (XRD, Phillips
X-Pert Pro diffractometer, Cu K, radiation) have been
carried out on this sample to identify phases.

@ Springer

Measurement of Seebeck coefficient

The Seebeck coefficient was measured near room temper-
ature as a function of the distance from the bottom edge.
After the surface of the sample was polished finally with
1 pm Al,O5; powder, the sample was mounted on a tem-
perature-controlled copper plate to provide the uniform
heat throughout the sample. In general, the Seebeck coef-
ficient measurement requires the sample to have a tem-
perature difference at two locations within a sample, which
causes the Seebeck voltage to be generated. The tempera-
ture difference AT and the voltage difference AV between
these locations are measured to calculate the Seebeck
coefficient using the equation AV = SAT. In this particular
measurement, the temperature difference was created
between a thermocouple with a small thermal mass located
at a corner of the sample, and a cold scan probe with a large
thermal mass, which locally draws heat from the sample
surface to create the local AT. The procedure is similar to
that described in [21].

Results and discussion

Formation of Widmanstitten precipitates in PbTe
by unidirectional solidification

The composition in the sample which was unidirectionally
solidified using the Bridgman method was measured as a
function of the distance from the bottom end. Since the
beam size in the chemical composition measurement by
WDS, 25 um, is much larger than the size of the micro-
structure the measured composition reflects the average
composition in the region. The compositions plotted in the
ternary phase diagram of the Pb—Bi—Te system in Fig. 2a
are found to lie almost on the pseudo-binary line for the
PbTe-Bi,Te; system. Figure 2b shows the variation of
composition with the position. At the lowest part (up to
10 mm), a PbTe solid solution base compound is formed.
This is consistent with the phase diagram (Fig. 1), where
the primary solidification is predicted to occur with the
PbTe phase. The Bi concentration cg; continues to increase
in the PbTe solid solution base region as the unidirectional
solidification proceeds. This is again expected from the
phase diagram because with an increase in the volume of
PbTe crystal, the liquid composition should shift to the
PbTe deficient direction in the pseudo-binary system and
so the composition of PbTe phase which is in equilibrium
with the liquid should also shift to the compositions con-
taining more Bi. Then, when the liquid composition
eventually reaches the peritectic composition (cg; ~ 33
at.% according to [18]), an intermediate phase begins to
crystallize. The jump of composition in the concentration
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Fig. 2 Compositions in the PbTe-rich region in Pb;4BirggTes;»
unidirectionally solidified by Bridgman method. The partial ternary
diagram in the Pb—Te-Bi system (a) is for the region indicated by red
in the ternary phase diagram on the left. The compositions and
Seebeck coefficient are plotted as functions of the distance from the
bottom end of the sample in b and c, respectively. The error bars for
Seebeck coefficient correspond to twice the standard deviations of
measurements along four lines at each distance

profile in Fig. 2a, b corresponds this start of crystallization.
The intermediate phase region beginning next to the PbTe
base region appears single phase by SEM observation with
backscattered electron mode. The formation of the single
phase next to the PbTe base region is consistent with the
phase diagrams which indicate peritectic reactions [15, 16,
18] but not with the one which shows a eutectic reaction
between PbTe and PbBisTe; [17]. According to reported
phase diagrams, the intermediate compound could be
“PbsBisTeq” [15] or “PbBi,Tes” [16, 22]. The composi-
tion of the intermediate phase observed in the unidirec-
tionally solidified sample by WDS in this work is located
between “PbBi,Te,” and “Pb,BigTe;; [22]” compositions.
The maximum cg; in the PbTe phase corresponds to the
maximum solubility in the PbTe phase at the peritectic
temperature (583 °C [16]).

As indicated in Fig. 2b, Widmanstitten precipitates
were observed in the PbTe solid solution base region which
contains ~ 8 at.% Bi or more. The microstructure is shown

Fig. 3a. The precipitates are too thin for explicit exami-
nation by WDS methods. It is likely that the precipitation
occurs due to the decrease in the composition range of
PbTe phase with decrease in temperature, which is dis-
cussed for more details in the next section.

Existence range of PbTe phase in the pseudo-binary
PbTe-Bi,Te; system

The formation of Widmanstitten precipitates in the unidi-
rectionally solidified sample is thought to be caused by the
decrease in solubility in the PbTe solid solution region
during cooling. To confirm this, the solubility in PbTe is
determined using PbTe/Bi,Te; diffusion couples. Figure 4
shows an example of concentration profiles of the diffusion
couples (annealed at 450 °C for 24 days). In determination
of the phase boundaries, the fitted concentration profiles
were extrapolated to the phase boundary positions [20].
The phase boundary compositions at each temperature is
plotted in Fig. 1. In the figure, the maximum solubility in
PbTe and the composition of the phase next to PbTe in the
sample unidirectionally solidified using the Bridgman
method (Fig. 2) are also plotted at the peritectic tempera-
ture (583 °C [16]). The phase boundary compositions
determined from diffusion couples annealed at the same
temperature but for different periods are consistent with
each other within error ranges. Therefore, the local equi-
librium in the diffusion couples is assumed to be valid. The
solubility range of PbTe thus determined decreases with
decrease in temperature as expected in the previous sec-
tion: 15.6 £ 0.9 (583 °C) to 6.2721 (450 °C) at.% Bi.

To confirm the solubility range determined by the dif-
fusion couple technique, an isothermal annealing experi-
ment was carried out at 8 at.% Bi (PbyoBigTes,) at 450 °C
for 38 h after homogenization. In the phase diagram, the
point for 8 at.% Bi and 450 °C is located in the two phase
region (PbTe solid solution plus an intermediate phase).
Figure 3b and ¢ shows the microstructure after homoge-
nization and after annealing at 450 °C for 38 h. As
expected from the solubility, Widmanstétten precipitates
were formed after the heat treatment. A powder XRD
experiment was carried out on this sample to examine the
phases. Figure 5 shows the XRD profiles with the reference
profiles for PbTe [23], PbBi,Te,4 [24], PbBisTe; [25], and
Bi,Te; [26]. The peak positions are mostly consistent with
PbTe except for shoulders of the peak at 39.5°. The angles
for the shoulders are most consistent with those for
PbBi,Te, but the peaks for PbBisTe; are also very close. It
is difficult to identify the phase of precipitates only from
the XRD profiles since the intensity from the precipitate
phase is weak and the peak positions of PbBi,Te, and
PbBisTe; are close to each other.
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Fig. 3 Microstructure in the PbTe-rich region with Widmanstitten precipitates in Pb;4Birg gsTes;, unidirectionally solidified by Bridgman
method (a) and in PbTe—8Bi after homogenization at 585 °C for 7 days (b) and after homogenization followed by anneal at 450 °C for 38 h (c)

Composition of the Widmanstitten precipitates

The crystal structure of the precipitate phase is not entirely
conclusive from the XRD profile shown in Fig. 5 alone. As
mentioned earlier, it is difficult to measure the chemical
composition of the precipitates using WDS as they are too
thin. In the pseudo-binary PbTe-Bi,Te; system, several
ternary intermediate phases such as PbBigTe 3 [22],
PbB16Telo [22], PbBl4Te7 [16, 27], Pb2B16Tell [22, 25],
and PbBi,Te, [24] have been reported. Of these com-
pounds, the chemical composition of PbBi,Te, is the
closest to PbTe. It is, therefore, likely that the precipitates
are PbBi,Tey. In order to check the stability of the
PbBi,Te, phase, we prepared samples with the composition
corresponding to PbBi,Te,4 and carried out isothermal heat
treatments. Figure 6 shows the XRD profiles from the
samples annealed at 550 °C for 7 days and further
annealed at 350 °C for 10 days after 550 °C annealing (the
composition and temperature are indicated in Fig. 1).
While the positions of many of the largest peaks for PbTe,
PbBi,Te,, PbBisTe;, and Bi,Tes such as the one at 27.7°
are close to each other, those of minor peaks are separated
well enough to identify phases. The peak positions for both
of the two samples are almost identical and consistent with
the reference profiles of PbBi,Te, and PbTe (small volume
fraction). This suggests that PbBi,Te, is the stable crystal
structure and should be the phase next to PbTe in the
pseudo-binary PbTe-Bi,Te; system at 350 and 550 °C. It is
expected from the existence of the PbTe phase that the
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composition of “PbBi,Te,” phase is slightly deviated to a
composition with more Bi content than the nominal com-
position of PbBi,Te,.

The XRD profile for PbyyBigTes, annealed at 450 °C for
38 h was refined using the Rietveld method (R, = 5.3%,
Ry, = 7.3%) as shown Fig. 5. The lattice parameter of
PbTe solid solution (~ 6.2 at.% Bi) obtained in the analysis
is 6.439 nm. This is slightly smaller than 6.454 nm [23] for
PbTe without a tertiary element. The lattice parameter
decreases since Bi*" (ionic radius: 0.103 nm [28]), which
has a smaller radius than Pb>" (ionic radius: 0.119 nm
[28]), substitutes for Pb2* in the PbTe structure. It is also
likely that the increase in the Bi content in the PbTe phase
in the pseudobinary PbTe-Bi,Te; system is accompanied
with the formation of vacancies and causes an inward
relaxation, which also contributes to the decrease in the
lattice parameter. The Rietveld analysis indicated a 6.5%
volume fraction of the secondary phase, which was
assumed to be PbBi,Te, in the analysis. Using the solu-
bility of Bi in PbTe in the pseudo-binary PbTe-Bi,Te;
determined by the diffusion couple experiment, ~6.2 at.%
Bi at 450 °C, the volume fraction of the secondary phase at
8 at.% Bi is estimated by a lever rule to be 7.9% for
PbBi,Te,. Considering the errors in the Rietveld refine-
ment, the agreement between the volume fractions of
precipitates estimated by the Rietveld refinement (~6.2%)
and lever rule (7.9%), is good. Karpinskii et al. [22]
reported that Pb,BigTe;; is formed at low temperatures due
to the peritectoid reaction between PbBi,Te, and PbBi,Te;.
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However, the detailed crystal structure has not been clari-
fied yet. Nevertheless, there is still a possibility that the
precipitates have composition close to Pb,BigsTe,; even if
the XRD pattern matches PbBi,Te, (as found in Pb-Sb-Te
phases). Assuming the precipitates to have composition
Pb,BigTe;;, the lever rule gives 6.9% volume fraction
for precipitates, which also agrees slightly better with the
Rietveld refinement. On the other hand, the composition of
the phase which appears next to the PbTe solid solution
region in the diffusion couple (Figs. I, 4) is located
between the theoretical compositions of PbBi,Te, and
Pb,BigTe;;. It is likely that the phase of Widmanstitten
precipitates is the same as the ternary intermediate phase
formed next to PbTe in the diffusion couple and is also the
same as the ternary phase formed next to the PbTe base
region in the unidirectional solidification (the ternary phase
shown in Fig. 2). To identify the precipitate phase, further
studies on crystal structure, composition, and phase sta-
bility of “Pb,BigTe ;” phase are desired.
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In the PbTe-Sb,Te; system, PbSb,Te, is the only ter-
nary phase formed in the pseudo-binary system (but
because of anti-site defects on the metal sites the ternary
compound has actual chemical composition close to
“Pb,SbgTe;;” [29]). It is stable only in the small temper-
ature window (576-587 °C) [10], and the precipitates
formed in PbTe is not a ternary phase but Sb,Te;. In
contrast, the precipitates formed in PbTe in this study are
of a ternary phase in the PbTe-Bi,Te; system. It is also
interesting to note that Sb,Tes precipitates via metastable
(Ag,Sb);Te, phase, which takes a structure with a 7-layer
stacking sequence, in AgSbTe, [30]. In PbTe-Bi,Te; sys-
tem, PbBi,Te, possesses a 7-layer stacking sequence.

Orientation relationship between matrix PbTe
and precipitates

Figure 7 shows the orientation relationship between
the matrix PbTe and the precipitates obtained by EBSD
analysis. In the analysis, crystal structure data for PbTe
(NaCl-type structure (cubic), space group Fm 3m) [23] and
PbBi,Te, (thombohedral structure, space group R3m) [22,
24] were used. As discussed in the previous section, there
is a possibility that the precipitates are Pb,BigTe;;, or even
other related (PbTe),(Bi,Te3),, layered structures. How-
ever, even if it is the case, the orientation relationship
examined here is not affected since the crystal structures of
PbBi,Te, and other likely ternary phases are similar to
each other (all with rhombohedral structures) and also have
similar lattice parameters (e.g. a = 0.44356 nm [22] and
0.4419 nm [22] for PbBi,Te; and Pb,BigTe;;, respec-
tively). The spots for (0001) plane for PbBi,Te4 and {111}
for PbTe, and those for <1120> for PbBi,Te, and <110>
for PbTe are located almost at the same position in the pole
figures (Fig. 7c—f), respectively. Therefore, we conclude that
the orientation relationship between the matrix PbTe and
precipitates is (0001)pypiorea//{ 111} pyres <1120>pppioTesl/
<110>pyte. The crystal structures and atomic configurations
on {111} planes and (0001) plane of PbTe and PbBi,Te,,
respectively, are shown in Fig. 8. Also, the normal vectors of
precipitates in Fig. 7b are close to the normal vectors of the
{111} family in PbTe. This means that the habit planes of the
precipitation are {111} family in PbTe. This orientation
relationship is exactly the same as what we have observed for
the PbTe matrix—Sb,Te; precipitates [9] and the AgSbTe,
matrix—Sb,Te; precipitates combinations [31], where pre-
cipitate Sb,Te; takes arhombohedral structure with the same
space group R3m as the ternary intermediate phase in the
present system takes. Based on the lattice parameter of
PbTe containing Bi at the solubility range at 450 °C obtained
by Rietveld refinement (a = 6.439 nm), the interatomic
distance on {111} planes is 0.4553 nm. Assuming the
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directions (d) in PbBi,Te4 and {111} planes (e) and <110> directions
(f) in PbTe, respectively

() (0001)ppgizres

I

() {111}pers
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precipitates are of PbBi,Te,, where the interatomic distance
on (0001) plane is 0.44356 nm [22], this gives an ~3%
lattice mismatch at the interface between the matrix PbTe
and the precipitates, which is slightly smaller than in the case
for PbTe—Sb,Te; interface (~ 6.2%). This suggests that the
interfaces could be semicoherent with misfit dislocations as
were observed in PbTe—-Sb,Te; system [32] but with longer
periods because of a smaller lattice mismatch.

Thermoelectric properties

Seebeck coefficient measured as a function of position in
the sample is shown in Fig. 2c. In the region of PbTe with
Widmanstitten precipitates, the Seebeck coefficient stays
at a nearly constant -46 + 2 VK™ and transitioned to the
intermediate phase region discontinuously because of the
existence of the sharp interface between the PbTe base
region and the intermediate phase. The spatial resolution
of the scanning Seebeck measurement, on the order of
0.1 mm, is much coarser than the microstructure composed
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(c) (111) plane
o

(d) (0001) plane

[1120]

[101] ©

Fig. 8 Crystal structures of PbTe (a) and PbBi,Te, (b) [24]. The EBSD
results show that these two crystals have the orientation relation-
ship {111 }pye//(0001)precipitate ad <110>pyre//<1120>precipitate- € and
d shows a (111) plane of PbTe and (0001) plane of PbBi,Tey,
respectively, which are indicated by gray in a and b

of fine Widmanstitten precipitates. In the composition
range examined previously, the PbTe solid solution shows
a peak in Seebeck coefficient (-167 uVK™") at ~0.3 at.%
Bi [14] and then the absolute value decreases monotoni-
cally to =30 uVK ' at 1.94 at.% Bi [13, 14] or =60 pVK ™'
at 0.84 at.% Bi [14]. In principle, each Bi subtstituted for a
Pb should result on one free electron (n-type Seebeck
expected) [33] but other defects may also be present. From
the fact that precipitates are not observed in the bottom part
of the PbTe phase (~6.5 at.% Bi), this region must be
supersaturated with Bi,Te; showing only PbTe solid
solution phase. The Seebeck coefficient measured in this
work indicates higher Bi concentration in PbTe than the
previous studies. The optimal composition for the highest
zT'is ~0.3 at.% Bi [14]. To improve the thermoelectric z7T,
reduction of carrier concentration would also be essential.
This could be done by doping with another element with
+1 valence to compensate the high electron concentration.

Fine microstructure with coherent or semicoherent
interfaces in the precipitation structure could result in
significant lattice thermal conductivity reduction due to
enhanced scattering of phonons by the difference in masses
between the precipitates and the matrix [34, 35] or bond
stiffness [34]. The atomic mass of Bi (208.98 u) is close to
that of Pb (207.19 u) while Sb (121.76 u) is smaller.

Therefore, the mass contrast between precipitates and
matrix PbTe is not as significant in the present system
PbTe-Bi,Te; as in PbTe-Sb,Te; [9]. Measurements of
lattice thermal conductivities of both these systems will be
a good reference regarding the role of mass contrast in
thermal conductivity reduction and are underway. It should
also be noted that the interfacial area per volume, which
could be one of critical quantities which affect lattice
thermal conductivity [1, 36], of Widmanstitten precipitates
can be controlled through cooling rates, composition, or
heat treatment temperature on the basis of phase transfor-
mation theories [10, 11].

Conclusion

Widmanstdtten precipitates are formed in a PbTe base
compound in unidirectional solidification using the Bridg-
man method with a Pb4BiyggTes;, composition, which
lies on the pseudo-binary line in the PbTe-Bi,Te; system.
The formation of precipitates is caused by the decrease in
the composition range of PbTe phase with decrease in
temperature, which has been confirmed by the composi-
tional variation in the unidirectionally solidified sample
and experiments using diffusion couples: 15.6 £ 0.9
(583 °C) to 6.2%%) (450 °C) at.% Bi. Widmanstitten pre-
cipitates are also formed by an isothermal heat treatment of
the PbyoBigTes, composition at 450 °C. The precipitates
are of a ternary phase such as PbBi,Te, but may have
actual composition closer to Pb,BicTe ;. The precipitation
occurs on {111} habit planes in PbTe with orientation rela-
tionship (0001)recipitate//{ 111} ppre and <1120>precipitate//
<110>pyre. The size scale should be controllable on the basis
of phase transformation theories as has been done for the
PbTe—Sb,Te; system. The Seebeck coefficient of PbTe with
Widmanstitten precipitates is 46 + 2 uVK~'. To improve
the power factor for thermoelectric applications, the carrier
concentration needs to be reduced.
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