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Ostwald Ripening of Ag,Te Precipitates in Thermoelectric
PbTe: Effects of Crystallography, Dislocations, and

Interatomic Bonding
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Oana Cojocaru-Mirédin, Yaron Amouyal,* and Siyuan Zhang*

Nanostructuring is important for designing thermoelectrics. Yet,
nanoprecipitates are thermodynamically unstable and coarsen through
Ostwald ripening. Here, the Ostwald ripening of Ag,Te in PbTe and its
resulting impact on thermoelectric performance is investigated. Numerous
Guinier-Preston zones and platelet Ag,Te precipitates in the sample quenched
from a single-phase region is observed. Upon annealing, these platelet
precipitates grow into big lath-shaped second phases by consuming small
Ag-rich clusters. The crystallographic orientation relationships between Ag,Te
and PbTe are unraveled by scanning transmission electron microscopy and
modeled by first-principles calculations. The interfaces with low lattice
mismatch determine the morphology of Ag,Te in PbTe. Atom probe
tomography reveals different chemical bonding mechanisms for PbTe and
Ag,Te, which are metavalent and iono-covalent, respectively. This leads to an
acoustic phonon mismatch at the precipitate-matrix interface. Yet, the
electrons are also scattered by these interfaces, resulting in poor electrical
properties in the as-quenched sample. In contrast, the annealed sample
contains abundant Ag-decorated dislocations by activating the Bardeen-
Herring source. These dislocations strongly scatter phonons while
maintaining a good electron transmission, contributing to a higher
thermoelectric performance. This work demonstrates the complex role of
microstructure morphologies, compositions, and bonding mechanisms in
thermoelectric response, providing insights into structural design for
thermoelectrics.

1. Introduction

Thermoelectric (TE) materials can di-
rectly convert heat into electricity and
vice versa without byproducts, provid-
ing a sustainable and clean energy
solution.!””l The energy conversion ef-
ficiency is determined by the figure-of-
merit, zT = $?6T/k,,,, where S is the See-
beck coefficient, ¢ the electrical conduc-
tivity, k., the total thermal conductivity
contributed from the charge transport,
K4, and lattice vibrations, «,,, and T is
the absolute temperature. These param-
eters involve delicate interweaving be-
tween electrons and phonons, making
the improvement of zT challenging.*~!
The most prevalent strategies for en-
hancing zT rely on judiciously intro-
ducing various structural defects rang-
ing from atomistic point defects to mi-
croscale precipitates.l3>818]

Aliovalent doping has been routinely
adopted to donate or accept electrons
since the TE performance optimizes
within a narrow carrier concentra-
tion range, typically between 10" and
102 cm3.419211 A homogeneous
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Figure 1. Scanning transmission electron microscopy (STEM) and atom probe tomography (APT) characterization for the as-quenched sample. a)
Annular bright field (ABF) image showing various defects with different morphologies and sizes; one big plate-like and one small spherical defect are
indicated by the red and yellow dotted line, respectively, for close-up investigations; b) 3D reconstruction showing the distribution of Te (green dots)
and Ag-rich defects (15 at.% Ag iso-composition surface). For clarity, the point cloud of Pb is omitted. c) ABF image of the small spherical defect
with interstitial Ag atoms indicated by red arrows; inset is a magnified high-angle annular dark field (HAADF) image showing the interstitial atoms. d)
Proximity histogram showing the composition profile across the iso-surface of the small defect circled by blue dotted lines in the inset. ) HAADF image
of the area containing the large plate-like defect. f) Proximity histogram of a medium-size (%20 nm in diameter) plate-like defect with its shape given in
the inset. g) Proximity histogram of a large (=55 nm in diameter) plate-like defect with its shape given in the inset.

to reduce thermal conductivity while barely sacrificing charge

distribution of dopants is favored to enable high doping ef-
ficiency and in most cases is even the default scenario. However,
some dopants cannot completely dissolve into the matrix due
to their low thermodynamic solubility limit, resulting in the
formation of precipitates and other solute-rich defects.[*>822-24]
Incorporating nanostructures into thermoelectrics has been
intensively studied in the last decades since it was believed
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carrier mobility.[>>2%] Yet, this ideal presumption proved to be
unjustified in many cases because the lattice defects scatter both
phonons and electrons, giving rise to a compromise between the
lattice thermal conductivity and carrier mobility.[?>-3!] Moreover,
not all structural defects are effective in scattering phonons, but
only those with large mass contrast and significant strain fields
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Table 1. The orientation relationship (OR) between Ag,Te (P2, /c) precipi-
tates and the PbTe matrix (Fm3m) fulfills all three conditions OR-a, OR-b,
and OR-c, with their corresponding lattice plane spacings and mismatches
listed in separate columns.

Orientation relationships (OR) Ag,Te PbTe Lattice mismatch
OR-a [201]y, 7, I [001]pz, (200) 3.38 A (002) 3.23 A 4.6%
OR-b [010]5, 7. I [170]pp7e (020) 223 A (220) 2.28 A -2.2%
OR-c[001],5,7 I [110]y7, (204) 2.24 A (220) 2.28 A -1.7%

between the defects and the matrix.[3>33] It is recently found that
the nature of chemical bonding is also important for interfacial
phonon  scattering.>**] More importantly, these nanoscale
lattice defects might be thermally unstable and thus impact the
dynamic TE properties and service stability.?-3#] Determination
of the existing forms of defects including their morphology,
number density, chemical composition, and chemical bonding
mechanism, as well as how they evolve with annealing, can im-
prove our understanding of defect engineering for designing TE
materials.

Lattice defects have been widely implemented in Pb chalco-
genides to obtain improved TE properties such as nano-
precipitates in PbTel**#2] and dislocations in PbX (X = Se,
Te).[9-13202L43-47] Yet, the structural evolution of defects has been
investigated in much fewer studies.?#$-1 Since the phase dia-
gram of the PbTe-Ag,Te system has been well described,>'*2] we
design microstructures in PbTe-Ag, Te alloys to study the struc-
tural evolution with annealing and its concomitant impact on the
TE properties. In particular, Ag, Te precipitates were proven to be
effective in scattering phonons and were thus subject to intensive
research.33%] Previous works by Lensch-Falk et al.,[*] Grossfeld
et al.,[*®) and Sheskin et al.’’] have provided insights into the
precipitation and coarsening of Ag,Te in PbTe, but the nucle-
ation and growth mechanism of precipitates, the detailed inter-
facial atomic structures and compositions, the chemical bonding
mechanisms, and their impact on the TE properties were not fully
understood.

In this work, we have controlled the nucleation and growth
of precipitates in a (PbTe),q;(Ag,Te)qo; alloy according to the
PbTe-Ag,Te phase diagram using water quenching and thermal
annealing.>'*?] The microstructure evolution was investigated by
scanning transmission electron microscopy (STEM) and atom
probe tomography (APT).[) The microstructural features such
as the precipitate size, number density, composition, and chem-
ical bonding mechanism were correlated with the TE properties.
A high number density of iono-covalently bonded Ag,Te precip-
itates and Guinier-Preston (GP) zones was found in the metava-
lently bonded PbTe matrix in the as-quenched sample. The large
precipitates coarsen by consuming small precipitates through
the Ostwald ripening mechanism upon annealing. High-density
dislocations were also observed in the annealed sample. Even
though these nanoprecipitates can strongly scatter phonons, the
electrical conductivity is seriously degraded as well. In contrast,
dislocations are more favorable to thermoelectrics because they
can scatter phonons while maintaining electron transmission.
This work thus provides an in-depth understanding of the rela-
tionship between microstructure, composition, chemical bond-
ing, and TE properties of PbTe-Ag, Te-based TE materials. These
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relationships between structures and properties can, in turn,
guide the design of other thermoelectrics.

2. Results and Discussion

2.1. Microstructure Investigations

Figure 1a reveals the annular bright field (ABF)-STEM image that
shows the diffraction contrast of precipitates with various mor-
phologies and sizes in the as-quenched sample. A large plate-like
and a small spherical precipitate are highlighted by the red and
yellow dotted circles, respectively. 3D morphologies of these pre-
cipitates are delineated by the iso-composition surfaces contain-
ing more than 15 at.% Ag in APT reconstruction (Figure 1b). The
small precipitates are spherical with diameters of 1-5 nm and a
number density of 7.5 X 10** m~3. The larger plate-like precipi-
tates have an average radius of 20-30 nm and a number density of
~1.9 X 10* m~3. The STEM micrograph shows interstitial atoms
within the spherical precipitates, as indicated by the red arrows in
Figure 1c. An APT composition proximity histogram reveals that
the small spherical precipitate has an Ag-rich core with a maxi-
mum concentration of ~30 at.%, while Pb and Te are 1:1 in com-
position (Figure 1d). This confirms the STEM observation that
Ag atoms mainly occupy the interstitial positions within such
a small spherical region, which is also consistent with the low
defect formation energy of Ag interstitials in PbTe obtained by
density functional theory (DFT) calculations.[?!] Note that we can-
not exclude the existence of Ag atoms substituting Pb. The small
clusters are Ag-enriched, metastable regions in PbTe formed as
GP zones,I”] from which bigger, stable Ag,Te plate-like precipi-
tates nucleate.

A plate-like precipitate is atomically resolved in Figure le, and
identified to be monoclinic Ag,Te (space group P2, /c) which is
known to be stable below 140 °C.[*! The Ag,Te precipitate ful-
fills three orientation relationships (OR) with the PbTe matrix,
listed as RO-a, OR-b, and OR-c in Table 1. It is noteworthy that
for monoclinic Ag,Te, the normal direction of (200) planes is par-
allel to [201], whereas the c-axis direction [001] is parallel to the
normal of (204) planes. The transitions from the triple-layer mo-
tif of Ag,Te (parallel to (200),,, 1,) to the alternating Pb-Te mo-
tif are observed along the direction normal to (002)p,y,, corre-
sponding to OR-a. The zone axes of Ag, Te and PbTe fulfill the
OR-c. More details of the atomic structure of the interface can
be found in Figure S1 (Supporting Information). The overlap-
ping atomic models for PbTe and Ag,Te demonstrate that the
middle Ag layer in the triple-layer motif of Ag,Te corresponds
to the interstitial positions of PbTe. Other Ag atoms correspond
to the cationic Pb positions while the anionic Te positions extend
from PbTe to Ag,Te. We have also observed the relationship be-
tween Ag, Te and PbTe along the zone axes described in OR-b, as
shown in Figure S2 (Supporting Information) and summarized
in Table 1. The large lattice mismatch between (200)Ag,Te and
(002)p,r (OR-a) determines the habit plane for Ag,Te growth.
Within a given PbTe grain, all habit planes of the precipitates
(200)Ag, Te are parallel to (002)pyy., which are either parallel or
perpendicular to each other. As a result, Ag,Te precipitates cap-
tured in the APT (Figure 1b) results show such orientation re-
lationships. The composition of the plate-like defect is close to
Ag,Te with a certain amount of Pb solute atoms (Figure 1f). The
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Figure 2. STEM and APT results of the 48 h-annealed sample. a) HAADF image and energy dispersive X-ray spectroscopy (EDS) mapping showing a
large plate-like Ag,Te precipitate; b) phase boundary between PbTe matrix and Ag,Te precipitate with parallel planes indicated. c) APT reconstruction
showing the distribution of Te and Ag, Pb is omitted for clarity; phase boundaries are highlighted by 15 at. % Ag iso-composition surface. d) Lattice
planes reconstructed in the vicinity of poles showing the (200) plane of Ag,Te and (002) plane of PbTe. €) Proximity histogram presenting the composition

profile crossing from PbTe matrix to Ag,Te precipitate.

larger the size of the precipitate, the more Ag and fewer Pb atoms
are within the precipitate (Figure 1f,g). This demonstrates that
the growth of Ag,Te is accompanied by repelling Pb out of the
Ag,Te phase and absorbing Ag from the PbTe matrix, indicating
the essence of Ag-diffusion in the PbTe matrix.[®! We observed
fewer numbers of Ag-rich clusters around the big Ag,Te precipi-
tates in Figure 1b, implying that more Ag atoms have been con-
sumed by the big Ag,Te phase. Repeated APT characterization is
shown in Figure S3 (Supporting Information) with good consis-
tency.

The as-quenched sample was cooled down from the single-
phase PbTe region to inhibit the precipitation of Ag,Te. How-
ever, precipitates with different shapes, sizes, and compositions
were still formed as characterized above. Presumably, the large
precipitates were formed in the early stage of quenching due to
the fast diffusion of Ag at high temperatures,|*>158] while the
small spherical Ag-rich clusters were formed in the late stage
of quenching when diffusion is limited at lower temperatures.
It was reported that precipitates form initially as spheroids to
minimize the interface energy at small sizes.*”! As the precip-
itates grow and the volume increases with respect to the inter-
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facial area, their shape becomes plate-like to reduce the strain
energy within the precipitates.l*”] Thermal annealing could help
to further probe the evolution of microstructures and the growth
mechanism of precipitates, which will be studied as follows.
After annealing at 653 K for 48 h, the Ag,Te precipitates and
Ag-rich interstitial clusters evolve at the nanoscale. Figure 2a
shows a STEM micrograph with corresponding energy disper-
sive X-ray spectroscopy (EDS) maps, highlighting a big Ag,Te
precipitate in the annealed sample. The phase boundary between
PbTe and Ag,Te is atomically resolved in Figure 2b, following
the same OR as observed in Figure S2 (Supporting Information)
(along zone axes OR-b). The protruding of Ag,Te into PbTe along
<110> direction on the (002) plane of PbTe was captured and
shown in Figure S4 (Supporting Information). The large lattice
mismatch between (002)p,. and (200)Ag,Te causes the strain
field at the growth front (Figure S4b, Supporting Information),
which might attract Ag from the matrix and support the growth
of Ag,Te. Figure 2c shows the 3D APT reconstruction with a
Ag,Te precipitate featured by a high density of Ag atoms (red
dots). The lattice planes in the APT reconstruction for the (200)
plane of Ag, Te and (002) plane of PbTe are shown in Figure 2d. A

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

dy) SUORIPUOD Pue SW L 3L 385 " [202/0/60] U0 ARIGIT BUIIUO A8 |1 “BIBD L2IESSSY HOW YR1INT WNAUezsBunyasiod Aq Zib0EZ0Z WUSe/Z00T OT/10p/uod" M| 1m:Areiq1jeutjuo//Sdny wo.y papeojumod ‘6T ¥Z0Z ‘0r897TIT

PUR-SWLBIWO0D A3 1M A,

35UBD| SUOWILIOD dAIEaID 3qedl|dde ayy Aq pausenoh ae saie YO ‘3sn Jo Sa|nJ Joj Akeiq | auljuQ A3JIM uo


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

Table 2. Structural and chemical statistics of small (spherical) and big (platelet or lath-shaped) precipitates, as well as the content of Pb, Te and Ag in
the PbTe matrix in as-quenched and annealed samples. Np ¢, Np , and Npg stand for the number density of small precipitate, large precipitate, and

dislocations, respectively.

Samples Np . (m™) Np , (m™3) Nps (€m™2) Pb (at.%) Te (at.%) Ag (at.%)
As-quenched 7.5 x 10%* 1.9 x 10%! Not observed 48.61+0.29 50.70 + 0.29 0.69 +0.11
annealed 2.5% 10" 9.2x 10" 3.5%x 10" 49.92 +0.36 49.74 + 0.36 0.34 + 0.05

composition profile is provided in Figure 2e obtained by the prox-
imity histogram analyses.!>! The precipitate composition in the
annealed sample is stoichiometric Ag, Te without any observable
Pb solute atoms, which is different from the results of the as-
quenched sample. This means that Pb atoms were repelled out
and Ag atoms were consumed from the matrix after long-term
annealing. This has also been confirmed by the reduced aver-
age content of Ag in the matrix, as shown in Table 2. Compared
with the as-quenched sample, we find fewer small spherical de-
fects in the annealed one. The larger precipitates are more en-
ergetically favored, and they grow from dissolved small particles
through the Ostwald ripening mechanism.[®] For the big lath-
shaped Ag,Te precipitate in Figure 2a, the long axis is 500 nm
and along [001],,, 5., corresponding to the direction with small-
est lattice mismatch, OR-c (see Table 1). The zone axes direction
with OR-b has the second smallest lattice mismatch, and spans

across the thickness dimension, ~100 nm long. The dimension
corresponding to OR-a is the shortest, ~50 nm, corresponding to
the biggest lattice mismatch. While small Ag-rich clusters with
the same structure as the PbTe matrix are spherical to minimize
the interface energy, bigger Ag, Te precipitates show the OR-a/b/c
with smaller dimensions along ORs with larger lattice mismatch
to minimize the strain energy.

Besides the coarsening of precipitates, we have observed also
high numbers of dislocations in the annealed sample. Figure 3a
illustrates the 3D dislocation networks as delineated by 2.5 at.%
Ag iso-composition surfaces. Similar curved and straight dislo-
cations were also observed by STEM as shown in Figure 3b,c.
Owing to the thermal vibration of atoms, it is inevitable to gen-
erate vacancies in solids especially when kept at high temper-
atures. These vacancies can be partly frozen in the material
as non-equilibrium defects by a fast quenching process. APT

Compositiog (at.%) C

10 15 20 25 30
Distance (nm)

Figure 3. Dislocations in the annealed sample. a) APT reconstruction displaying the dislocation networks in 3D space; dislocations are delineated by
2.5 at.% Ag iso-composition surface. b) STEM-ABF image showing straight and curved dislocations. c) The corresponding STEM-HAADF image. d)
Composition profile along the cylindrical region of interest across the dislocation line.
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Figure 4. a) Contour maps depicting the interface energy of 72 heterostructures for the PbTe/Ag, Te interface with varied shifts along X (OR-b: [110],7, |l
[010],,7) and Y (OR-c: [110]pyr, || [001]4g, 7,) directions. The two local minima are marked with “x” [0.5, 0.25] and “O” [0.5, 0.75]. The units of X- and
Y- shifts correspond to the length of the structural lattice. b) Relaxed structure of PbTe/Ag,Te interface with lowest interface energy obtained through
first-principles calculations, viewed along X-direction (OR-b: [110]p,7, |l (0104, 7)-

compositions also imply a large fraction of Pb vacancies in the
as-quenched sample matrix given the high number of supersat-
urated Pb in Ag, Te precipitates (Figure 1). Upon thermal anneal-
ing, these vacancies aggregate along certain planes, preferentially
on the close-packed planes due to their low surface energy, form-
ing a slice of vacancies. Finally, the vacancy layer collapses at
an adequately large size, creating closed loops of edge disloca-
tions. These supersaturated vacancies further facilitate disloca-
tion climb and motion to increase the dislocation density. This is
the so-called Bardeen-Herring source for dislocation nucleation
and multiplication.[! These dislocations create electrostatic at-
tractions as well as chemical and elastic interactions with the Ag
dopants, forming Ag-rich Cottrell atmospheres as quantified in
Figure 3d. A similar Ag enrichment at dislocation cores has also
been observed in our previous work.[2%2161] Repeated APT char-
acterizations (Figure S5, Supporting Information) were carried
out to determine the average dislocation density to be 3.5 x 10!}
cm~2. The increased dislocation density with annealing was also
found in Na, o3 Euy o;S1, 0, Pby o, Te alloy,!'¥] and later was associ-
ated with Na Cottrell atmospheres in Na, s Eu, o; Pby 045 Tel*l and
Na, o; Pby 0o Te!l? alloys.

Although structures and orientations of the phase boundary
between the PbTe matrix and Ag, Te precipitate have been charac-
terized (refer to Figure 2b), the question of whether this observed
boundary possesses the lowest energy and detailed stacking infor-
mation at the boundary region remains unclear. To further inves-
tigate the stability and geometry of the boundary, we constructed
the PbTe/Ag,Te interface models following the observed orien-
tations of the two phases, as depicted in Figure S6 (Supporting
Information). Subsequently, we carried out first-principles calcu-
lations for interface structure optimization and computed the in-
terface free energy.

Drawing inspiration from the concept of the generalized stack-
ing fault energy (y—surface), which offers a comprehensive de-
scription of stacking faults and is crucial for analyzing the dislo-
cation core and deformation mechanisms,[® we adopted a sim-
ilar approach to screen the lowest-energy interface configura-
tion. Considering the similarity of the obtained y-surfaces of
basal stacking faults for two-phase structures, a series of het-
erostructures were constructed by shifting either (002)pyp. or
(200) 5, . slabs along X (OR-b: (110, | (010],, 7,) and Y (OR-

Adv. Energy Mater. 2024, 14, 2304442 2304442 (6 0‘F13)

¢ [110]pyp, Il [001],, ) directions. To achieve a fine scanning
mesh grid of the interface energy, fractional displacements of
1/12 and 1/6 were applied along the X- and Y- directions, re-
spectively. A total of 72 heterostructures were involved, and the
corresponding configurations at the two-phase interface are dis-
played in Figure S7 (Supporting Information). Contour maps of
the computational interface energy of the PbTe/Ag, Te interface
with varied shifts are shown in Figure 4a, while the actual values
are shown in the colormap in Figure S8 (Supporting Informa-
tion). Due to the centro-symmetry of these heterostructures, their
corresponding interface energies also exhibit centro-symmetric
patterns. The PbTe/Ag,Te interface attains stabilization for the
shift vectors of [0.5, 0.25] and [0.5, 0.75], with interface energies
of 168 and 169 m]J/m?, respectively. Since the configurations of
the two energy minima are structurally identical, only the struc-
ture with the shift vector [0.5, 0.25] is shown in Figure 4b. To ac-
cess the stacking and structural details of these heterostructures,
the side views and top views of the structures with shift vectors
of [0.0, 0.0], [0.5, 0.25], and [0.5, 0.75] are displayed in Figure S9
(Supporting Information). The interfaces with the lowest inter-
face energies calculated possess the same OR as characterized
using electron microscopy (see Figure 2b). Notably, the interface
structure with a shift vector of [0.0, 0.0] reveals coherent ordering
of Ag, Te layers on the (002)p,r surface, accompanied by layer dis-
tortion and a significant increase in interface energy. Thus, the
interface with substantial distortion is thermodynamically unfa-
vorable.

2.2. Correlations Between Thermoelectric Properties and
Microstructures

Thermoelectric transport properties of the as-quenched and an-
nealed samples were also studied at the temperature range
from 300 to 575 K, as listed in Table S1 (Supporting Informa-
tion). These transport properties are measured below the an-
nealing temperature to avoid microstructure evolution during
measurement; therefore, can be better correlated with the mi-
crostructures observed. Figure 5a,b shows improvements in the
electrical conductivity and the absolute value of Seebeck coef-
ficients by thermal annealing. For degenerate semiconductors
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Figure 5. Temperature-dependent electrical transport properties of the as-quenched and annealed samples: a) Electrical conductivity, b) Seebeck coef-

ficient, c) weighted mobility, d) power factor (PF).

approximated by parabolic bands and energy-independent scat-
tering relaxation time, the Seebeck coefficient is given by!®*!

872k 2/3
_ B # l
S =2 mT(35) y

where m” is the density-of-state effective mass, n is the car-
rier concentration, ky is the Boltzmann constant, and h is the
Planck constant. The increased Seebeck coefficient upon an-
nealing indicates a decrease in carrier concentration since the
electronic band structures would not change upon the coarsen-
ing of precipitates. Structural characterizations show that most
of the small Ag-rich GP zones have been consumed by big
Ag, Te precipitates during the thermal annealing process via Ost-
wald ripening. The concentration of Ag in the PbTe matrix de-
creases from 0.69 at.% in the as-quenched sample to 0.34 at.%
in the annealed sample, while the content of Pb changes op-
positely. The coarsening of Ag,Te precipitates occurs at the ex-
pense of Ag-rich GP zones and Ag from the matrix through the
Ostwald ripening mechanism. As a result, the carrier concen-
tration decreases with annealing, leading to enhanced Seebeck
coefficients.

Owing to the complex interplay between defects, electrons and
phonons, the overall effect of the microstructure on the TE prop-
erties can be evaluated by the ratio of p,/xy,, where p,, is the
mobility weighted by m” and drift mobility, which is a good indi-
cator of the power factor (PF) independent of doping level.1]
can be calculated using the experimentally determined electrical
conductivity (6) and Seebeck coefficient (S) in a simple analytic

Adv. Energy Mater. 2024, 14, 2304442 2304442 (7 Of'|3)

form proposed by Snyder et al.,|%] Eq. (2), where m, is the elec-
tron mass.

1S 3 ISl
2] 3

3h3c €xp [kg/e - .
Hy = 3/2
IS IS
8me(2m kpT) 1+exp [—5 (kB/e - 1)] 1+ exp [5 Pyl 1)]

Figure 5c shows a considerable enhancement of p,, upon ther-
mal annealing treatment. This can be attributed to four factors
based upon the structural characterizations: i) the lowered num-
ber density of Ag,Te precipitates; ii) the decreased concentration
of Ag in the matrix; iii) the increased concentration of Pb and
thus reduced content of Pb vacancy in the matrix, i.e., lattice
plainification!®®®’]; and iv) the relaxed strain generated by super-
saturated GP zones and platelet precipitates in the as-quenched
sample upon annealing. As a consequence, the PF is enhanced
upon annealing as shown in Figure 5d. Enhanced carrier mobil-
ity by manipulating microstructures and compositions is key for
TE coolers as summarized by Qin et al.[%]

Even though a high number density of dislocations is found
in the annealed samples, they did not cause as much decrease
in the mobility of electrons as the nanoscale precipitates in the
as-quenched sample. The potential energy barrier for charge car-
rier scattering at dislocations in PbTe has been demonstrated to
be small by studying individual low-angle grain boundaries.[**7°]
Now we address the scattering efficiency of nanoprecipitates and
dislocations on phonons. Figure 6a demonstrates that «,, in-
creases with annealing. The contribution to thermal conductivity
from lattice vibrations (ky,) is obtained by subtracting the elec-
tronic thermal conductivity (k) from the total one, where «
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Figure 6. Temperature-dependent thermal transport properties and Debye-Callaway calculation showing the individual contribution of defects to phonon
scattering. a) Total thermal conductivity, b) lattice thermal conductivity compared with that for pristine n-type PbTe taken from ref. [71]. The dashed lines
depict the k|, calculated by the Debye-Callaway model for both samples using different phonon relaxation times. c) Spectral lattice thermal conductivity,
K, for the as-quenched sample at 300 K. The shadow areas indicate the contributions of individual structural defects to the cumulatively reduced x .
d) k for the annealed sample, where different phonon scattering sources can be observed.

can be calculated according to the Wiedemann-Franz law: k. =
LoT. Here, L is the Lorenz number calculated using the single
parabolic band model.['*) The lattice thermal conductivity of the
annealed sample is also larger than that of the as-quenched sam-
ple but significantly lower than the reference pristine n-type PbTe
(Figure 6b) without observable precipitates and dislocations.[”!]
To understand the individual contribution of different defects to
the reduction of k,,, the Debye-Callaway model is invoked!"?:

ky (kgT)* Oo/T x'e*
K = 5 <7> { Tyt (%) (ex—dx 3)

where v is the average phonon velocity, 7 is the reduced Planck’s
constant, @y, is the Debye temperature, x = iw/kT, where o is
the phonon angular frequency. The total relaxation time, 7,4, can
be calculated according to Matthiessen’s rule including the scat-
tering terms from the Umklapp process (ry'), Grain boundaries
(tgp), point defects (1), precipitates (z,L), as well as dislocation
cores and strain fields (75} ).

-1 -1

ot — U

o RTI E
T + 7o + Top T Tore T This (4)

Detailed expressions for individual scattering mechanisms
along with corresponding parameters can be found in the
supplementary information. The Debye-Callaway model shows
good consistency with our experimental data but with different

phonon scattering sources for samples subjected to distinct an-
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nealing histories (Figure 6b). The reduced «,, in the as-quenched
sample mainly stems from the extremely high number density of
small spherical nanoparticles and plate-like precipitates (Table 2),
leading to more than half of the reduction, while point de-
fects also play non-negligible roles in scattering high-frequency
phonons, as illustrated in the spectral lattice thermal conductivity
in Figure 6¢. The relative reduction in «,, by small Ag-rich clus-
ters and big Ag, Te lamellae is marginal in the annealed sample,
as demonstrated in Figure 6d, due to their significantly decreased
number density through the Ostwald ripening mechanism.[®!
However, the relative contribution from Ag-decorated disloca-
tions to the reduced «,, becomes dominant due to the enhanced
strain field phonon scattering by Cottrell atmospheres,[204473]
even though the dislocation density is not as high as that ob-
served in other TE alloys, which is typically on the order of 10
cm=2.[9-13.43]

The reason for the strong interface phonon scattering in the
as-quenched sample is twofold. DFT calculations suggest that
the effective mean free path of phonons in PbTe is about sev-
eral tens of nanometers,/’*l which is comparable to the distance
between neighboring nanoprecipitates. Thus, the high-density
small Ag-rich GP zones and plate-like Ag,Te in the as-quenched
sample are more effective in scattering phonons than the big
precipitates in the annealed sample. The second factor is the
different chemical bonding mechanisms between the PbTe ma-
trix and Ag,Te precipitates. Figure 7a,b shows the 3D distribu-
tion of Ag atoms determined by APT and the corresponding
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Figure 7. Chemical bonding mechanisms for the PbTe matrix and Ag,Te precipitates revealed by laser-assisted APT. a) 3D distribution of Ag atoms
showing the spherical Guinier-Preston (GP) zones and platelet precipitates. b) Corresponding 3D probability of multiple events (PME) map generated
by a home-coded software. The four black arrows indicate the Ag, Te precipitate used for PME proximity histogram calculations. c) PME profile across the
interface from the PbTe matrix to the Ag, Te precipitate. d) A collection of PME values for compounds employing different chemical bonding mechanisms
plotted based on a plane coordinated by the numbers of electrons transferred (ET) and electrons shared (ES) between neighboring atoms. Data were

collected from Refs. [75,77] with permission.

“probability of multiple events” (PME) map, respectively. The
PME value describes the probability of dislodging more than
one fragment during one successful laser pulse in APT
measurements.I””) We have calculated the PME proximity his-
togram from the PbTe matrix to the inner core of the Ag,Te
precipitate indicated by black arrows using a method similar
to the composition proximity histogram by defining an iso-
concentration surface,l®) as shown in Figure 7c. The PbTe ma-
trix exhibits a PME value of 60%, while the PME quickly drops
to &#30% in the Ag, Te precipitate. Extensive studies have demon-
strated that a high PME value (>60%) is a hallmark of compounds
utilizing metavalent bonding (MVB).I>7¢77] MVB describes a sit-
uation where adjacent atoms share half an electron pair (one elec-
tron) to form a o-bond, unlike ordinary covalent bonding, where
adjacent atoms are held together by an electron pair.”®”°! MVB
compounds are characterized by a unique property portfolio,!8081]
unconventional bond rupture in laser-assisted APT,[””] as well as
a peculiar electronic configuration.[”®%2] Figure 7d illustrates a 3D
map utilizing two variables called electrons transferred (ET) and
electrons shared (ES) between neighboring atoms as the basal
plane and PME as the third axis. The ET-ES map calculated by
quantum chemical tools has been demonstrated to be able to
separate different chemical bonding mechanisms, where MVB
is prevalent in a region with small ET values and an ES close to

Adv. Energy Mater. 2024, 14, 2304442 2304442 (9 Of13)

one.®] Figure 7d shows a strong correlation between high PME
values and the MVB mechanism. Thus, we can conclude that
the PbTe matrix employs MVB while the Ag,Te precipitate uti-
lizes iono-covalent bonding.[**#*] Since the force constant, which
impacts the phonon dispersion, is closely linked to the chemical
bonding mechanism, the phonon dispersions are mismatched at
the phase boundary, leading to significant phonon scattering at
the interface.®]

Realizing zT enhancement requires sophisticated manipula-
tions of the carrier concentration and microstructures.®¢! The
complex role of structural defects on the final zT value can be
evaluated by the materials quality factor, which describes the
tradeoft between electron and phonon transport, independent of
the optimization of charge carrier concentrations. The quality fac-
tor, B, is determined by the ratio of p, /x},,, as follows!®]

<kB )2 87re(2mekBT)3/2T iy 5)

3
e 3h Kt

Figure 8a shows an increased B factor upon annealing
as a result of the greatly increased weighted mobility even
though the lattice thermal conductivity is higher than that of
the as-quenched sample. This also demonstrates that not all
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Figure 8. Temperature-dependent a) quality factor, B factor, and b) figure-
of-merit, zT, for the as-quenched and annealed samples.

structural defects are beneficial to TE properties due to the com-
plex tradeoff between electron and phonon transport for thermo-
electrics. Compared to nanoprecipitates, dislocations seem to be
more favorable for n-type PbTe because they can give rise to a
larger B factor. Consequently, the zT value is improved in the en-
tire measurement temperature range for the annealed sample,
see Figure 8b. The zT value of 0.6 at 575 K is comparable to other
PbTe-Ag, Te alloys reported®*>*! and a higher zT can be expected
at higher temperatures with optimized carrier concentration by
introducing dopants such as L[#] Bi,[2!) and Sb.”!l Recent work
shows that Ag,Te precipitates and Ag-rich dislocations can pro-
vide dynamic dopants over a broad temperature range.l??!1 Thus,
the optimization of carrier concentration should include both the
static and dynamic doping effects. Moreover, the crystallographic
orientation relationship between PbTe and Ag,Te can be utilized
to tailor the transport properties by growing PbTe single crystals
embedded with well-aligned Ag, Te precipitates.

3. Conclusion

Structural evolution of (PbTe),,,(Ag,Te), ; alloys was investi-
gated by quenching and annealing, revealing the relationships
between microstructure, composition, chemical bonding, and TE
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properties. A high number density of small spheroidal Ag-rich
clusters and plate-like Ag, Te precipitates were observed in the as-
quenched sample. Explicit crystallographic orientation relation-
ships between PbTe and Ag,Te were determined for the speci-
mens that underwent different nucleation and growth processes
of precipitates. It is found that the growth of Ag,Te phase is
confined within the interface of (002)pyy. and (200) , 3, form-
ing a plate-like shape. The coarsening of Ag,Te precipitates by
annealing was accomplished by consuming small Ag-rich clus-
ters through the Ostwald ripening mechanism. As a result, the
carrier concentration is decreased and the weighted mobility is
greatly increased due to the coarsened precipitates and strain
relaxation. Debye-Callaway calculations demonstrate that small
Ag-rich clusters and platelet precipitates are the main phonon
scattering source in the as-quenched sample, while dislocation
phonon scattering becomes more prominent in the annealed
sample. Due to the tradeoff between weighted mobility and lat-
tice thermal conductivity, the annealed sample with dislocation-
dominated microstructures shows a higher B factor and zT
value. This work provides a thorough investigation of the struc-
tural evolution of Ag,Te precipitates in PbTe and its impact
on TE properties, shedding light on microstructural design for
thermoelectrics.

4. Experimental Section

Sample Preparation: Materials were synthesized from raw Pb powder
(99.96%, Riedel-de Haen), Te broken ingots (99.99%, Strem Chemicals),
and Ag granules (99.999%, Alfa Aesar) by weighing according to the nom-
inal composition of (PbTe), 7 (Ag;Te)o.03 and sealing in quartz tubes un-
der dynamic vacuum. The sealed tubes were heated to 1273 K'in 12 h and
dwelled for 6 h in a vertical programmable tube furnace to ensure a homo-
geneous melting of the mixture, followed by moderate cooling down to
973 K and dwelled for 48 h to enable homogenization. Subsequently, the
melts were rapidly cooled down by quenching in iced water. The solidified
ingots were then hand-ground into fine powders with agate mortar and
pestle in an Ar-filled glove box. The resulting powders were consolidated
by hot pressing at 923 K in the single-phase region for 30 min under uniax-
ial pressure of 45 MPa for 15 min under flowing Ar-7% H, gas mixture, fol-
lowed by iced water quenching. This is defined as the “as-quenched” sam-
ple throughout the manuscript. To study the microstructure evolution, the
hot-pressed pellet was annealed at 653 K in a two-phase region for 48 h in
a sealed quartz ampoule under a 120 torr Ar-7% H, atmosphere followed
by ice-water quenching. This is defined as the “annealed” sample. Powder
X-ray diffraction (XRD) was performed for phase identification applying
a Rigaku Smartlab diffractometer operating with Cu-K, radiation, angu-
lar resolution of 0.02°, and angular range of 20 — 90°. The XRD patterns
appear in Figure S10 (Supporting Information); both correspond to the
rock-salt PbTe (Fm3m) structure, which was fully indexed. The presence of
nanometer-size Ag, Te precipitates could not be identified by XRD. The pat-
tern corresponding to rock-salt PbTe structure was preserved for different
changes in microstructure and processing conditions such as the intro-
duction of impurities and second phases, hand-grinding, or ball milling of
the powders.

Scanning Transmission Electron Microscopy (STEM): STEM lamellae
were prepared using a dual beam SEM-FIB (Helios NanoLab 650) and
cleaned at 5 kV to eliminate the Ga-ion contamination and surface amor-
phization. STEM investigations were carried out using an aberration-
corrected Titan Themis microscope operated at 300 kV. The convergence
angle of the probe was 24 mrad, and the collection angles of the ABF and
HAADF detectors were 8-16 and 73-352 mrad, respectively. Image analy-
ses were done using the Image/ and DigitalMicrograph software. EDS spec-
trum imaging was acquired using a SuperX detector. Multivariate statistical
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analysis was applied to reduce the noise and facilitate quantitative analysis ~ Here, EZ’;Te/AgZTe, E‘;’;’}; and Eﬁ’;’zkn represent the total energy of interface

of the hyperspectral datasets.[#3]

Atom Probe Tomography (APT): Needle-shaped APT specimens were
prepared following the standard “lift-out” method.!3%) APT measurements
were conducted using a local electron atom probe (LEAP 4000X Si,
Cameca) by applying 10-ps, 25-p] ultraviolet (wavelength = 355 nm) laser
pulses with a detection rate of 1ion per 100 pulses on average (1.0%), a
pulse repetition rate of 200 kHz, a base temperature of 40 K, and an ion
flight path of 160 mm. APT data were processed using Cameca’s integrated
visualization and analysis software IVAS 3.8.0.

Thermoelectric Properties Measurement: All the TE transport proper-
ties were measured perpendicular to the pressing direction to minimize
measurement errors. Seebeck coefficient and electrical conductivity were
measured simultaneously for bar-shaped specimens with dimensions of
12 x 3 X 3 mm3 by the Netzsch SBA-458 Nemesis system under an Ar
atmosphere. The total thermal conductivity was obtained according to
Kiot = DCpp. The thermal diffusivity, D, was measured for a disk-shaped
specimen with a diameter of 6 or 8 mm and a thickness of 1.5 mm
using the laser flash analysis method using the Netzsch LFA-457 Mi-
croflash apparatus. Heat capacity, Cp,, (in kg per atom units) was evalu-
ated by 3.07 + 4.7 x 10™* x (T-300) with an uncertainty of only 2% for
all the lead chalcogenides at T > 300 K.I3°] Mass density, p, was calcu-
lated based on the geometric dimensions and mass. Note that all sam-
ples have a density higher than 98% of the theoretical values, indicating
that density has negligible impacts on thermal transport. Since this work
focuses on the Ostwald ripening upon annealing and the fundamental
relationship between microstructures and properties, the measurement
temperature was set below 600 K to comply with the annealing temper-
ature. Thus, the TE properties could be better correlated with the sta-
ble microstructures, avoiding significant microstructure evolution during
measurements.

Computational ~Methods: The interface energies of sampled
PbTe/Ag,Te interfaces at 0 K were determined through first-principles
calculations based on total energy calculations utilizing DFT. All the
calculations were performed using the Vienna ab-initio Simulation
Package VASP.?®] The electron—ion interactions were represented within
the projector augmented wave (PAW) method,®!l and the exchange—
correlation part of the Kohn—-Sham potential employed the generalized
gradient approximation parameterized by Perdew, Burke, and Ernzerhof.
A plane-wave energy cutoff of 500 eV was applied, and I'-centered
Monkhorst—Pack k—points meshes of 6 X 6 X 6 and 4 X 6 X 4 were used
for the conventional cells of PbTe (space group: Fm3m) and Ag,Te (space
group: P2;/c), respectively. As demonstrated in the experimental section,
the growth of the Ag,Te phase was confined within the interface com-
prising the (002)p,7. and (200) pg, 70 planes. Accordingly, the PbTe/Ag,Te
interface slab was modeled as a heterostructure between 1 x 2 (002) ppre
and 1x 1(200) 5, 7, slabs, as illustrated in Figure 4. Avacuum layer of ~16

A along the Z direction was introduced to eliminate interactions between
neighboring layers. The lattice parameters of the interface slab model
were 4.638 A x 9.277 A x 54.254 A, encompassing the vacuum. During
optimization, all atoms were allowed to relax, with a few bottom layers
of atoms on both sides fixed. The fixed layers were visually highlighted
within an orange box, as depicted in Figure S1. A I'-centered k-point
mesh of 4 X 2 X 1 was set for the geometrical optimization of these
slab models. Gaussian smearing with a width of 0.05 eV and fully auto-
matic optimization of projection operators were chosen. All structures
underwent optimization using the Blocked—Davidson algorithm until the
energy converged to less than 107 eV, and the Hellmann—Feynman forces
converged to less than 1073 eV/A.

The interface energy y was determined by subtracting the total energy of
the interface slab model from the total energies of the corresponding bulk
phases. As the vacuum along the Z direction was included in the created
interface models, the (002)pyr, and (200) 4,7, surfaces were generated,
and their surface energies need to be further subtracted. This could be
expressed as:[%?]

_ 1 pim bulk bulk (002) _ (200)
Y =12 ( pbTe/ag,Te ~ NPbTeEpyr, ~ NAngEEAnge) “Tom " Tagre (©
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structures, bulk PbTe and bulk Ag;, Te, respectively. Np,g, and N g, are the

numbers of bulk PbTe and Ag, Te unit cells composing the interface struc-
(200)
Ag,Te denote the surface energy of (002) ppre
and (200) g, 7, surfaces. A is the interface area.

(002) (200)
PbTe and yAnge
between the free energy of surface atoms and that of atoms in the bulk. In
these cases, the surfaces flanking the interface models were frozen during
structural optimization, and as such, the structure of the slabs was not

relaxed. The formulation is as follows:[3]

tures, respectively. yﬁ(z) andy

The surface energies (y ) are defined as the difference

L

T 24, (E'slab (Ni) = N"E?u’k)' (i = (002) pyy, or (200)4g,7) ()

Yi

where Elf"'b(N,-) is the total energy of a N;-layer slab calculated with a suf-

ficiently large value of N;, Ef"‘”‘ denotes the bulk energy, and A, represents
the corresponding surface area.
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