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Abstract The precipitation of Sb,Tes in Sb-rich AgSbTe,
is studied by X-ray diffraction and electron microscopy.
The results indicate that Sb,Te; does not form directly, but
rather through the precipitation of an intermediate meta-
stable phase. Diffraction, energy-dispersive spectroscopy,
and high-resolution transmission electron microscopy
indicate that this intermediate phase has a nominal com-
position (Ag,Sb);Te, and a structure with a seven-layer
stacking sequence rather than a five-layer one as in Sb,Tes.
Two mechanisms based on experimental observations are
proposed for the conversion of (Sb,Ag);Te; to Sb,Tes:
evaporation—condensation and individual step motion. The
microstructural evolution and mechanisms of the transfor-
mation are discussed in detail.

Introduction

Interfaces can enhance the properties of thermoelectric
materials both through phonon scattering to reduce the
thermal conductivity and by energy filtering to increase the
Seebeck coefficient [1, 2]. These phenomena have moti-
vated recent interest in developing nanostructured ther-
moelectric materials to take advantage of their high density
of interfaces. One way to nanostructure bulk thermoelectric
materials is to use controlled solid-state phase transfor-
mations to distribute nanoscale second phases [3-5]. This
approach relies on knowledge of the microstructural evo-
lution during a transformation so that nanoscale features
can be tuned to the optimal morphology, number density,
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and composition. However, the compositional complexity
of many high-performance thermoelectric systems, which
can contain more than four components, complicates the
phase diagram and ability to tune the microstructure over
several length scales. Therefore, understanding the details
of phase stability in these systems is necessary for the
fabrication of bulk nanostructured materials.

Another challenge is that at the elevated temperatures
required for thermoelectric power generation (~400 °C for
AgSbTe,), the embedded nanostructure must remain stable.
Changes in precipitate morphology, volume fraction, and/or
composition could have a deleterious effect on the thermo-
electric properties. Therefore, in addition to understanding
microstructural evolution for nanostructuring, it is also
important to understand the mechanisms that control the
long-term stability of multiphase thermoelectric systems.

In this study, we investigate the precipitation of tetrady-
mite-structured Sb,Te; within a rocksalt-structured Sb-rich
AgSbTe, matrix. Compounds within the Ag—Sb-Te system
are important in a number of thermoelectric systems,
including Ag—Sb—Ge-Te [6] and Ag—Sb—Pb-Te [7]. While
typically designated with 1:1:2 stoichiometry, the rocksalt-
structured compound actually exists in a range of stable
compositions between Ag;oSbogTes, and Agy,SbogTesg [8—
10]. For brevity, we refer to this compound as the ¢ phase.

The 6 phase is known to have good thermoelectric
properties with a thermoelectric figure of merit, Z7, as high
as 1.3 at 427 °C [11-14]. One of the challenges with this
material is that because of its complex phase equilibria,
second-phase precipitates often form. When compositions
of material are made outside the boundaries of ¢ stability,
easily identifiable large-scale microstructural features can
indicate two-phase material. For instance, material with
the exact composition of AgSbTe, phase separates into
a mixture of Ag,Te precipitates in a ¢ matrix [9, 15].
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Alternatively, Sb,Tes precipitates that are aligned along
{111} planes in a typical Widmanstitten pattern form in
Sb-rich material [16, 17]. The presence of Ag,Te causes a
characteristic sign change in the Hall coefficient [16, 17],
which can be used to easily screen for single-phase o
material, but detection of Sb,Te; requires microscopy or
diffraction.

Here, we focus on the formation of Sb,Te; precipitates
in the 0 phase at 500 °C. We show that Sb,Te; formation
does not proceed by a simple solid-state precipitation
reaction, but through an intermediate step in which a
metastable seven-layered structure forms. Our observation
that an intermediate phase forms could aid in determining
the exact composition boundaries of ¢ on the Sb-rich side
of the pseudo-binary Ag,Te—Sb,Te; phase diagram.

In the subsequent text, we first provide background
information on relevant layered chalcogenide structures in
this system. Then, we show bulk X-ray diffraction data,
electron diffraction data, compositional measurements, and
atomic-scale images that demonstrate the presence of the
seven-layered Mj3Te, (M = Ag or Sb) structure as an
intermediate phase in the formation of Sb,Te;. Finally, we
discuss mechanisms for the formation of these intermediate
phases and their relationship to the equilibrium Sb,Te;
precipitate phase.

Background on layered chalcogenide structures

In the thermoelectric chalcogenide systems, subtle changes
in the metal (M)/chalcogen (Te) ratio can cause structural
transformations. In rocksalt-structured tellurides, such as
AgSbTe, and PbTe, the number of cations (M) and anions
(Te) are approximately equal (M/Te =~ 1). The removal of
metal planes at regularly spaced intervals results in com-
pounds with M/Te ratios less than unity. The five-layered,
M,Tej; tetradymite structure is one example, but there are
many others in the literature [18]. For example, in the
Pb—-Sb-Te system, PbTe and Sb,Te; can form by the solid-
state decomposition of the seven-layered compound
“Pb,SbeTeq;” [19-22]. It has also been shown that an
excess of cations in Ge, Sn, or Pb-doped (Bi,Sb),(Te,Se);
leads to the formation of a continuous series of 1-D
superstructures built up of sequences of five- and seven-
layer lamellae [23, 24]. An important question is how to
distinguish between these various structures? One method
is by direct measurement of composition, which may be
challenging for small differences in M/Te ratios. The fol-
lowing discussion of these layered crystal structures in the
Ag-Sb-Te system provides information needed to detect
compounds with intermediate composition between MTe
and M,Te; with electron diffraction.

In the rocksalt structure, the M/Te ratio is ~1.In ¢ (i.e.,
AgSbTe,), the cation sites (Ag and Sb) are disordered so

that the probability of any cation site containing either Ag
or Sb depends on the composition since the ¢ phase is
stable over a range of compositions [8, 25, 26]. The
structure of  can be represented in terms of the stacking of
the close-packed planes [23, 24]:

ABCaByASCoBy - - (1)

where the capital Roman letters represent layers of Te atoms
and the Greek letters represent layers of metal atoms (either
Ag or Sb). Figure 1a shows the stacking as viewed along a
[110] crystallographic direction and the corresponding sim-
ulated electron diffraction pattern. The Te atoms are shown
in green and the metal atoms are shown in red. In this rela-
tively simple structure, the close-packed planes alternate
between Sb/Ag and Te with no interruptions.

If the M/Te ratio is reduced to 0.667, the equilibrium
precipitate phase, Sb,Tes, which has the tetradymite struc-
ture, forms. This structure is based on a rhombohedral unit
cell, but it can also be described by its stacking sequence:
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Fig. 1 Crystal structures and simulated electron diffraction patterns
for (a) J, (b) SbyTes, and (¢) M;3Te, with the viewing directions
indicated in each figure. In the simulated diffraction patterns, the
five-layered Sb,Te; structure and seven-layered M;Te, structures are

evident by the number of superlattice reflections between the
fundamental reflections, 0 0 0 15 and 0 0 0 21, respectively
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ApCaB CoByA ByASCA--- (2)
—— Y~ ——

5layers 5 layers 5 layers

The tetradymite structure repeats sequences of five
close-packed planes separated by a double-Te layer. A
[1120] projection of this structure is shown in Fig. 1b. This
structure results if one removes 1 plane of metal atoms
every 6 planes from the rocksalt structure, and displaces

the remaining 5-layered sections by 1/3[1100] to obtain the
stacking sequence in (2). The five-layered stacking is also
evident in the electron diffraction pattern because of the
appearance of superlattice reflections at 1/5th the distance
to the fundamental reflection, 0 0 0 15 (i.e.,0003,000 6,
0009,and 00 0 12). A unit cell of Sb,Te; contains 15
close-packed planes, or three 5-layer units.

Compounds with a metal/Te ratio between that of é and
Sb,Te; can be formed by periodically removing a metal
plane any n even number of close-packed planes with
n > 6. For example, if a metal plane was removed every
8th close-packed plane (n = 8), a 7-layer structure would
result (M3Te,). Similarly, the removal of every 10th close-
packed plane (n = 10) results in a 9-layer structure
(M4Tes). Additional compositional freedom is possible
because compounds can be created that consist of linear
combinations of several intermediate structures.

Figure 1c shows the results of removing every 8th close-
packed plane and laterally shifting the remaining 7-layer
units by 1/3[1100]. The resulting MTe, structure can be
described by the sequence of stacking in the close-packed
planes:

APCuByA ByAfCaB CoByASCA - -- (3)
—_——— —— ——
7 layers 7 layers 7 layers

The seven-layer stacking is evident in the simulated
electron diffraction pattern because of the superlattice
reflections at 1/7th the distance to the fundamental
reflection, 0 0 O 21. Therefore, intermediate phases can
be detected and distinguished from the equilibrium phases
and each other by counting the number of superlattice
reflections in the electron diffraction pattern. This
information is used in the subsequent sections to interpret
the diffraction and microscopy results.

Experimental procedures
Materials synthesis
To precipitate the Sb,Te; compound in the solid state

directly from ¢, we chose a composition from the pseud-
obinary Ag,Te-Sb,Te; phase diagram [27] that would fall
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in the single-phase J region at elevated temperature, but
would become supersaturated in Sb,Te; at reduced tem-
perature. A 35 g ingot of material having an overall com-
position of 16.67 at.% Ag, 30.00 at.% Sb, and 53.33 at.%
Te was fabricated from pure elements (99.999% pure Ag,
99.9999% pure Sb and Te, Alfa Aesar). The elements were
sealed in a fused silica tube evacuated to a base pressure
less than 5 x 1077 torr. The sealed material was then
melted in an upright tube furnace (Lindberg/Blue) at
850 °C for 3.5 h. The molten material was gently agitated
three times during this period to promote mixing, and
finally quenched in iced-brine solution.

Since the as-quenched microstructure is inhomogeneous
and multiphase, the material was annealed to produce sin-
gle-phase 6. Before performing this homogenization anneal,
the material was extracted from the silica tube and the two
ends were cut off with a low-speed saw (South Bay Tech-
nology, Inc., 660 Low-Speed Diamond Wheel Saw)
equipped with a diamond blade (Allied High Tech Products,
Inc.) to remove the majority of impurities that would have
segregated to the ingot ends during solidification. Then, the
remaining solidified material was resealed in an evacuated
fused silica tube and annealed at 552 °C for 120 h.

The resulting single-phase material was cut into five
pieces, which were then sealed in separate evacuated fused
silica tubes. These samples were annealed at 500 °C for 5,
15, 30, 60, and 120 min to promote the formation of
Sb,Tes; and then quenched into an iced-brine solution.

Materials characterization

Macroscopic structural information was obtained using an
X-ray diffractometer (Scintag). Material was crushed in a
mortar and pestle and scanned slowly at .03°/s from
20 = 20°-90° to avoid missing the diffraction peaks from
any minor phases.

Electron diffraction and imaging were performed by
transmission electron microscopy (TEM). Material was
prepared for TEM using an abrasive slurry rotary disc
cutter (South Bay Technology, Inc., 360 Rotary Disc
Cutter) to cut 3 mm discs. These discs were thinned to
electron transparency using mechanical dimpling (Gatan
656 Dimple Grinder) and liquid-nitrogen cooled ion mill-
ing (Gatan Dual Ion Mill and Fischione Instruments 1010
Ion Mill). Care was taken to ensure that the samples had
cooled for at least 60 min before activating the ion beam to
avoid damage and artifacts due to beam-induced heating.
As a final step, the TEM samples were milled briefly with a
low energy (1.5 kV) ion beam to clean the electron trans-
parent regions.

Electron diffraction and high-resolution transmission
electron microscopy (HRTEM) was performed on a JEOL
4000EX microscope operated at 400 kV with a LaBg
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emitter. Conventional imaging and diffraction, as well as
compositional analysis, were performed on a JEOL 2010F
(FEG) TEM operating at 200 kV and equipped with a SiLi
EDS detector (Oxford Instruments). Electron diffraction
and high-resolution phase-contrast TEM images were
simulated using CrystalKitX and MacTempasX, respec-
tively (Total Resolution LLC).

Quantitative analysis of EDS spectra was done using a
Cliff-Lorimer ratio technique [28, 29]. The TEM EDS detec-
tor was calibrated with reference samples (Ag¢7Sb3g.Tess
and Agy gSbsg ¢Tes96) Whose composition was measured on
a calibrated electron microprobe analyzer (EMPA, JEOL
JXA-8200). High-quality point EDS spectra from the 6 and
Sb,Te; phases were recorded, but spectra from precipitates
tens of nanometers wide (at intermediate time scales) could
not be obtained because (1) sample drift prevented good
counting statistics from point scans of a single precipitate,
and (2) the matrix and precipitate compositions were similar
and were difficult to deconvolute. Instead, we used multi-
variate statistical analysis (MSA) techniques on STEM-EDS
spectrum images to quantify the finer-scale precipitate
compositions. This approach provided an opportunity to
correct sample drift by applying a cross-correlation correc-
tion at regular pixel intervals, and it provided statistics from
thousands of spectra on which compositional measurements
could be based. The EDS spectrum images were collected
using drift correction at a size of 120 x 130 pixels, and with
a 500 ms dwell time at each pixel. The spatially orthogonal
[30] pure components corresponding to the phases present in
the data matrix could then be found using multivariate sta-
tistical analysis (MSA) techniques with the Sandia-devel-
oped Automated eXpert Spectrum Image Analyzer software
package (AXSIA [31, 32]). AXSIA can simplify the data
matrix containing thousands of EDS spectra into a dimen-
sionally reduced, physically relevant, and unbiased solution
using MSA techniques such as principal component analysis
(PCA), singular value decomposition (SVD), or multivariate
curve resolution (MCR), the details of which can be found
elsewhere [30, 33-36]. Once representative spectral shapes
were obtained from the various small-scale precipitate pha-
ses, the compositions were determined. For this analysis, the
peak intensities were quantified using a Nelder—Meade
simplex method with the freely available spectrum analyzer
software package from NIST, DTSA 2.5 [37].

Results

In the following experimental results, we first show that the
evolution of second-phase precipitates proceeds with the
formation of a metastable phase at intermediate anneal times.
Then, we determine the structure and composition of this
metastable phase through detailed electron microscopy

observations. Finally, we consider the very early stages of the
precipitation reaction and identify the presence of stacking
faults due to the formation of double-Te layers. These results
suggest mechanisms for the phase transformation, which we
explore further in the “Discussion” section.

The evolution of second-phase precipitates

X-ray diffraction measurements revealed the expected
equilibrium phases at early and late anneal times, but an
intermediate phase that was neither ¢ nor Sb,Te; was
detected at intermediate anneal times. After the homogeni-
zation anneal at 552 °C, the material was single-phase J.
Figure 2a shows the X-ray diffraction pattern for the
homogeneous 0 phase after the 552 °C anneal (black) and a
pattern for material that was annealed for 120 min at 500 °C
(gray). Every peak visible in the homogeneous material can
be identified as belonging to the é phase (marked with a ®)
except for the peak located at 20 = 40.2°. None of the
Sb,Tej; reflections were visible in the homogeneous sample.
After annealing at 500 °C, the precipitation of Sb,Te; can be
identified by the appearance of additional peaks in the pat-
tern (marked with a %), which are indexed in Table 1. The
peak located at 40.2° persists before and after annealing at
500 °C with no change in intensity, so it is likely caused by
some relatively inert impurity phase.

The Sb,Te; grows to large, micrometer-scale, lamellar
precipitates that are visible optically at late anneal times.
These precipitates form a Widmanstitten pattern similar to
what is seen in the PbTe-Sb,Tes system [20], and are often
found in high density near grain boundaries. Micrographs of
this can be found elsewhere [38, 39]. When early and late-
stage samples are investigated with HRTEM, the double-Te
layers in the tetradymite structure become easily visible as
modulations in contrast. As an example of this, Fig. 2b
and ¢ show phase-contrast images and diffraction patterns
of the J phase and Sb,Te; phase, respectively. Our HRTEM
image simulations confirm that the regularly spaced bright
fringes in (c) are aligned with the double-Te layers and
correspond to the positions between the atomic columns.
The bright fringes in (c) occur on every 5th close-packed
plane, which is consistent with the periodicity expected for
the Sb,Te; tetradymite structure (e.g., Fig. 1b).

Inspection of the X-ray diffraction data at intermediate
annealing times reveals peaks that do not belong to either
Sb,Te; or d. Figure 3a shows a detailed view (37°—41°) of
the background subtracted X-ray data at each time interval
after annealing at 500 °C. A peak is visible at 39.2°, which
does not correspond to the Sb,Te; phase. As time increases,
the intensity shifts from the peak at 39.2° to the peak at 38.3°,
the location of the 1 0 1 10 reflection in Sb,Te;. The counts
for each peak were integrated and plotted as a function of
time in Fig. 3b. The peak intensity variation in time shows
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Fig. 2 (a) Powder X-ray diffraction data from “homogeneous”
(552 °C, 120 h) and annealed samples (500 °C, 120 min). Peaks from
the 6 phase are marked with a filled diamond symbol while peaks
from the Sb,Te; phase are marked with a filled star. Peaks are
indexed in Table 1. The Sb,Te; peaks appear after the anneal at
552 °C. Corresponding HRTEM image and electron diffraction
patterns of rocksalt ¢ (b) and Sb,Te; (¢) with inset simulated

that the intensities of the peaks at 39.2° and 38.3° are
inversely related. As the Sb,Te; peak increases in intensity,
the peak at 39.2° decreases in intensity. Although the data are
not shown in the figure, a similar shift of intensity is also
observed at lower angles. For instance, an extra peak at 28.5°
forms at early times and then decays as the 1 0 1 5 Sb,Te;
reflection intensifies at 28.3°.

These X-ray diffraction results suggest that an inter-
mediate phase, which is responsible for the X-ray diffrac-
tion peak at 39.2°, forms before Sb,Te; and is eventually
consumed or replaced as the Sb,Te; grows. To test this
hypothesis, we investigated the structure and composition
of the second phases at intermediate times using TEM.

Structural and compositional determination
of the intermediate phase

Figure 4a—c show electron micrographs and electron dif-
fraction patterns from a sample after it was annealed at
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images (b defocus = —230 A, thickness = 56 ;&; ¢ defocus =
—230 A, thickness = 40 A). The bright contrast corresponds to
regions between atomic columns. The positions between the double-
Te and every 5 close-packed planes in (c) are evident by their bright
contrast. The corresponding diffraction pattern shows superlattice
reflections at 1/5th the distance to the fundamental 0 0 0 15 reflection

500 °C for 5 min. In the bright-field image in Fig. 4a, fine
features that appear as long straight lines or lamellae can
be seen that are ~10 nm wide. In the corresponding
electron diffraction pattern, additional reflections appear
that do not correspond to the cubic ¢ phase. These extra
reflections are equally spaced at intervals of 1/7th the
distance to the fundamental reflection, similar to the
simulated diffraction pattern in Fig. 1c for the postulated
M;Te, structure.

Dark-field images and corresponding diffraction patterns
confirm that the lamellae are associated with the g/7
superlattice reflections. In Fig. 4b, the sample was tilted to
excite the 222 systematic row in the matrix phase. Since
the superlattice reflections from the second phase are
aligned with the close-packed {111} planes of the matrix,
this condition excites the superlattice reflections. When an
imaging condition of g =000 21y,71e, ||2225 (the funda-
mental 0 0 0 21 reflection that is parallel to the 222
reflection of the matrix) is used for dark-field imaging, only
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Table 1 Indexed X-ray diffraction peaks for Fig. 2a

20 (°) d-spacing (10\) h k i 1
(measured/
theoretical)

1
25.44 3.50/3.51 1 1 - 1
29.44 3.03/3.04 2 0 - 0
42.04 2.15/2.15 2 2 - 0
49.92 1.82/1.83 3 1 - 1
52.21 1.75/1.76 2 2 - 2
61.08 1.52/1.52 4 0 - 0
67.24 1.39/1.39 3 3 - 1
69.10 1.36/1.36 4 2 - 0
76.83 1.24/1.24 4 2 - 2
82.41 1.17/1.17 5 1 - 1

Sb,Tes
26.44 3.37/3.38 0 0 0 9
28.30 3.15/3.16 0 1 1 5
38.32 2.35/2.35 1 0 1 10
44.62 2.03/2.03 0 0 0 15
54.21 1.69/1.69 0 0 0 18
58.65 1.57/1.58 0 2 2 10
63.52 1.46/1.47 1 0 1 19
64.23 1.45/1.45 0 0 0 21

the lamellae perpendicular to g became bright.! Similarly,
in Fig. 4c, the sample was tilted so that a 222 systematic
row was excited and the dark-field imaging condition uti-
lized g = 00 0 21p,7e, [|2225. In this case, the other ori-
entation of lamellae appeared bright in the image. Again
these lamellae are perpendicular to g and they are rotated
70.1° from the lamellae in Fig. 4b, which is consistent with
the angle between the {222} and {222} planes (70.5°) in
the cubic structure.

Although the electron diffraction data are consistent
with the proposed seven-layered, M3;Te, structure in
Fig. lc, other possibilities should be considered for this
intermediate phase. For example, the literature has sug-
gested an alternative M;Te, rucklidgeite structure based on
a “555525555” stacking sequence (a “5” represents a
M,Te; unit and a “2” represents a double-M layer) [18],
but this would have a diffraction pattern very different
from the ones observed in Fig. 4. Another possibility is the
M,Te; pilsenite structure [18, 40], which has a similar
diffraction pattern to M;Te,, but a structure based on “52”
stacking and a slightly different stoichiometry. To resolve

! Since the objective aperture was too large to limit the illumination
in the dark-field image to the 0 0 O 21 reflection only, both the
00021 and 0 O O 18 reflections were within the limits of the
objective aperture.
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Fig. 3 (a) X-ray diffraction data for samples annealed for 5, 15, 30,
60, and 120 min at 500 °C at 20 = 37°—41°. Extra diffraction peaks
corresponding to the intermediate M3Te, phase are visible. The
integrated intensity of the peaks after background subtraction is
shown in (b) as a function of time. The variation in peak intensity
with time suggests that as Sb,Te; forms, the metal-enriched
intermediate phase, M3Tey, is consumed

this ambiguity, we conducted HRTEM observations and
measured the composition of the lamellae using EDS.
The HRTEM image in Fig. 4d is from a region similar
to the region from Fig. 4a—c, but shown at higher magni-
fication. The corresponding electron diffraction pattern has
reflections from both the matrix é phase and the precipitate
phase because the selected area aperture is too large to
select only the tens of nm wide precipitates. In the image, it
is possible to count the number of close-packed planes
between the bright fringes (double-Te layers), which
results in the expected 7-layer sequence. There is a small
discrepancy in the distance between the double-Te layers in
the image and simulation. The image simulation is not
exact because this structure is estimated from the Te-Te
and Te—Sb bond lengths in Sb,Te;. These bond distances
would likely be different in the actual M;Te, structure,
causing the observed differences between the image and
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Fig. 4 (a) BF image and
diffraction pattern of a sample
annealed for 5 min at 500 °C.
The diffraction pattern shows o
and additional superlattice
reflections. The DF images
formed with the 0 0 0 21
reflections in (b) and (¢) show
that thin precipitate plates

= 10 nm wide correspond to the
extra superlattice reflections at
g/7. The image and simulation
in (d) (defocus = —180 1&,
thickness = 60 10\) shows seven
close-packed plane layers
between double-Te layers. The
electron diffraction pattern
superposes the ¢ and M;Tey
patterns, and the superlattice
reflections at 1/7th of 0 0 0 21 in
SbsTe, are visible. The image in
(e) shows a region of an
intermediate stage precipitate at
high magnification in which the
double-Te layer ordering varies
between five, seven, and nine-
layer spacings

simulation. A structural refinement on the M5Te, structure
would help to more accurately simulate HRTEM images.
In spite of these differences, the main observation is that
the double-Te layers occur every seven close-packed
planes and no double-M layers are observed. Neither the
“555525555” BizXy [18] nor the “52” M,Te; [40] struc-
tures are consistent with the observed double-Te spacing.

Finally, we measured the composition of the lamellae
with EDS in the TEM. Figure 5a shows a bright-field (BF)
STEM image with lamellae from a sample annealed for
15 min at 500 °C. In the image, two orientation variants of
the thin-plate precipitates are seen. The sample was tilted
so that the precipitates were approximately edge on to
avoid compositional variations through the sample thick-
ness (but not directly edge on to avoid channeling effects),
and the boxed region was selected for an EDS spectrum
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image. The results of a spatially orthogonal (abundance
initializer) multivariate curve resolution (MCR) done with
the AXSIA software package [30] is shown in the com-
posite maps (inset) and corresponding spectra in Fig. Sa.
The composite map shows the relative intensities and
spatial distributions of the corresponding yellow and blue
pure component spectra. Qualitatively, the spectra show
that the plates are slightly enriched in Sb and Te and the
matrix is slightly enriched in Ag. Because of the closeness
of composition of the two phases, the maps are somewhat
noisy. At any specific pixel location in the composite
image, however, there is very little intensity mixing of the
two pure components. This verifies that the composition is
uniform through the sample thickness at this tilt condition,
and that the pure component spectral shapes approximate
the two phases present.
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The composition of the elements in the precipitates at
various stages in the precipitation reaction verifies an
intermediate composition of M3Te, at intermediate anneal
times. We measured the composition of the precipitate
and matrix phases at intermediate and late times in the
precipitation reaction. We compared these results with the
homogeneous J phase at t = 0. The averaged results of
the quantification are shown in Table 2 and plotted in
Fig. 5b. The elemental compositions indicate that at
intermediate times a compound with the approximate
composition Agy;Sbr7Tess 4 (M/Te = 0.81) forms, which
is approximately consistent with the postulated M;Tey
(M/Te = 0.75) compound. The deviations in the mea-
surement from Sb,Te; stoichiometry at late times could
be associated with error or actual compositional devia-
tions in the sample. There is likely some systematic error
that results from potential offsets in the EMPA calibra-
tions as well as from the deconvolution of the overlapping
Sb and Te L X-ray peaks. In addition, defects such as
vacancies or anti-site defects could cause detectable
compositional deviations as previous measurements of
vacancy concentration in J were nominally 4%, but
reached values as high as 13% [26].

Fig. 5 (a) BF STEM image of a (a)
region of sample after the

15 min anneal and the boxed
region identified where an EDS
spectrum image was collected.
The spatially orthogonal
principal spectra and a
composite map (inser) show that
the precipitate plates are
enriched in Sb and Te relative to
the matrix phase as expected.
The plot in (b) shows the results
of a quantitative Cliff-Lorimer
analysis of several precipitate
spectra. As annealing time is
increased the composition of the
precipitates approximates
Sb,Te; and passes through the
composition of M3Te, at
intermediate times

In summary, the analytical data are all consistent with
the formation of an intermediate phase, M3Te4. Now, it is
possible to use this information to describe the matrix-
precipitate orientation relationship and to explain the X-ray
diffraction peak at 39.2° in Fig. 3a. The crystallographic
alignment of the M;Te, lamellae with the matrix phase is
evident in the diffraction patterns in Fig. 4. With the proper
indices corresponding to the M;Te, structure of Fig. lc
identified on the diffraction patterns, we can specify the
crystallographic orientation relationship between the pre-
cipitate and matrix phase as:

{111}3(110),[1{0001}{1120)yy,re, (4)

which is equivalent to the orientation described for Sb,Tes
in 0 and Sb,Te; in rocksalt PbTe [22, 38]. Finally, based
on the electron diffraction data of Fig. 4, the measured
d-spacing of the 0 0 O 18 planes in the intermediate
M;Tey structure is 2.30 A, which corresponds to an X-ray
diffraction peak position of 20 = 39.1°. Similarly, the
extra peak at 28.5° (not shown in the figure) can be
attributed to the 1 0 1 7 reflection in M;Te,.

Although the seven-layered structure is the most
commonly observed intermediate phase throughout the
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Table 2 Elemental concentrations of phases measured by EDS
(Cliff-Lorimer)

Concentration in at.%

Annealing Time (min) Ag Sb Te
0 (0 phase) 233+ 15 268+ 1.4 499+ .7
15 (M3Te4) 17.6 £ 2.6 27.0 £2.1 554 £ 1.1

120 (M, Tes) 44+ 8 312 £ 2.0 64.4 £ 1.5

precipitation reaction, in some cases we see variation in the
spacing of the double-Te layers. This is evident in the
HRTEM image shown in Fig. 4e. The bright fringes cor-
responding to the double-Te layers are observed at inter-
vals of 5, 7, and 9 close-packed planes. This observation
suggests that understanding the initial formation and sub-
sequent rearrangement of double-Te layers may provide
clues to the mechanisms of the transformation.

Early-stage formation of double-Te layers as stacking
faults

To better understand the initial formation of the double-
Te layers, we investigated the microstructure of the
as-quenched material using TEM. Although, the bulk X-ray
diffraction data (homogeneous in Fig. 2a) show that no
other phases are present in a significant amount, the

Fig. 6 Bright-field TEM images (a) and (b) of stacking faults in &

with R = L/g(T11) recorded under different imaging conditions. The
images are from the same region of the sample, and in (b) all of the
faults that run from the lower-left to the upper-right corner of the

@ Springer

electron microscopy reveals many planar defects. As
shown in Fig. 6a and b, these defects have the usual bright/
dark fringe contrast commonly observed for stacking faults
inclined relative to the viewing direction [29]. We also
conducted systematic tilting experiments to establish the
character of these faults. In Fig. 6b, the invisibility crite-
rion is satisfied for the faults in (a) that run from the lower-
left to the upper-right corner of the image. With the
imaging condition, g = 220, identified in the image, the
invisibility criterion suggests a displacement vector,
R = =£[hhl], to satisfy g- R = 0. Images of the same area
were recorded from 4 additional zone axes and 12 addi-
tional Bragg scattering conditions to uniquely determine
R for these stacking faults. Additional invisibility condi-
tions were found for g = 242 and g = 022, which suggests
that R = £A[111].

There are two possible types of stacking faults in
this rocksalt compound that can produce a double-Te or
double-metal layer. Consider an example in which a
single metal layer is removed from the rocksalt structure.
The resulting stacking fault would have R = 1/5[111], i.e.,

remove o

APCaByA "— "ABCByA. This type of translation, how-
ever, would cause a jog in the stacking between the
C and B planes because of the missing A in the sequence.
Another possibility is that after the metal layer is
removed, half of the crystal is translated by 1/5[121], i.e.,

image are invisible because the invisibility criterion g - R =0 is
satisfied. In (c), a defect similar to the features in (a) and (b), but with
R= 1/2(010> at high magnification shows a single bright fringe,
consistent with simulations of a single double-Te layer
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translate ByA

APCByA — " ABCAPC, which leads to a total trans-
lation R = 1/s[111] + 1/s[121] = 1/[010]. This type of
stacking fault does not have a jog in the stacking and
exhibits little contrast for most low-index imaging condi-
tions (g = 020 or 220) because g- R is an integer. The
faults in Fig. 6a and b have a displacement vector R =
+h[111] and a habit plane of (111), determined from the
electron diffraction patterns. These two fault geometries
are consistent with either a double-Te or double-metal
layer with a jog.

The HRTEM image in Fig. 6¢ is from a region con-
taining a defect similar to the stacking faults shown in
Fig. 6a and b. This image shows a single horizontal bright
fringe near the middle of the image with no jog. The
HRTEM image simulations suggest bright fringes corre-
spond to the double-Te layers in the tetradymite structure
as seen in Fig. 2c. Similar simulations confirm that a single
double-Te layer would produce a single bright fringe like
the one in Fig. 6¢. Since this defect has no jog, it must have

a translation vector R = 1/2<OTO>, which is different than
the defects shown in Fig. 6a and b and would be invisible
(g - R = integer) for both of those imaging conditions.
However, the HRTEM image confirms that stacking faults
of double-Te do appear at early stages in the precipitation
reaction. Therefore, we can postulate that the stacking
faults in Fig. 6a and b are probably also due to individual
double-Te layers and not double-M layers.

As noted above, the composition of the initially single-
phase 6 was selected to be Age7SbsgTess 3, making the
Te:M ratio slightly larger than 1. The formation of planar
defects consisting of double-Te layers provides a way for
the system to accommodate the excess Te. These faults can
also serve as precursors to the intermediate phases. For this
to occur, once the double-Te layers form, they must be
able to rearrange themselves so that they can either (1)
agglomerate to form a precipitate phase, or (2) move in
some way to convert a metastable structure to the equi-
librium five-layered structure. In the next section, we
describe mechanisms that can explain this second-phase
evolution.

Discussion

The preceding experimental observations suggest several
stages in the precipitation of Sb,Te; in 5. When the ¢ phase
is initially quenched from the homogenization anneal, there
is excess Te relative to the ¢ phase boundary. Initially, to
accommodate this excess Te composition, isolated double-
Te layers form in ¢ as shown in Fig. 6a, b, and c. As the
precipitation reaction proceeds, the double-Te layers con-
tinue to precipitate from solution and eventually reach a

high enough density in some regions to agglomerate at
regularly spaced odd intervals of close-packed planes. This
ordering produces intermediate compounds like the seven-
layered M;Te, phase, or the other structures like the one
shown in Fig. 4e. In the final stages of the precipitation
reaction, the double-Te layers eventually rearrange them-
selves into the five-layered Sb,Te; sequence and form
precipitates several microns wide. The transition com-
pounds at intermediate stages in the reaction provide a
transformation pathway of incremental structural changes
as the two phases approach their equilibrium compositions.

How do the Te double layers rearrange to form these
observed structures? In a previous article, we proposed a
mechanism for the growth of existing tetradymite plates in
rocksalt tellurides by the motion of interfacial steps [38].
The diffusive motion of these steps removes a metal plane
from the rocksalt phase and forms a double-Te layer,
thereby thickening the Sb,Te; plate. The Te layers remain
essentially fixed during the step motion, and the transfor-
mation occurs through a flux of metal atoms. A similar
diffusive process could be responsible for the formation of
the M;Te, phase and its eventual conversion to Sb,Te;. We
propose two possible mechanisms based on the motion of
atomic steps at or near the J-Sb,Te; interface. A schematic
that describes both of these mechanisms is shown in Fig. 7.

The first proposed mechanism for the transformation of
M;Te, to SbyTes is one in which metal layers are removed
or “evaporated” from a J-five-layered structure interface,
and then added or “condensed” at a J-seven-layered
structure interface. An example of this mechanism is
shown in Fig. 7a, where a single double-Te stacking fault
layer is either growing or receding and moving to another
location. The addition of this single double-Te layer to a
precipitate elsewhere in the sample would cause this pre-
cipitate to grow. The schematic in Fig. 7c describes how
this mechanism could rearrange double-Te layers in an
M;Te, structure to an Sb,Tes structure. As metal atoms
move toward the seven-layered structure (dotted white
lines in Fig. 7c), the double-Te layers there decrease their
length, (dotted black lines in Fig. 7c) while metal atoms
diffuse away from the five-layered structure and the dou-
ble-Te layers grow in length there. This would result in the
widening of plate-like precipitates of Sb,Te; as a result of
the long-range diffusion of metal atoms.

The other proposed mechanism provides a way for
isolated double-Te layers to translate one close-packed
planar spacing via short-range diffusion processes. An
HRTEM micrograph suggesting this mechanism is shown
in Fig. 7b, where atomic steps in each of the double-Te
layers are seen in a thin Mj3Te, precipitate (indicated by
arrows). The lateral motion of these steps would allow the
double-Te layers to move “up” or “down” by one close-
packed plane spacing. In this way, it is possible both for an

@ Springer
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Fig. 7 HRTEM images (a), (b),
and schematics (c), (d) showing
two proposed mechanisms for
the transformation of M;Te, to
Sb,Tes. In the schematics, the
black lines represent double-Te
layers, black dotted lines
represent their motion, and
white dotted lines represent
metal flux. For evaporation—
condensation, flux of metal
causes a double-Te layer to
either increase or decrease its
length. The example in (c)
(a) shows an arrow that points
toward the termination of a
double-Te, similar to the
terminated double-Te layers at
intermediate times in (c¢). For
individual step motion, the
individual double-Te layers can
move one close-packed planar
spacing at a time until they are
evenly spaced five layers apart.
The arrows in (b) point toward
individual steps in the double-
Te layers, which is analogous to
what is seen at intermediate
times in (d)

Early Time

Intermediate

Time

Late Time

entire M;Te, precipitate to translate by “coordinated step
motion” (gray dashed arrow in Fig. 7c), and for a seven-
layered structure to convert to a five-layered structure. A
schematic of this process is shown in Fig. 7d where indi-
vidual double-Te layers can translate in directions per-
pendicular to the close-packed planes. Once the precipitate
is adjacent to an Sb,Te; precipitate, the lateral motion of
atomic steps can move an individual double-Te layer down
one close-packed planar spacing and convert the stacking
to a five-layered structure. Again, this mechanism adds
double-Te layers to the five-layered structure, and the
Sb,Te; precipitates widen.

One kinetic limitation to both these proposed processes
is that there must be freely available step nucleation sites
for the relocation of double-Te layers. The electron
microscopic observations show that at the early stages of
the reaction, the stacking faults intersect, and at later stages
both the M;Te, and Sb,Te; precipitates intersect and form
a typical Widmanstitten structure [39]. These intersecting

@ Springer
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regions should contain a variety of crystalline defects that
can serve as nucleation sites for the formation of new steps.
Therefore, the nucleation of new steps should not provide a
barrier to advance the transformation process. The slow
kinetics of the reaction observed below 350 °C [41] are
likely just a result of the process being diffusion limited.
Historically, the literature has shown several disagreeing
interpretations of the phase stability in the Ag—Sb-Te
system. Since the seven-layered structure is only observed
for precipitates tens of nanometers wide, the ability to
detect the seven-layered structure is challenging. Previous
researchers studying the Ag—Sb-Te system had no prior
data that suggested the intermediate phases exist, and since
these phases are probably not equilibrium phases, they are
even harder to detect at long anneal times. Previous work
has shown that a simple eutectoid reaction does not explain
the transformations observed at temperatures between 300
and 350 °C [41]. Some of the confusion at low temperature
could be due to the fact that intermediate phases are
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forming, but they were previously undetectable because of
their small size and similar interplanar spacings to Sb,Tes.
Our observation of metastable intermediate phases helps to
clarify the phase equilibrium between 6 and Sb,Tes on the
Sb,Tes-rich side of the pseudobinary Ag,Te—Sb,Te; phase
diagram. Specifically, with knowledge of the existence of
transition phases, it should be possible to more carefully
determine the exact stability limits of the 0 phase by
accounting for fine-scale metastable phases. We also point
out that the presence of nanoscale, metastable second
phases and stacking faults, which are difficult to detect
without detailed microscopic examination, complicates
thermoelectric property measurement of the § phase. These
microstructural features provide parallel conduction paths,
which can affect charge carrier and phonon transport [39].

Conclusions

This study focused on the microstructural evolution during
the precipitation of Sb,Te; in a rocksalt Ag—Sb-Te phase.
The microscopic observations and the bulk X-ray diffrac-
tion measurements both confirmed the existence of a
metastable seven-layered structure based on the chemical
formula M;Te,. This intermediate phase provides a route
for incremental compositional changes during the precipi-
tation of Sb,Tes. Our analysis suggests the following steps
in the transformation process:

1. The formation of individual double-Te layers in the &
phase.

2. The agglomeration of these double-Te layers into
plates hundreds of nanometers wide with a distribution
in the double-Te layer separation peaked at seven
close-packed planar spacings.

3. The motion of the double-Te layers by a combination of
evaporation—condensation and individual double-Te
step motion to produce the five-layered Sb,Te; structure.

More generally, the present results provide insight
concerning the mechanisms controlling microstructural
evolution in rocksalt/tetradymite-structured chalcogenides.
This work should be pertinent to understanding the factors
controlling interface formation as well as long-term aging
and stability in this broad class of important thermoelectric
materials.
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