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The microstructure and thermoelectric properties of the PbTe-Si eutectic system are presented in detail.
When rapidly quenched from the melt this system yields materials with thermoelectric properties similar to
PbTe itself but with improved mechanical properties. Doping optimization was performed using Pbl, as an
n-type dopant giving precise control of the thermoelectric properties. Electron microscopy indicates that the
PbTe-Si system is both a nanocomposite and microcomposite. Despite the added Si, the thermal
conductivity of this composite follows closely that of PbTe. The temperature dependence of the Lorenz
number was estimated, and it shows a significant departure from the value of metals (L) reaching only 45%
of Lyat 650 K. The optimized ZT for the PbTe-Si(8%) eutectic was 0.9 at 675 K. The improved mechanical
robustness of these composites makes them attractive for use in large scale thermoelectric device fabrication.

Introduction

Thermoelectric (TE) power generation from vehicle waste
heat is projected to improve gas mileage in internal combus-
tion engines by as much as 10%." To realize this goal, the
efficiency of thermoelectric materials and systems must be
improved. The efficiency of a thermoelectric device is deter-
mined by the temperature differential across the TE materials
and the figure of merit of the TE materials themselves. The
TE figure of merit is determined by the electrical and thermal
transport behavior of the semiconductor and is defined as
ZT = S°0T )k where S is the Seebeck coefficient, o the elec-
trical conductivity, « the thermal conductivity, and 7 the
temperature.>* Recently, efforts to improve ZT have focused
on preparing natural and artificial nanostructures to reduce
the thermal conductivity by boundary scattering. For exam-
ple, a number of bulk semiconductor nanocomposites pre-
pared via spinodal decomposition,* matrix encapsulation,>
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and precipitation and growth®”~!! showing enhanced ZT

have greatly increased interest in these mechanisms as meth-
ods to prepare thermoelectrics. An additional mechanism
based on eutectic phase transformations is also of interest in
preparing thermoelectric materials.

We suggest that eutectic mixtures are attractive as
thermoelectrics (TE) because of their unique microstruc-
ture that allows for enhanced mechanical strength. This
increase in mechanical strength is primarily due to their
inhibition of crack propagation.'> Additional benefits
come from the ability to rapidly prepare materials and
even the possibility to reduce thermal conductivity." In
fact, a number of eutectic materials based on III—V and
IV—VI compound semiconductors have been studied
previously as thermoelectrics.'* > Recently, we reported
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Figure 1. (a) Powder X-ray diffraction showing the major PbTe (* symbols) and Si reflection (# symbol) and the minor phase Pb precipitates (inset).
(b) Phase diagram comparison for the PbTe-Ge system (black)** and the PbTe-Si system (red)” indicating the shift in eutectic composition and tempera-
ture at which the eutectic point occurs. (c¢) Heating and cooling differential thermal analysis curves indicating melting and recrystallization at ~927 °C.
(d) Infrared absorption curve for PbTe-Si(8%) showing the E, of 0.27 eV comparable to PbTe itself.

on the thermoelectric properties of the PbTe-Ge eutectic
system and its analogue PbTe-Ge,_,Si,.>> The eutectic
point in this system occurs at the PbTe-Ge(20% ) compo-
sition (Figure 1b).>* Interestingly the large fraction of Ge
did not increase the thermal conductivity as could be
expected if the material followed a simple law of mixtures.
In fact, when the second phase content was decreased and
Ge was alloyed with Si, an improved ZT of 1.3 was
obtained for the PbTe-Ge( gSip»(5%) composite com-
pared to ~0.8 for PbTe itself, primarily because of a
reduced thermal conductivity.

The microstructure and thermoelectric properties of
the germanium-free system PbTe-Si(8%) is reported in
detail here. The eutectic point in this system occurs at a
lower percentage of the minor phase (8% vs 20%) and
occurs at a higher temperature than in the Ge system
(900 °C vs 865 °C).>*** The low concentration of silicon as
well as its lower cost compared to Ge make this eutectic
system attractive for development as a thermoelectric. The
carrier concentration and therefore the Seebeck coefficient
and electrical conductivity could be precisely controlled
by doping with Pbl,. The electron mobility of the PbTe-
Si(8%) samples was high (~1000 cm?/(V s)) and was not
significantly reduced compared to that of pure PbTe by
the Si precipitates. We show that a complex micro- and
nanostructure contribute to reducing the well-known
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brittleness of PbTe without significantly increasing the
lattice thermal conductivity. Rather, the latter follows
closely with the expected value for PbTe, and we obtain
ZT values comparable to PbTe with the benefit of having
a rapidly prepared material and improved mechanical
strength. The apparent mechanical robustness of the
samples, the rapid synthesis, and the moderate ZT of
these materials makes them attractive for module fabri-
cation.

Experimental Section

Synthesis. Lead (Rotometals, 99.99%) and tellurium (Atlantic
Metals, 99.999%) were combined in a 1:1 ratio in 25.4 mm
diameter fused silica tube, sealed under vacuum, and heated to
1000 °C. For example, approximately 250 g of pure PbTe was
prepared by quenching the resulting melt of Pb (149.4931 g,0.7215
mol) and Te (92.0629 g, 0.7215 mol) in a room temperature water
bath.

The resulting PbTe, Si (Cerac, 99.992%), and Pbl, (Aldrich,
99.999%) were combined in the appropriate molar ratio in
quartz tubes (8 mm ID) and sealed under vacuum. For example,
9.1623 g (0.0273 mol) of PbTe, 0.0672 g (0.0023 mol) of Si, and
0.0016 g (3.47 x 10~ mol) of Pbl, were used to prepare the
PbTe-Si(8%) sample doped with 0.0127% Pbl,. The material
was then heated to 1050 °C and allowed to homogenize in the
melt for 12 h. The liquid was then rapidly cooled in a room
temperature water bath.

The resulting ingots (8 mm diameter) were cut using a
diamond blade saw into several pieces for electrical, thermal,
and microstructural characterization. First a coin 8 mm in
diameter and 2 mm thick was cut for thermal diffusivity
measurements. The faces of the coin were polished to ensure



Article

they were parallel using 800 grit sandpaper. Adjacent to this coin
a ~10 mm long cylinder was cut from which two samples were
prepared. One ~3 x 3 x 10 mm and one 1 x 3 x § mm sample
were prepared for electrical transport measurements and Hall
effect measurement, respectively. These samples were cut using
the diamond saw and polished using 800 grit sandpaper to
provide the parallelepipeds necessary for measurements. All
transport measurements were therefore conducted in the same
direction along the length of the ingot.

Powder X-ray Diffraction. Powder X-ray diffraction experi-
ments were performed on finely ground powders using an Inel
diffractometer (Cu Ka radiation) operating at 40 kV/20 mA.

Electron Microscopy. Scanning electron microscopy was per-
formed on highly polished samples using a Hitachi S3400 and
S4800 with varying accelerating voltages for imaging and a
20 kV accelerating voltage for energy dispersive spectroscopy
measurements.

Samples for transmission electron microscopy were prepared
by conventional techniques of thinning, dimpling, and ion
milling to obtain thin samples for analysis, as described pre-
viously in detail.>® Microscopy was performed using a JEOL
2100F transmission electron microscope operating at a 200 keV
accelerating voltage. Self-consistent ab initio multiple-scatter-
ing calculations for electron energy loss spectroscopy (EELS)
were performed using the FEFF8.4 code to determine the energy
loss spectrum of oxygen in Si0,.%

Electrical Transport Characterization. Temperature depen-
dent electrical conductivity and Seebeck effect measurements
were performed using a ULVAC Technologies ZEM3. The
electrical conductivity was determined using a four-probe meth-
od with spring loaded current contacts. Type R thermocouples
double as both temperature sensors and voltage leads during
measurements of the Seebeck coefficient. We used temperature
gradients of 5, 10, and 15 °C and the corresponding voltage
differences and temperature differences were then averaged.
A temperature stability of 0.25° was maintained over the course
of the measurement at each temperature step.

High temperature (300—750 K) Hall effect measurements
were performed on samples ~1 x 3 x 8 mm in size with pressure
contacts. The measurements were performed in a homemade
apparatus under Ar atmosphere utilizing an Oxford Super-
conducting Magnet with constant magnetic field of £1 T. The
Hall resistance was monitored with Linear Research AC Resis-
tance Bridge (LR-700).

Thermal Conductivity/Diffusivity Characterization. A Netzsch
LFA-457 was used to measure temperature dependent thermal
diffusivity and heat capacity in the range 300—700 K. Coins 8
mm in diameter and 2—2.5 mm thick were used in all measure-
ments, and the thermal conductivity in these samples was
determined using the laser flash diffusivity heat capacity method
from 300 to 700 K. The diffusivity (D), density (p), and specific
heat (C},) were measured, and the total thermal conductivity was
calculated using the formula k = DpC,.

Results and Discussion

Synthesis and Microstructural Characterization. The
PbTe-Si eutectics can be rapidly prepared by comelting
PbTe and Si in the appropriate ratios in fused silica
ampules under vacuum to 1050 °C. The melts were then
rapidly solidified by removing the ampules from the
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furnace and placing them inside a room temperature
water bath. The resulting ingots are mechanically robust
and were easily cut and polished for measurement.

Recently, the mechanical properties of PbTe have been
studied in detail as these are important for reliable device
fabrication.”’~?’ Generally, PbTe is a brittle material that
fractures easily during the necessary polishing and grind-
ing steps for sample analysis. Eutectic composite materi-
als often have improved strength through the inhibition
of crack propagation.”® In the PbTe-Ge materials re-
ported previously and the PbTe-Si eutectic materials
presented here the qualitative improvement in mechan-
ical strength is apparent.>® The eutectic samples show
much improved machinability and crack resistance dur-
ing cutting and polishing during sample preparation for
transport measurements, SEM, and TEM analysis. Initial
Vickers hardness measurements performed on several
eutectic samples indicate the hardness (0.6—0.8 GPa) is
significantly increased compared to Pbl, doped PbTe
itself (~0.3 GPa). Additional measurements to determine
fracture toughness and other mechanical properties are
underway and will be reported elsewhere.

Powder X-ray diffraction (PXRD) results indicate the
presence of PbTe and Si phases in the samples. In addi-
tion, peaks corresponding to metallic Pb were observed,
see Figure la. In several samples a broad amorphous
reflection was also observed via powder X-ray diffrac-
tion. These broad reflections originate from the amor-
phous regions at the interface of the PbTe and Si
precipitates as observed via transmission electron micro-
scopy. Analysis of PbTe-Si(8%) by differential thermal
analysis shows melting and crystallization transitions at
927 °C, a higher temperature than the published phase
diagram indicates (900 °C),?® Figure 1b.c. The band gap
of the composite was measured to be 0.27 eV comparable
to that of PbTe itself, Figure 1d.

Scanning electron microscopy was used to analyze the
microstructure of the composite eutectic. Silicon pre-
cipitates were observed throughout regions of PbTe,
Figure 2a,b. These rod-like precipitates, approximately
40—250 nm in diameter, appear to be several micrometers
in length. The precipitates of Si are generally smaller than
those observed in the PbTe-Ge system?® (Ge precipitates
tend to be several micrometers in diameter) and suggests
that the crystallization of the PbTe-Si eutectic during
quenching occurs faster and does not allow for the Si to
migrate through the sample to form larger precipitates.
Traces of Pb metal were observed via PXRD and in
scanning electron microscopy as ~20 um precipitates,
although these precipitates were very few in number and
separated from each other.

Investigations by transmission electron microscopy
(TEM) identified additional Pb precipitates of 2—20 nm
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Figure 2. Scanning electron micrographs of PbTe-Si(8%) indicating (a)
the rodlike morphology of the Si precipitates ~40—200 nm in diameter.
(b) Indicates the relatively narrow size distribution of the diameter of the
Si precipitates. Blue outlined region distinguishes precipitates observed
perpendicular to the smaller diameter.

in diameter located in the PbTe domains of the samples.
TEM revealed that, within the material, several regions
exist including the PbTe matrix with Si precipitates
(Figure 3a), PbTe with Pb nanoprecipitates (Figure 3b,
¢), and a boundary layer between the matrix and Si. The Si
precipitates are observed as light colored regions
(~80—150 nm) in the bright field image due to their
significantly lower atomic number compared to PbTe.
The boundary layer between the Si precipitates and the
PbTe matrix (~2—5 nm thickness) will be discussed in
greater detail below. The Pb nanoprecipitates (~2—
20 nm) have a darker contrast than the matrix PbTe;
however, no additional reflections were observed via
selected area electron diffraction, Figure 3d. Only the
matrix reflections along the [001] axis were observed
reflections from precipitates could not be detected be-
cause of the very small volume fraction in the selected
area. Similar observations were made in the PbTe-Ge-
(20%) eutectic system where Ge displaced Pb in the PbTe
matrix giving rise to a small percentage of Pb;_.Ge,Te
solid solution and Pb precipitates. The Pb nanoprecipi-
tates are the result of Si displacing Pb to form Si, Tes at the
interface between the PbTe and Si phases according to the
redox reaction of eq 1.

0.92PbTe + 0.08Si — (0.92 —x)PbTe
23\ . .
+ (o.os - %) Si + (x)Pb + @) Si;Te; (1)

In contrast to the Ge system, where a stable Pb;_,-
Ge, Te solid solution is formed, there is little solubility of
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Figure 3. (a) Low magnification TEM image showing Si precipitates
(white spots) embedded in the PbTe matrix. (b) TEM image showing the
matrix PbTe material containing Pb nanoprecipitates. (c) High resolution
TEM micrograph of several Pb precipitates with a size of 2—5 nm in dark
contrast and (d) electron diffraction pattern with an aperture only
including the Pb precipitates and PbTe matrix showing the [001] axis of
the PbTe matrix.

Si in PbTe and the resulting Si—Te phase is trapped at
interparticle boundaries. The only known Si—Te com-
pound is Si,Te; and is likely present at the boundaries
between Si and PbTe as Si,Te; has limited solubility in
both PbTe and Si.?* This boundary phase may decom-
pose upon exposure to water during sample preparation
and appear as a glassy interfacial film at the surface of Si
precipitates embedded in the PbTe matrix. One represen-
tative precipitate is shown in Figure 4a along with a high
resolution image of the boundary, Figure 4b. At the
surface of the silicon precipitates the crystalline Si;Tes
was readily hydrolyzed upon exposure to water during
sample preparation forming glassy SiO, and H,Te. The
presence of oxygen at this amorphous boundary was
confirmed using EELS measurements, Figure 4c. The
results of our EELS calculations, curve 4 in Figure 4c,
confirm the two oxygen peaks both come from SiO,. It is
likely that this Si,Te;, when embedded in the bulk ma-
terial, is stable and may act as an interface to allow charge
transport between the PbTe and Si.

Electrical and Thermal Transport Characterization.
Room temperature electrical conductivity and Seebeck
coefficient measurement results are summarized for a series
of PbTe-Si(8%) doped with Pbl, in Figure 5. The electrical
conductivity increased monotonically with Pbl, concentra-
tion as expected for a rising carrier concentration. At room
temperature the electrical conductivity was 390 S/cm for the
sample without Pbl,, and it increased linearly to 2750 S/cm
for the sample doped with 0.08 mol % Pbl,. The corres-
ponding Seebeck coefficient is negative (n-type) and de-
creased from —200 uV/K to —80 uV/K for the same Pbl,
concentrations. A large power factor at room temperature
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Figure 4. (a) Medium magnification TEM image containing one Si
precipitate; (b) high resolution TEM micrograph of the amorphous glassy
SiO, interface phase between the PbTe and Si precipitate (region 1 is the
Si, region 2 the boundary, and region 3 the PbTe). (c) EELS spectrum
showing the presence of oxygen in the glassy SiO, interface. The number
labels in the spectrum correlate to those shown in (b). EELS spectrum (line
4) is from multiple-scattering calculation of oxygen K edge in SiO».

(~36 uW/(cm K?)) was obtained for the optimized carrier
concentration of 7.71 x 10" em™ in the 0.025% Pbl,
doped sample.

Temperature dependent electrical conductivity, Seebeck
coefficient, power factor, and lattice thermal conductivity
for a series of Pbl, doped PbTe-Si(8% ) materials are shown
in Figure 6. All samples show a decreasing electrical con-
ductivity with increasing temperature consistent with com-
mon scattering mechanisms in PbTe based materials.® The
Seebeck coefficient increases in magnitude with rising tem-
perature, and for certain doping concentrations reaches
~—300 uV/K at temperatures >650 K. This behavior is
comparable to pure n-type PbTe.*' The power factor
remains high (>15 #W/(cm K?)) at these temperatures
and contributes to the moderate ZT observed.

Generally, the thermal conductivity is comprised of
two components: the lattice and electronic thermal con-
ductivity (kior = Klat + Kelee)- According to the Wiede-
mann—Franz law the electronic component is calculated
to be keee = LoT where L is the Lorenz number, o the
electrical conductivity, and 7 the temperature.*” Initially,
the electronic thermal conductivity was calculated using
the Lorenz number for metals and heavily degenerate
semiconductors (Ly = 2.45 x 10~% (W Q)/K?). When this
method was used, a wide range of the lattice thermal
conductivity values from 0.7 W/mK to 1.2 W/mK at high
temperatures were calculated, Figure 6d. This result was
unexpected as there were only small differences in the
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Figure 5. Comparison of the room temperature (a) electrical conductiv-
ity, (b) Seebeck coefficient, (c¢) and power factor for Pbl, doped eutectic
materials of PbTe-Ge(20%) and PbTe-Si(8%). Generally, the uncertainly
in the electrical conductivity data is ~+2—3% whereas in the Seebeck
coefticient data were within +5%.
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Pbl, dopant concentration between the samples that
would not account for the large change in lattice thermal
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function of o7, (b) calculated lattice thermal conductivity, (c) ratio of
calculated L/L, as a function of temperature, and (d) a comparison of the
lattice thermal conductivity using L and L, showing the significant
underestimate when L, was used.

conductivity observed. This suggested that the assump-
tion that L is constant with temperature is incorrect. In
fact, theoretical estimates of the Lorenz number in n-type
PbTe show that in the range of interest (300—700 K and
10"®—10" cm ™ carriers) the Lorenz number is lower than
Ly because of nonelastic scattering as well as band non-
parabolicity resulting in a Lorenz number of only 55% of
Lo at 700 K.>*

To estimate a more correct Lorenz number and better
determine the lattice thermal conductivity in these materials,
the total thermal conductivity was plotted as a function of
oT. From this, the equation k. = k15 + LoT was fit, and the
lattice thermal conductivity and L were extracted from the
intercept and the slope of the linear fit. A representative
example is shown in Figure 7a for the data at 300 K. This
procedure was repeated for several temperatures between
300 and 700 K using the same linear fit to approximate the
Lorenz number and lattice thermal conductivity at each
temperature. The Lorenz number determined in this man-
ner is shown as a ratio with L in Figure 7c. At 300 K the
ratio is close to 1 indicating that the material can be
described by the Wiedemann—Franz law using the Lorenz
number for metals. At high temperatures a significant
deviation from L is observed which shows that the lattice
thermal conductivity is greatly underestimated when a
Lorenz number of 2.45 x 10~% (W Q)/K? is used, Figure 7d.
In this crude approximation several effects including elec-
tron phonon interactions are neglected; however, it is
apparent that in many PbTe-based materials using L in
calculations can lead to greatly underestimated lattice ther-
mal conductivity values. In addition, the Lorenz number
also depends on the carrier concentration, and so the

(33) Vineis, C. J.; Harman, T. C.; Calawa, S. D.; Walsh, M. P.; Reeder,
R. E.; Singh, R.; Shakouri, A. Phys. Rev. B2008, 77(23),235202/1—
235202/14.
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Figure 8. (a) Hall effect derived carrier concentrations as a function of
temperature and (b) the temperature dependent mobility for a series of
PbTe-Si(8%) samples doped with Pbl,.

estimates of the lattice thermal conductivity determined in
this manner are approximate. Regardless of the lattice
thermal conductivity calculated, the value of the total
thermal conductivity is a measured quantity and is used in
the calculation of ZT.

The lattice thermal conductivity obtained from these
fits is shown in Figure 7b indicating that the lattice
thermal conductivity follows closely the expected values
for PbTe itself’! and follows the 1/7 dependence pre-
dicted from theory.* In the PbTe-Si(8%) samples the
expected lattice thermal conductivity of the composite is
2.36 W/mK at room temperature as calculated by effec-
tive medium theory.*> Although the thermal conductivity
of Si is much higher (~130 W/mK) than that of PbTe
(~2.2 W/mK) the volume fraction of Si is low, and the
increase in lattice thermal conductivity only amounts to
a 7% increase from that of PbTe.

High temperature Hall effect measurements were used
to calculate the carrier concentration as a function of
temperature. The obtained values are shown in Figure 8a
for the PbTe-Si(8%) samples doped with Pbl,. The
carrier concentration is stable as a function of tempera-
ture with the exception of the undoped sample. In this
sample the carrier concentration increased as the temp-
erature increased, likely due to carrier excitation. At very
high temperatures (> 800 K) the samples showed some
increase in carrier concentration that in certain cases
persisted upon cooling perhaps as a result of Pb precipi-
tates dissolving or changes in Si doping in the PbTe
matrix. However, in all measurements of electrical con-
ductivity, Seebeck coefficient, and thermal conductivity
up to ~700 K, the sample remained stable for several
heating and cooling cycles.

The temperature dependent electron mobility was de-
termined from the Hall and electrical conductivity mea-
surements. At room temperature the mobility in these
materials remains high (~900—1500 cm?/(V s)) and de-
creases according to the power law u ~ aT* where a. =
1.8—2.3, Figure 8b. The mobility and its temperature
dependence are typical of pure PbTe despite the precipi-
tates of Pb and Si throughout the sample.***'-¢ It is

(34) Keyes, R. W. Phys. Rev. 1959, 115, 564-567.

(35) Wang, J.; Carson, J. K.; North, M. F.; Cleland, D. J. Int. J. Heat
Mass Transfer 2008, 51(9—10), 2389-2397.

(36) Efimova, B. A.; Kolomoets, L. A.; Ravich, Y. I.; Stavitskaya, T. S.
Fizika i Tekhnika Poluprovodnikov 1970, 4(10), 1929-1935.
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Figure 9. ZT as a function of temperature for a series of PbTe-Si(8%)
doped with Pbl,.

possible that the boundary phase between the PbTe and Si
is responsible for allowing charge transport through the
composite. It is also possible that there is an additive
effect where the transport through the Si microprecipi-
tates is facile and improves the overall composite mobi-
lity. In the previously reported PbTe with Pb precipitates
the mobility was significantly degraded;*” however, such
a scattering process does not appear to occur in our
samples or is masked by the high mobility through the
Si rods. Additionally, in the PbTe-Pb system the Seebeck
coefficient increased with respect to PbTe itself, although
with an overall decrease in power factor.>” The PbTe-Si
eutectic composites show very similar Seebeck coeffi-
cients as Pbl, doped PbTe*® without any increase in the
Seebeck coefficient regardless of the Pb nanoprecipitates
within the PbTe-Si composite.

The resulting ZT as a function of temperature is shown in
Figure 9. A maximum ZT of 0.9 at 660 K was obtained for
the sample doped with 0.047% Pbl, (N = 1.13 x 10" cm ™).
The trends in ZT shown in Figure 9 suggest the figure of
merit could exceed 1 at ~800 K. This value is similar to
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PbTe itself; however, as we reported previously further
increases were attained when Si was alloyed with Ge to
reduce the thermal conductivity.®® For the PbTe-
Sip.8Geo »(8%) doped with Pbl, the ZT was increased to
1.2 at 700 K because of a reduction of thermal conduc-
tivity, similar to the previously reported PbTe-Ge gSig »-
(5%) composite.”*

Concluding Remarks

The micro- and nanostructure in the eutectic composi-
tion PbTe-Si(8%) influences the electrical and thermal
transport so that the ZT remains high in these materials.
The electrical transport properties are tuned by n-type
doping with Pbl,, and the resulting thermoelectric prop-
erties are comparable to PbTe itself, but with consider-
ably reduced brittleness. The lattice thermal conductivity
was not significantly influenced by the presence of Si or
Pb precipitates. This indicates it may be possible to use
secondary phases embedded in thermoelectric materials
to significantly increase their mechanical strength with-
out influencing the thermoelectric performance if selected
judiciously. The Lorenz number in these materials is not
constant over the temperatures measured and can greatly
influence the calculation of the electronic contribution to
the thermal conductivity. Attempts to dope this system
p-type are underway and will be reported elsewhere. If
suitable eutectic materials can be prepared using both
p- and n-type dopants, their improved mechanical prop-
erties compared to PbTe and ease of synthesis make them
attractive for large scale device fabrication.
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