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Utilizing the decomposition of metastable BhsTe;; into PbTe and Sfe;, we produced a layered
(lamellar) microstructure of PbTe and Slke; in which the interlamellar spacing can be controlled by the
temperature and time of the decomposition process. Adjacent PbTe ghe; &mellae are crystallo-
graphically oriented, indicating high-quality epitaxy-like interfaces. Average lamellar spacings as small
as 180 nm are observed, corresponding to a PbTe layer thickness of 40 nm. These nanoscale multilayers,
formed by bulk processing, resemble thin-film superlattice thermoelectric materials, which have shown
exceptionally high thermoelectric efficiency.

The efficiency of a thermoelectric device is governed by scale. Bulk materials with small nanodots have shown
the thermoelectric figure of merigzT, of the component  promise’ but layered structures have not yet been made by
materials, defined a®t?oT/k, where o is the Seebeck  bulk methods.
coefficient,o the electrical conductivity, and the thermal We have chosen rapid solidification and decomposition
conductivity. Materials investigated and optimized over the of thermoelectric composites as a means of obtaining self-
past 50 years have largely been conventional, simple assembled nanostructured thermoelectrics in bulk volumes
semiconductors, with the best of these exhibitiTgvalues as an alternative to the layer-by-layer top-down methods.
no greater than approximately 1. Examples include alloys Such an approach is justified by the observation that the
of bismuth telluride, lead telluride, and silicon germanitim. thermal conductivity reductions responsible for highin

Recently, thagzTbarrier has been brokenT > 2 has been  superlattice structures are predicted even for periodicities of
achieved in thin film superlattices or “quantum well” tens to hundreds of nanometérBurthermore, significant
materials with feature sizes of several to tens of nanoméeters.  thermal conductivity reduction has been found in both the
The first significant result has been that of Venkatasubra- in-plané and cross-plarfedirections, indicating that the
manian (2001), who demonstratedd = 2.4 using BiTe;— enhancement in thermoelectric properties occurs regardless
ShyTe; quantum well superlattices with 6 nm periodicity. of the orientation of the superlattices or nanostructures
Harman and co-workers prepared quantum dot superlatticesrelative to the measurement directibmhus, random, self-
in the PbTe-PbSeTe system (described as PbSe nanodotsassembled structures with nanometer to submicrometer
embedded in a PbTe matrix) and demonstrat@d/alues feature sizes can be anticipated to result in enhancements to
of 1.6. ZT, analogous to that observed in superlattice materials.

Despite the higleT of such thermoelectrics, the perfor- Rapid solidification of off- and near-eutectic compositions
mance of devices utilizing superlattice materials has not yetis well-known to yield a variety of microstructures, from
surpassed the performance of bulkBi-based devices. This  dendritic to lamellar in a wide range of pseudobinary
is due to the small size of the thermoelectric elements that systems; ® while providing some control of micrometr scale
can be achieved from painstaking “top-down” fabrication spacing between the two components. Preliminary studies
methods, which imply a large, relative contribution of in the PbTe-ShTe; pseudobinary system showed that
electrical and thermal contact resistances. Such losses couldubmicrometer features could not be obtained, even at high
be avoided if nanostructured thermoelectric elements couldcooling rates, because of the formation of a ternary com-
be manufactured on the millimeter as opposed to micrometer
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Figure 1. Pseudo-binary phase diagram PbBiyTe; (after Abrikosov?). _ 15 2'0 2'5 3'0 3'5 4'0 45
Here, we show the BBksTe;; phase as a metastable phase. The region o9 (°
near the eutectic reaction is enlarged in (b). ( )

Figure 3. Powder X-ray diffraction before and after annealing (83040 5
days) rapidly cooled RShsTe;1. Open circles show the peaks of $b;
(O) and squares those of PbTa)( Peaks shown by triangles are those of

Ph,ShsTei; (a) phase.
temperatures from 200 to 50C for periods of 15 min to 5
days.

The resulting ingots were cut, mounted in epoxy pucks,
and polished finally with 0.3tm Al,O5; paste. The micro-
structures were observed using a field emission scanning
electron microscope (Carl Zeiss LEO 1550 VP) equipped
with a Robinson backscattered electron (BSE) detector for
its high compositional contrast capabilities. The accelerating
voltage was 20 kV. The chemical compositions of the
constituent phases in each alloy were measured using an
energy-dispersive X-ray spectrometer (EDS, INCAEnergy
energy dispersion X-ray microanalysis system, Oxford
Instruments) or a wavelength-dispersive X-ray spectrometer
(WDS, JXA-8200, JEOL Ltd.). For the WDS measurements,
Sh, Te, and PbS samples were used as standards for ZAF
conversion from intensities of Pb yISb L,, and Te L, to
concentrations. The crystallographic orientations in the
microstructures were determined using the electron back-
scatter diffraction technique (EBSD; HKL Technology, Inc.).
For these measurements, the surface of samples were finally
polished with colloidal silica (50 nm). The operating voltage
Figure 2. (a) Microstructure of rapidly cooled PtSb—Te eutectic melt. of the electron microprobe was 20 kV. The surface of the
The primary constituent is B8sTey, and the bright and dark phases are  samples was inclined at 7@o the vertical direction with
PbTe and SHes, respectively. The rectangular region shown in (a) is
enlarged in (b). respect to the electron beam. Electron backscatter patterns

over areas of 11.Z 5 um? were mapped in steps of 0:2
pound, PbSksTe s, close to the eutectic compositiéf.in 0.2un? and analyzed using the commercial software package
the present work, we demonstrate that$thTer; is meta- Channel 5 (HKL Technology, Inc.).
stable and decomposes into submicrometer scale lamellae Features of the microstructure, including lamellar spacing,
of PbTe and Siie;, where the lamellar spacing can be and volume fractions of the resulting phases were quantified
controlled by adjusting the time and/or temperature of the using image analysis software (Mac Scope, Mitani Corp.)
transformation process. To determine the distribution of lamellar spacing, we

PhShTe;; was prepared by high-temperature direct measured the distances between all neighboring lamellae in
synthesis. Lead (Alfa Aesar 99.999%), antimony (Alfa Aesar at least seven SEM images (one image typically includes
99.99%), and tellurium (Alfa Aesar 99.999%) were loaded 200-600 lamellae).
into 12 mm diameter quartz ampoules in the required X-ray diffraction (XRD) (Phillips X-Pert Pro diffracto-
stoichiometric ratio and then sealed under a vacuum of meter, Cu Ket radiation, 20 < 26 < 70°) was performed
approximately 3x 10°° Torr to prevent oxidation at high on powder samples to identify phases and their crystal
temperatures. Samples were reacted in a high-temperaturetructure.
single-zone vertical furnace for 24 h at 780. Alloys were The pseudobinary system examined here is comprised of
subsequently water quenched and then annealed at selectetvo largely immiscible compounds: PbF&h,Tes, where
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Figure 4. Microstructure of PEShsTer; transformed into SiTe;- and PbTe-rich regions by annealing. The lighter regions are PbTe, the darker regions
ShTes. The different layer spacings in the larger figure are due to orientation differences of individual grains. (a) Annealing@tf&08 days; (b)
annealing at 400C for 5 days; (c) annealing at 30C for 5 days.

both end members individually exhibit good thermoelectric from eutectic solidificatio:®# The PbTe phases in this
properties’® The phase PiShTe;; has a crystal structure  composition can have a range of microstructural morphol-
distinct from that of PbTe and $be; but is not found in ogies ranging from globular to dendritic, with limited regions
some of the phase diagrams because it is metastable, asf the fine microstructure that will be described in more detail
demonstrated below. The proposed nonequilibrium phasebelow. Powder X-ray diffraction patterns (Figure 3) obtained
diagram is shown in Figure 1. Two invariant reactions are from water quenched samples (containing 99%SP§T e; 1)

of relevance, i.e., a peritectic reaction;{LPbTe= Ph,Sh;- show that the structure of this compound is essentially that

Tei; and a eutectic reaction, £ Pb,ShTey; + ShTes. of PbShTey, reported by Shelimova et 8(R3m, a= 0.4350
Even without significant effort to cool rapidly, the mixed- nm andc = 4.1712 nm).

crystalline phase BBhsTe;; forms. Compositional analysis Upon annealing, the BBksTe;: phase decomposes into

using EDS indicated that the majority phase has composition submicrometer scale layers of PbTe andT®b (Figure 4).

Phy 66Shi2.64T €57 60 (identified as “PbSksTey,” in ref 11) very A 5 day anneal at 500C completely decomposes -
near the reported eutectic compositiory BBy, 15T es8.03.1* Tey; into a lamellar structure (Figure 4a). These decomposi-
The PbShksTe;; phase is>98 vol % of the sample. The tion products are well-crystallized with the expected PbTe
remaining<2 vol % is composed of PbTe (containing 6 at and ShTe; structures, as confirmed by XRD (Figure 3).

% Sb), visible as a bright phase in electron backscatter The lamellae in Figure 4 occur in regions, loosely termed
images and a darker phase that isT®h (containing 2-3 grains (with grain size on the order of 280 um), within

at % Pb) (Figure 2). These compositions were also observedwhich the lamellae are all in the same direction and uniformly
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Figure 5. Average layer period of She; and PbTe decomposed regions

showing the decrease in lamellae spacing as the temperature or time of

annealing is reduced. Error bars show the standard deviation of lamellar
spacing distribution.
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phases. Unlike in the phase homology compounds, in the
lamellae shown here, no fully coherent unit cell may be
drawn containing an entire lamellar structure, as the layer
thickness and direction are not sufficiently periodic.
Metallurgical systems in which similar soticsolid trans-
formations (S— a + ) occur and lead to highly regular
structures have been studied in depth and can serve as a basis
for understanding the observations made here. For example,
the well-known Guiniet-Preston (GP) zones occurring in
aluminum alloys are nanosized, coherent, and metastable
particles produced en route to the eventual incoherent
equilibrium end product, e.g., Cufin Al—4 wt % Cu (for
recent discussions, see refs 15 and 16). Other sebdld
reactions, in particular eutectoid reactions, such as the well-
known austenite to pearlite transformation in steels, often
form lamellae similar to the ones seen in Figure 4, as do
lamellar eutectic structurés.
For a eutectoid decomposition process, the layer spacing
A is expected to change with tinh@nd absolute temperature
T according tol — Ao = KDt/T, whereD is the diffusion
coefficient andK is a geometric facto¥. Following Hillert,*®
the layer spacing at the initiation of growthg, is 1o =
4y TeV/AHAT, as derived from the minimum thermody-
namic size at nucleation. Hergjs the surface energyg is
the eutectoid invariant temperaturAT and AH are the
temperature and enthalpy difference of the supercooled
material at the point of nucleation comparedTg andVy,
is the molar volume. The increase in interlamellar spacing

spaced. The lamellar spacing for different grains appears towith time evident in Figure 5 is clearly expected from these

vary considerably. The apparent variation in lamellar spacing
from grain to grain is largely due to differences in orientation

of individual grains. Lamellae that happen to be perpen-
dicular to the specimen surface have the smallest spacing

relationships, although the linear dependence with time
cannot be verified? Its increase with temperature suggests
that Ao strongly depends on temperature, most likely via its
dependence oAT.

whereas those that are nearly coplanar to the specimen From an examination of partially decomposed regions,
surface appear to have much larger spacing. Thus, not onlyrigure 7, it appears that the lamellae grow into the unde-
is the interlamellar spacing narrower than that suggested bycomposed PiShsTey; in a typical eutectoid manner such that

the images, the true interlamellar spacing is closest to thatthe |amellae are preferentially oriented perpendicular to

seen in the grains with the finest microstructure. Assuming

the interface between the undecomposed and decomposed

a random orientation of grains, we modeled the average layerregions. The grain boundaries of the undecomposed

spacing (defined as the full wavelength of compositional
variation) and the distribution width following ref 13; these
are the quantities discussed hereafter.

Ph,ShTey;, which may contain a thin layer gbe; as a grain
boundary phasé,appear to nucleate as well as stop the
growth of the lamellae.

The spacings between the lamellae noticeably increased The PbTe-PhShTe;—ShTe; system displays rather

with both the temperature and time of annealing (whereas
the amount of remaining RPBhsTe;; decreased), Figure 5.
Accordingly, the finest interlamellar spacing of 179 nm was
observed aftea 3 hanneal at 300C. This spacing implies,

on the basis of the overall alloy composition and by image
analysis, Spre; layers that are 140 nm thick and PbTe layers
39 nm thick. These layers are 160000 times thicker than

remarkable features in the crystallographic orientation be-
tween component phases, as determined by the EBSD
analyses. Within the decomposed regions, pole figures
(Figure 6) show that adjacent Ste; and PbTe lamellae are
oriented such that thec001> basal planes of Shbe; are
parallel to one of the<111> planes of PbTe. These
correspond to the close-packed Te planes in the respective

those of the complex layered structures observed by X-ray structures, and the lattice mismatch is only about 6%.

diffraction in the similar PbTeBi,Te*? and PhSe Bi,Se*

systems. In the latter system, in particular, the principle of
phase homologiéshas been exploited to generate structures
in which the crystallographic unit cell is composed of atomic
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Figure 6. EBSD analysis showing adjacent PbTe angT@plamellae have
epitaxy-like orientation on a sample annealed at 8G0for 5 days. (a)
Scanning electron image. (b) EBSD mapping obtained from the region
shown in (a). (c) Pole figures of the basal planes offeh (d) Pole figure

Chem. Mater., Vol. 19, No. 4, 200767

Figure 7. Partially decomposed region (56Q, 15 min) showing that the

lamellae grow along the layer direction with their ends preferentially at the
interface between the transformed and untransformed regions.

of epitaxial crystal growth, suggests the presence of clean,
atomically precise interfaces. The presence of such interfaces
within nanoscale superlattices may be critical to the high
performance of nanostructured thermoelectrics. Both the
extraordinary results of Venkatasubramanian and Harman
are based on epitaxially grown materials. Poor interfaces
between layers is likely to add to the scattering of electrons
and result in an increase in electrical resistivity. High
electrical resistivity due to interface resistance is the primary
challenge for using solution grown nanoparticles, such as
PbSe%? for thermoelectric applications.

For utilization in thermoelectric devices, the charge-carrier
concentration of this material must be further optimized. The
samples described above are p-type with high carrier
concentration (Seebeck 3//K and electrical resistivity 4
x 1074 Q cm). The high carrier concentration will further

of {111 planes of PbTe. Each point in the mappings corresponds to the make the thermal conductivity large because of the electronic

point that has the same color in the pole figures.

Surprisingly, the lamellae planes (the interface between the

lamellar SbTe; and PbTe phases) have little preferred
crystallographic orientation. Thus the growth of the lamellae
can occur in different crystallographic orientations. Moreover,

there is no obvious correlation between the crystallographic

orientation of undecomposed M&iTey; and that of the
product phases.

contribution to thermal conductivity from the Wiedemann
Franz law. Thus, to properly evaluate the thermoelectric
performance, including thermal conductivity, we will need
to reduce the p-type carrier concentration through chemical
doping. Preliminary investigations show that at least some
reduction in carrier concentration is possible.
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