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The precipitation of Ag,Te in a PbTe matrix is investigated using electron microscopy and atom probe
tomography. We observe the formation of oriented nanoscale Ag,Te precipitates in PbTe. These pre-
cipitates initially form as coherent spherical nanoparticles and evolve into flattened semi-coherent disks
during coarsening. This change in morphology is consistent with equilibrium shape theory for coherently
strained precipitates. Upon annealing at elevated temperatures these precipitates eventually revert to an
equiaxed morphology. We suggest this shape change occurs once the precipitates grow beyond a critical
size, making it favorable to relieve the elastic coherency strains by forming interfacial misfit dislocations.
These investigations of the shape and coherency of Ag,Te precipitates in PbTe should prove useful in the
design of nanostructured thermoelectric materials.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructuring of thermoelectric materials is expected to
enhance thermoelectric properties by reducing the thermal
conductivity and improving the power factor from that of homo-
geneous bulk materials [1-4]. Theoretical predictions [5-7] and
experimental observations [8-10] of enhanced properties in
nanostructured materials have motivated interest in employing
solid-state reactions to tailor the microstructure in bulk thermo-
electric materials for enhanced properties [3,8,11-15]. Knowledge
of the evolution of precipitate size and morphology with time at ele-
vated temperatures is important for understanding and predicting
the thermal stability and thermoelectric properties of thermoelec-
tric materials.

In particular, interest in Ag-rich phases embedded within rock-
salt tellurides has emerged in recent years. For instance, Ag,Te
precipitates have been analyzed in AgSbTe, [13,16] and in the
closely related CuxAgs_xSbSeTe; system [17]. The LAST system
(lead-antimony-silver-telluride), which has a general composi-
tion of the form AgPb,,SbTe,.,, has received much attention due
to the high ZT values reported [8,18,19]. It has been suggested
that embedded Sb-rich and/or Ag-rich nanoprecipitates, includ-
ing Ag,Te nanoprecipitates, lead to the enhanced properties in
LAST thermoelectric materials [8,18,20,21]. However, the param-
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eters that control precipitate morphology and stability are poorly
understood in these systems. To study the fundamental mecha-
nisms of Ag, Te precipitation in a system of less complexity than the
quaternary LAST system, we have focused on the ternary Pb-Ag-Te
system. This system is also of interest as Ag is often used as a dopant
in PbTe for thermoelectric applications [22-25].

Fig. 1 illustrates the quasi-binary PbTe-Ag,Te section of the
ternary Ag-Pb-Te equilibrium phase diagram [26,27]. Precipita-
tion of Ag,Te in PbTe is thermodynamically favored below the
eutectic temperature. PbTe has a cubic rocksalt crystal structure
[28] (space group: Fm3m; a=6.46A at room temperature) with
Pb atoms occupying one sublattice and Te atoms occupying an
equivalent sublattice offset by [1/2, 1/2, 1/2]a, as shown in Fig. 1b.
Ag,Te exhibits three known phases [29]. The high-temperature
BCC v-Ag,Te phase is stable at temperatures between 800 and
959°C, while the a-Ag,Te phase is thermodynamically favored at
the temperatures generally used for operation of PbTe thermo-
electric devices and for heat treatments of PbTe-Ag,Te materials
(140-694°C). The o phase has an FCC crystal structure [30] (space
group: Fm3m; a=6.63 A at 400°C; Fig. 1c) with the Te atoms on
the FCC sites, half of the Ag atoms occupying the [1/4, 1/4, 1/4]a
positions, and the remaining Ag occupying interstitial sites. Below
140 °C a-Ag, Te transforms to the monoclinic phase, 3-Ag, Te (space
group: P2;/c; a=8.09A, b=4.48A, c=8.96A, B=123.2°), in which
the Te and Ag atoms are slightly shifted from their positions in the
FCC structure (Fig. 1d) [29,31,32].

In general, the morphology of precipitates in a matrix is depen-
dent upon the crystal structures of the two phases, their associated
coherency and misfit, the matrix/precipitate interfacial energy,
and the elastic moduli. Because of their closely related crystal
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Fig. 1. (a) Quasi-binary Ag,Te-PbTe phase diagram with composition indicated by
the dashed line and heat treatment temperatures by dots. The crystal structures of
PbTe (b) and a-Ag, Te (c) are shown with Te atoms in green, Pb in red, and Ag in blue.
In the a-Ag, Te structure only the Ag atoms on the tetrahedral sites are shown. The
remaining half of the Ag atoms occupy interstitial sites. (d) The relationship between
the cubic a-Ag,Te and monoclinic 3-Ag, Te using the Te sublattice is illustrated; the
monoclinic [2 0 1] is oriented parallel to the cubic [00 1] as described by Manolikas
[29]. The Te atoms used to make the monoclinic unit cell are shown in bright green
while those not used are dulled. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)

structures, the question arises as to whether the Ag,Te precipi-
tates are aligned with respect to the PbTe matrix and, if so, what
are the implications of the resulting interfacial coherency on the
precipitate evolution. We address this question in this study by
investigating precipitation of Ag,Te in a PbTe matrix using electron
microscopy and atom probe tomography (APT). We analyze the
coarsening, morphology, and crystallographic alignment of these
precipitates and relate these observations to equilibrium shape
theory.

2. Materials and methods
2.1. Synthesis

Aningot having the composition (Ag, Te)o 05 (PbTe)o.95 was prepared using Ag, Te
(Strem Chemicals, 99.99%) and PbTe (Sigma Aldrich, 99.998%) as stock materials. We
chose this composition because it is within the single-phase region above 600 °C and
isin the two-phase Ag,Te + PbTe region at lower temperatures such that phase sepa-
ration to occur through solid-state precipitation (Fig. 1). Ag, Te and PbTe pieces were
mixed in appropriate fractions and placed in a quartz tube. This tube was evacuated
to less than 10~7 Torr before it was sealed while actively pumping. The contents

of the sealed ampoule were melted at 975°C for 2 h and then cooled at 25°C/h to
700°C. The ingot was held at this temperature, which is in the single-phase PbTe
region of the phase diagram, for 75 h to allow it to equilibrate. Following this step,
the ingot was quenched into an iced-brine solution to bring it to room temperature.
Pieces of the quenched ingot were then annealed in sealed and evacuated ampoules
for 1-24 h at 400°C to precipitate Ag,Te within the PbTe matrix.

2.2. Characterization

Powder X-ray diffraction (XRD) was utilized to determine the phases present
in the heat treated ingot. The microstructure was analyzed using optical
microscopy, scanning electron microscopy (SEM, JEOL 840), and transmission elec-
tron microscopy (TEM, 200kV JEOL 2010F). TEM and energy dispersive x-ray
spectroscopy (EDS, Oxford Inc.) were employed for identification and imaging of the
Ag-rich precipitates, while electron diffraction was utilized to determine the crystal-
lographic orientation of these precipitates in the matrix. High-resolution (HRTEM)
imaging was conducted using a JEOL 4000EX TEM operated at 400 kV. Further anal-
ysis of the matrix and precipitate compositions was conducted using atom probe
tomography (APT, Imago LEAP 3000).

APT provides atomic scale spatial resolution with very good atomic specificity
and is particularly useful for measuring the composition of embedded precipitates
[33,34]. The technique combines field evaporation of individual ions with a time-of-
flight mass spectrometer to provide composition in three dimensions. The controlled
field evaporation of PbTe-based alloys is possible using voltages of 1500-7000 V with
applied pulses of 15% of the standing voltage at temperatures less than 40 K. Three-
dimensional reconstructions were formed from the collected data (position and
time-of-flight) using the IVAS software provided by Imago Scientific Instruments.

Specimens for analysis by TEM were prepared by mechanical thinning and dim-
pling (Gatan 656 Dimple Grinder) followed by Ar* ion milling (Fischione 1010) at
140-160 K. We have found that rigorous control of the temperature and duration
of the ion milling step is critical to achieving high quality samples and avoiding ion
milling artifacts that could erroneously be interpreted as nanoscale precipitates.
Further details regarding TEM specimen preparation are provided in Appendix A.
Needle-like specimens with tip diameters of less than 100 nm are necessary to con-
duct APT studies. To achieve this geometry we used an approach similar to that
described by Thompson et al. [35] and Miller et al. [36]. Specifically, selected regions
were lifted out of the ingot, mounted on silicon microposts, and annularly milled to
the desired geometry using a FEI Nova600 Dual beam FIB equipped with an “Xtreme
Access” micro-manipulator.

3. Results and discussion
3.1. Morphology and coarsening of Ag,Te precipitates

Analysis of the ingot using optical microscopy, SEM, and EDS
indicated that the microstructure and composition were homoge-
neous across the quenched ingot. Precipitates were observed in all
samples and confirmed to be monoclinic [3-Ag, Te via XRD as shown
in Fig. 2. The Ag,Te precipitates observed via SEM and TEM have
a plate-like geometry that is elongated parallel with (00 1) direc-
tions in the PbTe matrix as shown in Fig. 3. The crystallographic
orientation relationship and origins of the precipitate morphology
are discussed in greater detail below.

In the sample quenched from the single-phase region, a high
density of small precipitates was observed as shown in Fig. 2b. The
presence of precipitates in this specimen was unexpected and is
discussed in further detail in the following section. We measured
the shape and number density of the Ag,Te precipitates as a func-
tion of annealing using a statistical analysis of SEM images (Fig. 2b
and c) in which precipitates were measured in multiple differ-
ently oriented grains. The sizes of the precipitates measured by
SEM were generally greater than the minimum resolution of the
SEM and are consistent with those measured using TEM suggest-
ing that the measurements of the disc-shaped precipitates by SEM
were reasonably accurate. The precipitates were found to coarsen
upon annealing at 400°C as indicated by an increase in precipi-
tate size (Fig. 5a-c) and a decrease in number density (Fig. 4a).
We also observe that the areal fraction is observed to be constant
with time confirming that the material is in the coarsening regime
(Fig.4b). The experimental volume fraction, Vi, was calculated from
the measured area fraction, Aa, using a stereological relationship,
Vv =KA,, in which K (~0.35 for the data analyzed here) is based on
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Fig. 2. (a) XRD 6-20 scans for samples quenched and annealed for 4 and 24 h in the
region of two-phase equilibrium. Filled circles are PbTe, stars are Ag,Te, and open
circles represent peaks associated with oxide phases including Pb304 and SiO,. The
intensity is plotted on a logarithmic scale to make the minority phase peaks more
visible.(b) SEM image of the quenched sample. (c) SEM image of the sample annealed
for 24 h at 400°C.

the sampling depth in the SEM (~700 nm for 15KkeV electrons in
PbTe), and the average aspect ratio and average size of the precipi-
tates in a sample [37]. This gives a calculated experimental volume
fraction of ~3.5%, whereas the expected volume fraction based on
the phase diagram is ~3.9%. Given the uncertainties present in the
phase boundaries in the phase diagram, these values are consistent
with one another.

The increase in precipitate size is rapid at short anneal times, but
slows with increased anneal time. Similarly, while the measured
areal precipitate number density decreases initially, it remains
nearly unchanged between the 4 and 24 h precipitation anneals.

Histograms of the ratio of precipitate width-to-length were
utilized to examine the evolution of the precipitate morphology.
The average width-to-length ratio is approximately 0.4 for the
quenched sample and for those annealed for 4 and 24 h. While
the average aspect ratio remains nearly constant over this time
period, the histograms (Fig. 5d-f) show that the spread in the
distribution of precipitate width-to-length ratio is reduced with
increased anneal time as a result of a reduction in the number
of nearly equiaxed precipitates. It should be noted that one may
expect a bimodal width-to-length ratio for a system with plate-
like precipitates aligned to cubic (00 1) directions, with one peak
corresponding to those that appear needle-like (thin edge perpen-
dicular to viewing direction) and another to those that are flat (wide
edge perpendicular to viewing direction) such as is observed here.
However, because SEM is sensitive only to the near-surface region
and the probability of intersecting thin precipitates aligned paral-
lel with the surface is low, we measure only a single peak in the
distribution.

3.2. AgyTe precipitation during quench

In addition to the plate-like precipitates described above, TEM
shows a second group of much smaller, nanoscale precipitates in all
of the samples (Fig. 6b). These precipitates are spherical and have
diameters less than ~15 nm, with an average diameter of ~6 nm.
We confirmed that these precipitates are Ag-rich using EDS in STEM

Fig. 3. (a) TEM image and (b) electron diffraction pattern for an [00 1] PbTe zone
from a sample quenched from 700 °C indicating the observed precipitates are Ag,Te
and are aligned to the PbTe matrix. Three disk-shaped precipitates oriented to the
PbTe {100} planes are shown in (a). The precipitates labeled i and ii are oriented
with the flat edge parallel to the (100)pyre and (0 10)ppre, respectively. The pre-
cipitate labeled iii is oriented with the flat (broad) edge parallel to the (00 1)ppre.
(c¢) The expected electron diffraction pattern for PbTe (black) and the four distinct
3-Ag, Te variants with respect to the P_bTe lattice are shown. The spots corr_espond—
ing to the [0 01](200)py7ell[02 11(112) g, e [0011(02 0)pyre 1021111 2)g pg, s
[001](200)pyrelI[20T1(1 12)5 pg,rer and [001](02 0)pyre (20 T)(112)g pg, 7e Vari-
ants are shown in green, blue, red, and purple respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of the article.)

mode with a 1.6 nm electron beam probe. However, STEM-EDS is
unable to determine the composition of these precipitates since
they are fully embedded within the PbTe matrix. To resolve this
problem, we employed APT to determine the composition of the
precipitates (Fig. 6). Details pertaining to this analysis can be found
in Appendix B. APT analysis of mass spectra (Fig. 6d and e) taken
from within these precipitates in the quenched sample indicates
the average composition is 59.7+0.9at.% Ag, 39.4+1.8at% Te,
and 2.9 +0.2 at.% Pb, which approaches the composition expected
for Ag,Te. The measured Pb content is not surprising as a small
but finite amount of PbTe is expected to be soluble within Ag,Te
[26,27]. Based on the limited volumes sampled by APT and HRTEM,
we estimate the number density of these nanoscale precipitates is
on the order of 104/.m?3 for all of the samples.

As mentioned above, the observation of precipitates in the sam-
ple quenched from the single-phase region was unexpected. Here
we consider whether the Ag,Te precipitates observed would be
formed at 700°C or during cooling. As both experimental works
describing the Ag,Te-PbTe pseudo-binary equilibrium phase dia-
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Fig. 4. (a) Areal precipitate number density vs. time. (b) Precipitate area fraction
vs. anneal time indicating that the material is in the coarsening regime. This data is
collected from SEM images.
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of width-to-length ratio for these precipitates is shown for the (d) quenched, (e) 4 h,
and (f) 24 h samples. This data is collected from SEM images.

gram [26,27] are in agreement on the solubility of Ag,Te in PbTe
at 700°C, we are confident that the high-temperature solution
anneal was indeed in the single-phase region of the phase diagram.
Moreover, the degree of coarsening observed at 400°C suggests
that much larger particles would be expected if precipitation had
occurred at the higher temperature of 700 °C.

Instead, it is possible that as a result of the high mobility of Ag in
PbTe the precipitates are able to form at lower temperatures during
the brief period of the quench. Based on calculations of expected
cooling rates for cylindrical telluride ingots conducted by Ikeda, it
isreasonable to assume that it will take 30-60 s for the center of the
ingot to cool to room temperature [38], which should be sufficient
for the formation of Ag,Te precipitates at moderate temperatures.
This calculation, which is based on the thermal conductivity of the
ingot and quartz, should be valid for the material quenched from
the single-phase region as the ingot was in direct contact with the
quartz wall. Furthermore, in practice, the ingot was found to cool
sufficiently for handling outside the quartz tube within a few min-
utes after removal from the furnace (the time required to remove
the material from the quartz tube). Ag is a fast diffuser in PbSe
(Do=7.4 x 108 m?/s, E; =0.35 eV, 400-850 °C) where the diffusion
length, L ~ +/Dt, is 20m in 1s (~180 wm in 1min) at 550°C (the
solvus temperature for 5 mol.% Ag,Te in PbTe) [39]. Ag diffusion is
expected to be faster in PbTe because it has the same crystal struc-
ture with a larger lattice constant and Ag diffusion should occur
via interstitial sites [40]. Thus, due to the high diffusivity of Ag and
relatively slow cooling rates, it is reasonable that the nanoscale
precipitates form due to solute rejection occurring during this brief
cool-down period.

It is also likely that the nanoscale Ag,Te precipitates observed
in samples annealed at 400°C form during the quench to room
temperature. The rapid formation of nanoscale precipitates dur-
ing cooling is made possible by the high mobility of Ag in the
rocksalt structure, the large changes in Ag,Te solubility with tem-
perature, and the slower cooling rates due to the poorer contact
of the annealed material with the quartz tube walls. The slope of
the solvus curve in the published phase diagram [26,27] and the
analysis of the matrix composition at room temperature by APT
support the formation of nanoscale precipitates during cooling. At
400 °C the phase diagram predicts ~1 mol.% Ag,Te to be soluble in
PbTe, but compositional analysis by APT indicates that less than
0.05mol.% Ag,Te is present in the PbTe matrix at room tempera-
ture. This result is consistent with the reduction in Ag,Te solubility
in PbTe at decreased temperatures and our hypothesis that addi-
tional phase separation occurs during the quench. We note that
the presence of these nanoscale features at room temperature does
not guarantee their existence at elevated temperature where the
increased thermodynamic solubility of Ag,Te in the matrix and the
high mobility of Ag should allow the Ag,Te nanoparticles to dissolve
back into the matrix.

3.3. Orientation relationship and coherency

We investigated the crystallographic alignment of the pre-
cipitates to better understand the interfacial coherency and
its relationship to precipitate morphology. Electron diffraction
and HRTEM measurements show that the Ag,Te precipitates
are crystallographically aligned with the PbTe matrix. The
diffraction pattern in Fig. 3, which is aligned along a [001]
zone axis in PbTe, shows spots corresponding to the mon-
oclinic [3-Ag,Te phase. Four unique orientation variants are
observed in this pattern: [001](200)PbTe\|[021](112)B_Ag2Te,
[001](020)pyrell[021](112)g_pg,Tes [001](200)pyrell[201]
(112)g.pgyre» and [001](020)pprell[201](112)gpg,re- These
orientation variants, which are equivalent to those reported pre-
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Fig. 6. (a) 3D APT reconstruction of a PbTe/Ag,Te specimen that was quenched from 700°C with each detected ion represented by a point. Pb is shown in red, Te in blue,
and Ag in teal. To emphasize the precipitates, a 20% Ag iso-concentration surface is shown in dark teal and only 20% of the Pb and Te ions are shown. (b) HRTEM image of a
nanoscale Ag,Te precipitate. (c) A magnified slice (2 nm thick) of the reconstruction shown in (a) highlights the presence of Ag rich precipitates. Mass spectra from the PbTe
matrix (d) and from within the precipitate (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

viously between the a- and B-forms of Ag,Te?? and for 3-Ag,Te
in rocksalt structured AgSbTe,!3, align the Te-sublattices in both
the PbTe and Ag,Te (Fig. 1).

The alignment of planes across the interface is also clear in
the HRTEM images of precipitates shown in Fig. 7. Here, we
observe both fully coherent precipitates, with no interfacial dislo-
cations, as well as larger, semi-coherent precipitates, as indicated
by the presence of dislocations. These precipitates form with mul-
tiple monoclinic orientation variants. The orientation relationship
between the monoclinic and cubic crystal structures is such that
the {001} planes in the cubic crystal are parallel to (200), (112),
and (112) planes in the monoclinic crystal. Compared to the {100}
interplanar spacing for the cubic a-Ag, Te structure, the monoclinic
structure has alarger interplanar spacing for (2 0 0) planes (+4.46%),
but smaller spacing for {11 2} planes (—2.04%). When the system is
viewed along any (00 1) PbTe zone, four distinguishable variants,
which are rotated by ~90° with respect to each other, are visible
as shown in Fig. 3. Two variants will arise where the lattice spacing

is smaller than that of PbTe for planes parallel to the (200) and
(020) PbTe planes (indexed in red and purple in Fig. 3c). Addition-
ally, two more variants will have one set of planes that are parallel
tothe (2 00)PbTe planes with smaller lattice spacing and an orthog-
onal set of planes that are parallel to the (020) PbTe planes with
larger lattice spacing than the equivalent PbTe planes (indexed in
green and blue in Fig. 3c). Itis likely that the specific arrangement of
variants that form within a given precipitate minimizes the elastic
strain energy of the system for large precipitates.

The transformation from the high-temperature cubic a-Ag,Te
phase to the low temperature monoclinic 3-Ag,Te phase occurs
through a displacive mechanism requiring only small, local atomic
shifts to accomplish the transformation [29,41]. Thus, while the
above observations are of Ag, Te in its low-temperature, monoclinic
form, they provide insight concerning the precipitate orientation
at the synthesis temperature, for which the cubic a-Ag,Te phase
is stable. In particular, the multiple variants observed in the low-
symmetry monoclinic 3-Ag,Te phase are all derived from a single
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Fig. 7. HRTEM images oriented on the [00 1] PbTe zone axis (a) showing a fully coherent Ag,Te precipitate in which no misfit dislocations are observed and (b) showing a
semi-coherent Ag,Te precipitate with multiple monoclinic variants (labeled I and II). The inset is a magnification of the boxed area highlighting a misfit dislocation in the
precipitate. Images were taken from a specimen that was quenched from 700°C and are representative of (a) coherent and (b) semi-coherent precipitates observed in all

specimens using HRTEM.

variant in the higher symmetry, cubic a-Ag,Te phase [29]. As we
have shown previously for the case of Ag,Te in AgSbTe, [13],
the observed orientation of the [3-Ag,Te allows us to infer that
the high-temperature cubic a-Ag,Te phase is oriented in a sim-
ple cube-on-cube relationship with the PbTe matrix. Assuming this
alignment, and using thermal expansion and high-temperature lat-
tice parameter data for PbTe [42] and Ag,Te [41], we estimate
a lattice misfit ((aag,te — appre)/apbre) Of +1.8% for a-Ag;Te with
respect to PbTe at the synthesis temperature (400 °C).

The strong orientation relationship and coherent/semi-
coherent interfaces observed in the PbTe/Ag,Te system are a result
of the close lattice match and similarities in the crystal structures of
the two phases. As we discuss next, the coherency and transition to
semi-coherency have implications on the morphological evolution
of the Ag,Te precipitates.

3.4. Discussion of precipitate evolution

The morphology of embedded crystalline precipitates is typ-
ically controlled by the interplay between elastic coherency
strains, which arise due to misfit across the precipitate/matrix
interface, and the interfacial energy, which, in general, depends
anisotropically on the local orientation of the interface. At elevated
temperatures, we expect the interfacial energy anisotropy to reflect
the cubic symmetry of the crystal structures in the a-Ag,Te pre-
cipitate and PbTe matrix phases; thus it is unlikely that interfacial
energy anisotropy could explain the highly elongated lenticular
morphologies that we observe. On the other hand, it is known that
coherently strained precipitates can adopt anisotropic structures
and/or morphologies to minimize the total energy of the system
[43-45]. In particular, Nabarro showed that an elastically strained
precipitate can reduce its strain energy by forming as a disk rather
than a sphere [46]. In recent years, this concept has been extended
to account for both interfacial energy and elastic strain energy
[47,48]. Based on these results, one expects a misfitting precipi-
tate to grow initially as a spherical particle to minimize interfacial
energy at small sizes. However, as the precipitate grows, and the
volume increases with respect to the interfacial area, the effects
of elastic strain will dominate, leading to a convex, disk-shaped

precipitate. The critical size, I;, at which this transition occurs is
controlled by the balance between interfacial energy and elastic
strain energy and is given by Thompson and Voorhees [48] as I ~
5.350/&%c44, Where ¢ is the misfit strain, o the interfacial energy,
and Cy4 the shear modulus. Because the elastic moduli for Ag, Te and
interfacial energies for Ag,Te/PbTe are unknown, an exact value
cannot be calculated. However, using 1.8-2.2% misfit and by assum-
ing values for the elastic moduli similar to that for PbTe [49] and
other chalcogenides [50] (15-35 GPa) and interfacial energies con-
sistent with coherent interfaces [51-53] (20-500 m]/m?), critical
sizes of ~5-500 nm would be expected. Elastic anisotropy breaks
the symmetry in a system in which both the precipitate and matrix
are cubic, causing precipitates to flatten along an elastically soft
direction.

The observations we have presented are consistent, at least
qualitatively, with the notion that coherency strains control the
precipitate morphology. In particular, the very smallest Ag,Te
nanoprecipitates, which we believe form during the quench from
400°C, are spherical. In contrast, the larger precipitates, with radii
of approximately 15nm, form in a disk-shaped morphology, as
predicted by theory. Further evidence is found in the decreased
number of equiaxed precipitates with increased anneal time as
observed in the distributions of precipitate width-to-length ratio

Fig. 5).
( gFor)sufﬁciently large precipitates it becomes energetically favor-
able to reduce the coherency strain energy by forming misfit
dislocations, creating a semi-coherent interface [54]. Since the
Ag,Te precipitates form in a lenticular morphology, we can esti-
mate this critical thickness using the elastic solution for an
embedded, biaxially strained layer [55], which should be reason-
able in the middle of an anisotropic ellipsoidal precipitate. The
critical thickness, h, is given by:

A 2mh . 2mh 2mb b
h= Fe [ln (Tsmh (T)) —In (cosh (T) - 1)] where A = e

In the Ag,Te/PbTe system we assume that the Burgers vector, b,
is along the (002)pp7e and has a value approximately that of the
plane spacing for {00 2}ppre (0.325 nm at 400 °C). The lattice mis-
fit, ¢, is taken to be 0.018, which is the lattice mismatch between
a-Ag,Te and PbTe at 400°C. An iterative numerical method was
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Fig. 8. SEM images of (a) a specimen annealed for 4 h at 400°C and (b) a specimen
annealed for 4 h at 400°C then 4 h at 500°C. Insets are higher magnification images.
Histograms of precipitate area (c), and width-to-length ratio (d) are shown for both
of these samples.

used to solve this equation for the critical thickness giving a value
of ~4.5nm. Similar results (within 5%) are obtained using the
Matthews-Blakeslee expression [56]. Careful analysis of precipi-
tate coherency and size for the Ag,Te precipitates considered here
using HRTEM data suggests that the transition from a coherent to
semi-coherent state occurs at thicknesses of ~12-14 nm, which is
on the same order of magnitude as the value predicted by the biax-
ially strained layer model. Considering that approximations of the
lattice constants were made based on thermal expansion coeffi-
cients which affect both b and ¢, the calculated value is quite close
to the observed critical thickness.

Furthermore, we would expect that precipitates could persist
in a metastable coherent state beyond this critical thickness if
kinetics limit the formation of misfit dislocations, delaying the
accumulation of sufficient quantities of interfacial misfit disloca-
tions to fully relieve the coherency strains. However, once these
coherency strains are relieved, the energetic preference for a lentic-
ular morphology should vanish, and the precipitates should evolve
toward a more equiaxed shape that minimizes the interfacial
energy.

We tested this hypothesis by annealing a sample that had been
annealed initially for 4 h at 400 °C for an additional 4 h at 500 °C. We
chose this temperature since it lies below the solvus line, ensuring
that material would remain in the region of two-phase equilibrium.
(Note: at 500 °C, the misfit strain increases slightly to about 2%.) As
shown in Fig. 8, this second anneal leads to continued coarsening of
the precipitates. This growth is accompanied by a marked shift in
the distribution of width-to-length ratios toward values approach-
ing unity, demonstrating that the precipitates do evolve toward a
more isotropic morphology.

4. Conclusions

In summary, our investigation of the precipitation of Ag,Te
in PbTe reveals an evolution in precipitate size, morphology, and

coherency. Initially, spherical coherent nanoscale Ag,Te precip-
itates nucleate by solid-state phase separation both at elevated
temperatures and during cooling. At larger sizes, Ag,Te precip-
itates are observed to be ellipsoidal disks which are aligned to
the PbTe matrix with coarsening. This morphological evolution
is consistent with competition between elastic misfit energy and
interfacial energies at the matrix/precipitate interface. However,
for sufficiently large precipitates, relief of the coherency strains
allows a more isotropic morphology to develop. The orientation
relationship between the monoclinic 3-Ag,Te and PbTe is con-
sistent with that previously reported for Ag,Te in other rocksalt
structured tellurides, suggesting that this relationship may be gen-
erally expected due to the alignment of the Te sublattices in the
two crystals.

In multiphase, nanostructured thermoelectric materials, the
evolution of precipitate size, morphology, and number density is
expected to affect thermoelectric transport properties. The present
results should therefore help in understanding and predicting
the behavior of Ag,Te precipitates in rocksalt structured telluride
thermoelectrics such as LAST and AgSbTe,. More generally, we
expect careful consideration of the crystal structures, lattice mis-
fit, interface structure, and their role in precipitate evolution to
be important for the development of nanostructured multiphase
thermoelectric materials.
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Appendix A. TEM specimen preparation

In the course of preparing specimens for TEM for this work we
found that the ion milling step must be carefully controlled to limit
damage to PbTe-based materials. PbTe specimens containing no sil-
ver that were prepared by ion milling at or near room temperature
or for extended times (many hours) exhibited extensive damage,
which appears as nanoscale features in the material as observed by
TEM (Fig. A1). These artifacts complicate the interpretation of TEM
images and associated analysis of (PbTe);_x(Ag,Te)x alloys, since
this material contains nanoscale precipitates of the same size as the
damage observed in pure PbTe due to ion milling. We have found
that cooling specimens to cryogenic temperatures (140-160K) in
the ion milling stage greatly limits the extent of the damage, as can
be seen in Fig. Al. Additionally, we find that shorter ion milling
times and milling at a low angle (6°) and low energy (1.5kV, 3 mA)
as a final step further reduce the extent of ion milling damage.

Appendix B. Analysis of APT mass spectrum and
reconstruction

In alloy specimens it is important to ensure that appropri-
ate evaporation conditions are utilized during the atom probe
tomography (APT) experiments. PbTe and (PbTe)yg5(Ag2Te)o.05
specimens were analyzed via APT at various pulse fractions (frac-
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Fig. A1. TEM images from PbTe samples demonstrating the effect of sample temper-
ature during ion milling. Specimens processed at room temperature (a) show many
nanoscale features that specimens processed at less than 160K (b) do not exhibit.

tion of total standing voltage). The associated mass spectra were
analyzed to ensure that the data presented here was collected at
conditions which avoid preferential evaporation.

Analysis of a mass spectrum provides the composition of the
material. In PbTe samples the peaks observed included Te**, Pb**,
Te*/Tey**, Tes**, Pb*, PbTe,**, Te,*, PbTe*t, Tes*, and PbTe,*. In the
Ag-containing samples, the Ag* peaks were the only peaks associ-
ated with Ag. Adding up the total counts under each peak (above
background) and considering the identity of that peak allows the
atomic fractions of each elemental species to be determined. In the
case of telluride-based materials, this analysis is complicated by
the overlap of the Te*/Te,** peaks. To separate out the two peak
signatures and to appropriately count the Te atoms, multi-peak fit-
ting in Igor Pro (WaveMetrics) was utilized with the expected peak
positions and mass abundances of each of the 8 Te* peaks and 18
Te,** peaks used as initial inputs. Similar fitting procedures were
used to measure the Ag* peaks, which fall on the tail of the Pb**
peak.

Further analysis of the atom probe tomography data is
conducted using a software package, IVAS (Imago Scientific Instru-
ments), which utilizes the collected ion position data, time-of-flight
and the assigned peak identities in the mass spectra to form a 3D
reconstruction. For this reconstruction, it is important to ensure
that the dimensions are consistent with the specimen. We mea-
sured both the tip diameter and shank angle before analysis.
Additionally, we tested several subsets of each data set to ensure
that the reconstruction parameters were optimized to provide uni-
form density in three dimensions and that this atomic density was
consistent with the expectations for PbTe. Once a 3D reconstruction
was obtained, the precipitates were clearly observed. Additionally,
the precipitates could be delineated by generating an isoconcen-
tration surface at 20-50% Ag.
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