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Enhancement of Phase Stability and Thermoelectric
Performance of Meta-Stable AgSbTe, by Thermal Cycling

Process

Jin Hee Kim,* Jae Hyun Yun, Seunghun Cha, Seokyeong Byeon, Junyoung Park,
Hyungyu Jin, Sujin Kim, Sung-Jin Kim, JongHo Park, Jeongin Jang, SuDong Park,

and Jong-Soo Rhyee*

Thermoelectric materials are crucial components in thermoelectric devices em-
ployed for environmentally friendly solid-state cooling and waste heat recovery,
demanding not only high performance but also superior thermal or phase
stability. The high-performance thermoelectric material AgSbTe, encounters
challenges when utilized in thermoelectric modules due to the precipitation of
Ag,Te, resulting in both thermally unstable characteristics and diminished per-
formance. In this study, a thermal cycling process is employed to enhance the
thermal stability and thermoelectric performance of AgSbTe,. Through thermal
cycling, secondary phases of AgSbTe, are made uniform, and the undesired
Ag,Te is substituted with Sb,Te; using an optimized thermal cycling process.
As a result, the thermal stability of AgSbTe, is enhanced due to its meta-stable
state, with <5% variance in thermoelectric figure of merit (ZT) measurements,
and the ZT value is raised from 0.8 to 1.7 at 643 K through the optimized
thermal cycling. The findings indicate that thermal cycling is an effective
strategy for enhancing the thermal stability and thermoelectric performance
of AgSbTe,, presenting a novel approach for achieving uniform secondary
phases in materials with phase separation or phase change characteristics.

increase the energy efficiency or addressing
environmental issue of the conventional
cooling systems.['*] The thermoelectric
performance of the device is strongly af-
fected by the material properties such as
the thermoelectric figure of merit ZT =
S%6T/k, where S, o, T, and k are Seebeck
coefficient, electric conductivity, absolute
temperature, and thermal conductivity,
respectively. The parameters S, o, and «
are strongly related to the carrier concen-
tration (n), and the S and o are inversely
proportional to each other. The x primarily
consists of the electronic contribution(x,)
and phonon contribution (k). Since
these parameters affect each other, achiev-
ing a high ZT value is challenging.']

AgSbTe, is considered one of the
promising thermoelectric materials for
high-performance thermoelectric mod-
ules in the mid-temperature range (=400
to 700 K).*8 The structure of AgSbTe,
is disordered rock-salt, with Ag and Sb

1. Introduction

Since the direct energy conversion or heat transfer of the ther-
moelectric device can offer waste heat recovery or eco-friendly
solid-state cooling, thermoelectric materials can contribute to

randomly occupying cation sites, and Te occupying anion
sites.[*1% The pristine AgSbTe, intrinsically shows low ther-
mal conductivity (0.5-0.7 Wm™'K~! near room temperature)
due to glass-like phonon scattering associated with the spon-
taneously formed nanostructure.”#] Particularly, the thermal
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conductivity of the Cd-doped AgSbTe, reaches extremely low val-
ues of ~0.28 Wm™! K~! due to the enhanced lattice strain.[”] Ad-
ditionally, it has the large Seebeck coefficient (%250 uV K~! near
room temperature) by the highly degenerated flat valence bands.
These characteristics make AgSbTe, a good candidate for high-
performance thermoelectric material.['>'3] Based on the charac-
teristics, the high ZT values were achieved by the alloying such as
the PbTe + AgSbTe, (LAST, ZT ~2.2 at 800 K),'*l GeTe + AgSbTe,
(TAGS, ZT ~1.5 at 720 K)[**! and the doping such as the Cd-doped
AgSbTe, (ZT ~2.6 at 573 K),I’! the S and Se-doped AgSbTe, (ZT
~2.3 at 673 K).I¢)

The performance of thermoelectric modules can be affected
by the thermoelectric properties of the thermoelectric materials,
module structure, contact resistance, diffusion barrier, electrode
contact layer, etc.'>8] Ensuring the phase stability of thermo-
electric materials is the first step to achieving the theoretically
calculated performance. However, despite the high ZT value, the
thermally unstable characteristic of the AgSbTe, make it difficult
to apply in thermoelectric modules operating within the mid-
temperature range. Initially, the pristine AgSbTe, is thermody-
namically unstable, decomposing into Sb,Te; and Ag,Te below
633 K."21] The phase diagram of Sb,Te;-Ag,Te pseudobinary
system shows that the AgSbTe, phase is formed in the tempera-
ture range from 633 to 821 K.['*2!] Phase separation into Ag, Te
and Sb,Te,, caused by annealing of the AgSbTe, at 523 K, and
the stabilization of the AgSbTe, phase after annealing at 703 K,
support the presence of the metastable AgSbTe, phase within
the Sb,Te;-Ag,Te pseudobinary system.[°! To circumvent this
decomposition issue, the suggested application temperature for
AgSbTe, is near room temperature for cooling or above 633 K
for waste heat harvesting.[?!l The other reason of the unstable
AgSbTe, is the Ag,Te precipitate that undergoes a phase transi-
tion near 418 K. The presence of n-type Ag, Te makes the p-type
AgSbTe, not only unstable thermally but also decrease the ther-
moelectric performance.[2*2!l Especially, the thermally unstable
characteristic of the AgSbTe, was clearly observed by the repeated
measurements of the thermoelectric properties.[?*2!] The uncer-
tainties associated with the repeated measurements of the ther-
moelectric properties were reported to be ~20% for the ZT val-
ues of the Cd-doped AgSbTe,,/”) the S- and Se-doped AgSbTe,.[®]
Therefore, the previous experimental results are not sufficient to
demonstrate the thermal stability of AgSbTe,.

In this investigation, we discovered that a thermal cycling
process can enhance the thermoelectric performance and ther-
mal stability of the AgSbTe,. The high-quality poly crystalline
AgSbTe,, exhibiting a clean single phase, includes very small
Ag,Te secondary phase (<5%), as shown in Figure Sla (Sup-
porting Information). Although the Ag,Te phase is very small,
the thermoelectric properties vary among different parts of the
AgSbTe, ingot, as shown in Figure S1b—f (Supporting Informa-
tion). Additionally, the thermal stability of the S-1 sample (less
Ag,Te, the ZT variance is #5%) is much lower than that of the S-
2 sample (more Ag,Te, the ZT variance is #30%). The higher ZT
variance clearly indicates that the Ag,Te secondary phase makes
the AgSbTe, more unstable thermally. However, the thermoelec-
tric performance of the S-2 sample was improved with repeated
measurements, as shown in Figure S1f (Supporting Informa-
tion). The results imply that the repeated measurements can be
considered as a thermal cycling and can increase the thermo-
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electric properties of the AgSbTe,. While the thermal cycling has
been employed to confirm the thermal stability of thermoelectric
modules in the previous studies,?2?3] we utilized it to enhance
the thermoelectric performance. Additionally, since the thermal
cycling process known as an effective way to enhance the grain
refinement of steels,[226] it can also lead to homogeneous phase
separation of the Ag,Te or Sb,Te; in the AgSbTe,. Our result
show that the thermal cycling makes the secondary phases, such
as Sb,Te, and Ag,Te of the AgSbTe,, more homogeneous. The
homogeneous phase separation is considered a meta-stable state
with low Gibbs free energy, it can cause the stable phase separa-
tion. The enhanced thermal stability of AgSbTe, due to the opti-
mized thermal cycling condition was confirmed by the repeated
thermoelectric property measurements (with the ZT value vari-
ance below 5%). Moreover, the optimized thermal cycling condi-
tion enabled a high ZT value (1.7 at 643 K) by the enhanced car-
rier concentrations with the Ag-nano particles and the reduced
minority carrier mobility due to the electron carrier localization
by the Sb,Te, phase separation.

2. Results and Discussion

2.1. Phase Separation in AgSbTe,

The phase separation with the AgSbTe, and the secondary phase
such as Ag,Te or Sb,Te; can be described by considering Gibbs

free energy change of mixing (AG,,;,) as follow equation.
A Gmix = AHmix - TAsmix (1)
where the AH, ;. , T and AS,_;, are the enthalpy change, absolute

temperature, and entropy change of mixing, respectively.”?] In
the presence of a homogeneous phase separation state within
mixed-phase materials, the material characterized by the mini-
mized AG,;, could exist as a meta-stable state (a local minimum),
as depicted in Figure 1a. The unstable state represents the ran-
domly mixed state with relatively large grainsize size of Ag,Te
within the AgSbTe,. In the metastable state, the Ag,Te phase dis-
appears within the AgSbTe, matrix, and a new phase of Sb,Te,
forms uniformly with a small grain size. Because the Gibbs free
energy of the homogeneously mixed state with small size of
Sb,Te, grains is lower than the energy of the randomly mixed
state with large Ag,Te grains, the AgSbTe, after the thermal
cycling process, including homogeneously mixed small Sb,Te,
grains, could be more stable state.

The thermal cycling process is performed to refine the grain
of the secondary phase of the AgSbTe,. The stoichiometric ratio
of the AgSbTe, necessarily includes the Ag, Te phase, and the in-
trinsic AgSbTe, phase slowly decomposes to Ag,Te and Sb,Te,
below 633 K,[2021] ag presented in Figure S2 (Supporting Infor-
mation). The thermoelectric properties are measured for the 1)
initial and 2) annealed AgSbTe,. The AgSbTe, is annealed at 623
K for 100 h to compare the annealing effect with the thermal cy-
cling effect. The thermal cycling effect of the AgSbTe, was inves-
tigated above the decomposition temperature of 633 K. The tem-
perature ranges of the thermal cycling are denoted as “(3) T 4
T. C.” for the mid-temperature range from room temperature to
643 K and “(4) Ty, T. C.” for the high-temperature range from
room temperature to 663 K, as shown in Figure S2 (Supporting
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Figure 1. a) Conceptual schematic diagram of Gibbs free energy and phase separation by thermal cycling effect. b) XRD patterns of the calculated (gray),
initial (black), annealed (green), Tpg T. C. (blue), and gy, T. C. (red) AgSbTe,.

information). The maximum thermal cycling temperature for the
AgSDTe, is ~663 K. The thermoelectric property measurements
are not available due to thermal softening of the AgSbTe, above
663 K.

The powder X-ray diffraction (XRD) patterns of the 1) initial, 2)
annealed, 3) T,,;4 T. C., and 4) Ty, T. C. AgSbTe, are presented
in Figure 1b. The XRD peaks of the 1) initial AgSbTe, are well
matched with the NaCl structure (Space group No. 225, Fm_3m)
with the very small Ag,Te peaks. The lattice parameter of the 1)
initial AgSbTe, (a = 6.07A) is comparable with the literature val-
ues (a = 6.07-6.08 A).[62%32] [n contrast, the 2) annealed AgSbTe,
clearly shows small AgSbTe, peaks with the large Ag,Te phase,
similar to the other literatures.[?>2!] However, the XRD peaks of
the (3, 4) thermal cycled AgSbTe, show the Sb,Te, phase. In the
case of the 3) T,;4 T. C. sample, it has the main AgSbTe, phase
with the secondary phases of Sb,Te; and Ag,Te. The XRD peaks
of the 4) Ty, T. C. sample show the main AgSbTe, phase with
very small Sb,Te; peaks. The high-temperature powder XRD re-
sults (from 300 to 673 K) of the AgSbTe, clearly show that the
repeated thermal cycling of the AgSbTe, generates the Sb,Te,

phase separation, as shown in Figure S3 (Supporting Informa-
tion).

The Ag,Te secondary phase of the AgSbTe, is identified
through scanning electron microscopy and energy dispersive
X-ray spectroscopy (SEM/EDS), as shown in Figure 2a. The
AgSbTe, and Ag,Te phases are distinguished by the different
elements ratios in the EDS results. Figure 2b clearly shows
that the Ag,Te secondary phase increases in the 2) annealed
AgSbTe,, similar to the XRD results. However, the secondary
phases such as Ag,Te and Sb,Te; of the (3, 4) thermal cycled
AgSbTe, samples are uniformly separated in the AgSbTe, ma-
trix, as shown in Figure 2c¢,d. Because the grain sizes of the sec-
ondary phases of Ag,Te and Sb,Te, after the thermal cycling are
significantly reduced compared the size of the Ag,Te in the 1)
initial AgSbTe,, the secondary phases after the thermal cycling
process, as confirmed the XRD results, were indistinguishable
from the AgSbTe, in the SEM/EXD measurements, as shown in
Figure 2c,d. Schematic images describing the annealing and ther-
mal cycling effect are presented for the 1) initial, 2) annealed,
3) Toia T C., and 4) Ty, T. C. AgSbTe, in Figure 2e-h. The
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Figure 2. SEM images and schematic diagrams of the a,e) initial, b,f) annealed, ¢,g) Trg T. C., and d,h) Tyigy T. C. AgSbTe,.
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AgSbTe,

Figure 3. a) TEM image of the plate-like Sb,Te; phase separation, b,c) Ag-nano particles, d) TEM image, and e,f) FFT patterns of the Ty, T. C. AgSbTe,.

SEM/EDS measurement results clearly shows that the thermal
cycling is effective in refining the graine size of the secondary
phase of the AgSbTe,.

The reduced grains of the secondary phase after the thermal cy-
cling are recognized through transmission electron microscope
(TEM) measurements. In the (4) Ty, T. C. AgSbTe, sample,
the Sb,Te, and AgSbTe, are distinguished by the atomic ratios
from the EDS measurements and it shows a plate-like shape as
shown in Figure 3a. The Sb and Te atomic ratios in Table S1 (Sup-
porting Information) roughly match the Sb,Te; (Sb:Te = 2:2.8)
and AgSbTe, (Sb:Te = 1:1.84). The plate-like Sb,Te, secondary
phase of a few micrometers in scales was found in literature re-
garding annealing studies of AgSbTe,.31*}] The formation of the
plate-like Sb,Te; in the (4) Ty, T. C. AgSbTe, is caused by
the heat treatment during the heat cycling. The fast-Fourier-
transform (FFT) patterns of the (4) Ty, T. C. AgSbTe, sam-
ple clearly shows the AgSbTe, and Sb,Te, phase as shown in
Figure 3e,f. However, the Ag elements are homogeneously pre-
cipitated as nanoparticles, which is confirmed by the TEM mea-
surement as shown in Figure 3b,c. The presence of Ag nanopar-
ticles is confirmed by the higher Ag element ratio of the EDS
results. Additionally, the FFT patterns of the TEM image and
the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image in Figure S4 (Supporting In-
formation) indicate that the Ag nano particles exist in the (4) Ty,
T. C. AgSbTe, sample.

2.2. Thermoelectric Properties
Figure 4a shows temperature-dependent electrical resistivities

p(T) for the initial measurement and the thermal cycling of the

Adv. Funct. Mater. 2024, 34, 2404886 2404886 (4 of 9)

AgSbTe,. All measured data of the electrical resistivities are pre-
sented in Figure S5a (Supporting Information). The electrical re-
sistivity (9.9 mQ cm near room temperature) of the 1) initial mea-
surement is comparable to the literature values (7-10 mQ cm
near room temperature) of the pristine AgSbTe,.[*®] The electri-
cal resistivities are continuously decrease with repeated measure-
ments in the temperature range from room temperature to 643
K, denoted as the 3) T ;4 T. C. The decreasing trend of p(T) due
to the thermal cycling are saturated after several times of ther-
mal cycling as shown in Figure 4b. With the enhanced maximum
thermal cycling temperature from 643 to 663 K, the 4) Ty, T. C.
AgSbTe, exhibits stable electrical resistivities, showing within 3%
variance. The thermal stability of the electrical resistivities of the
4) Tygn T. C. AgSDTe, is significantly improved compared to pre-
vious studies.!8) The enhanced thermal stability of the electrical
resistivity with the increased thermal cycling temperature is at-
tributed to the AgSbTe, recombination, as revealed in the XRD
results.

Additionally, the thermoelectric properties of the annealed
AgSbTe, at 643 and 663 K for 100 h were examined to distin-
guish between the annealing and thermal cycling effect. The
annealing temperatures are similar to the maximum tempera-
ture of the thermal cycling process, denoted as the 3) T4 T.
C. and 4) Ty, T. C. The electrical resistivities of the annealed
AgSbTe, samples are not similar to the resistivity of the thermal
cycled samples as shown in Figure S6 (Supporting Information).
The broad humps of the resistivity are enhanced and clearly ap-
peared near 500 K in the annealed AgSbTe, at 643 and 663 K.
The broad humps near 500 K are mainly affected by the Ag,Te
precipitation in the AgSbTe,.?!l The broad hump in the electri-
cal resistivity, as shown Figure S6a,b (Supporting Information),
indicates the Ag,Te phase separation in the AgSbTe,. However,
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Figure 4. a) Temperature-dependent electrical resistivities, c) Seebeck coefficients and e) power factors of the Tyiq T. C. and Ty, T. C. AgSbTe, and b)
Electrical resistivities, d) Seebeck coefficients and f) power factors at 537 and 643 K.

the first measurement of the electrical resistivity after annealing
at 643 K shows a small broad hump that means fewer Ag,Te
phase separations. The broad humps after annealing at 643 K
are enhanced with increasing measurement times, but the broad
humps after annealing at 663 K do not change significantly. These
behaviors suggest that an unknown and unstable phase of the
AgSbTe, may exist near 643 K. Based on the unstable state of
the AgSbTe, near 643 K, the meta-stable state can be generated
through the thermal cycling process. And the electrical resistiv-
ities of the annealed AgSbTe, clearly shows that the annealing
effect of the AgSbTe, is not same with the thermal cycling ef-
fect, and the Ag,Te cannot be removed by the simple annealing
process.

Since the electrical resistivity of the AgSbTe, is highly sensi-
tive to the secondary phases, the thermal stability of the AgSbTe,
after the thermal cycling process is confirmed by ten consecutive
measurements of the electrical resistivity at each measurement
temperature with increasing temperature, as shown Figure S7
(Supporting Information). The normalized py(p/p;90x) indicates
the thermal stability of the AgSbTe, at each measurement tem-
perature. Unlike the higher variations in the resistivity of the 1)
initial AgSbTe,, the low variations in the 4) AgSbTe, after the ther-
mal cycling process clearly show the enhanced thermal stability
due to the thermal cycling process.

Temperature-dependent Seebeck coefficients S(T) for the ini-
tial measurement and the thermal cycling of the AgSbTe, are
presented in Figure 4c. All measured data of the Seebeck coeffi-
cients are included in Figure S5b (Supporting Information). The
Seebeck coefficient (280 pV K~! near room temperature) of the
1) initial measurement is similar to the literature values (265-
278 uV K near room temperature) of the pristine AgSbTe,.[>®]
The Seebeck coefficients are continuously decrease with the re-
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peated measurements for the 3) T, ,; T. C. and then are enhanced
by the 4) Ty, T. C. The Seebeck coefficients for the 4) Ty, T.
C. AgSbTe, are stable for the repeated measurements within 3%
variance. The decreasing Seebeck coefficients of the 3) T, 4 T. C.
AgSbTe, are related to the phase decomposition from AgSbTe,
to Sb,Te; and Ag,Te. The enhanced Seebeck coefficients by the
4) Ty, T. C. are affected by the AgSbTe, recombination without
Ag,Te, which exhibits the negative Seebeck coefficients.3!]

The Seebeck coefficients of the 1) initial AgSbTe, decrease with
increasing temperature above 500 K. The decreased Seebeck coef-
ficients is due to the bipolar effect which is caused by the narrow
bandgap of the AgSbTe,.l°32] However, the enhancements of the
Seebeck coefficients above 600 K are observed in the AgSbTe,
after the thermal cycling. Additionally, the enhanced Seebeck
coefficients above 550 K is founded in the composite with the
AgSbTe, and Sb, Te, 13!l The enhanced Seebeck coefficients of the
AgSbTe, after the thermal cycling in the high-temperature range
may be affected by the band convergence due to the Sb,Te, sec-
ondary phase.

The effect of the Ag, Te in the AgSbTe, on the Seebeck coeffi-
cient is confirmed through comparison of the bulk Seebeck coef-
ficients and local Seebeck coefficients. Using the mapping mea-
surement for the local Seebeck coefficient, we found that the local
Seebeck coefficients of the 1) initial AgSbTe, (with Ag,Te, local
Savr- 128 uV K7') are much lower than the values of the 4) Ty,
T. C. AgSbTe, (No Ag,Te, local S,,,. ~180 pV K7'), as shown in
Figure S8 (Supporting Information). The lower local Seebeck co-
efficients of the 1) initial AgSbTe, contrast with the higher bulk
Seebeck coefficients of the 1) initial AgSbTe, (bulk S =280 pV K~!
at room temperature) compare with the bulk Seebeck coefficients
of the (4) Ty, T. C. AgSbTe, (bulk S = 195 uV K™" at room tem-
perature). The Seebeck coefficient mapping results indicate that
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Figure 5. a) Temperature dependent thermal conductivities and c) ZT values of the Tyiq T. C. and Ty, T. C. AgSbTe, and b) thermal conductivities, and

d) ZT values at 537 and 643 K.

the n-type Ag,Te locally distributed and decreases the local See-
beck coefficients in the initial AgSbTe,.

The decreased Seebeck coefficients of the 4) Ty, TC.
AgSbTe,, comparing to the values of the initial sample, is pri-
marily due to the enhanced carrier concentration from the Ag
nano-particles, not Ag, Te. The absence of the Ag, Te in the 4) Ty,
T.C. AgSbTe, is supported by the electrical resistivity results. The
broad hump in the electrical resistivity near 500 K and Anderson
localization near 180 K indicate that the electrical resistivity can
be affected by the Ag,Te in the AgSbTe,. Those effects will be
discussed in more detail later.

Temperature-dependent power factors S?¢(T) for the initial
measurement and the thermal cycling of the AgSbTe, are clearly
enhanced by the thermal cycling, as shown Figure 4e. All ob-
tained power factors are presented in Figure S5c (Supporting In-
formation). The power factor (0.8 mWm™" K=2 near room temper-
ature) of the 1) initial measurement is comparable to the power
factors of the pristine AgSbTe, (0.65-0.95 mWm~! K~2 near room
temperature) in the literatures.[®8] The power factors of the 3)
T,.q T. C. are enhanced above the AgSbTe, composition temper-
ature (633 K), but the power factors of the 4) T, T. C. are en-
hanced in the whole measured temperature range compared to
the 1) initial measurement. The enhanced power factors clearly
show that the thermal cycling can increase the power factor,
mainly caused by the decreasing electrical resistivity. Also, the
stable power factors by the 4) Ty, T. C. are presented in Figure 4f
within 3% variance.

Temperature-dependent thermal conductivities for the initial
measurement and the thermal cycling of the AgSbTe, are shown
in Figure 5a. All measured thermal conductivities are presented

Adv. Funct. Mater. 2024, 34, 2404886 2404886 (6 of 9)

in Figure S5d (Supporting Information). The thermal conductiv-
ity of the initial measurement of the AgSbTe, is 0.63 Wm™' K™,
which falls within the range of 0.5-0.7 Wm™' K~1of the pris-
tine AgSbTe, near room temperature in the literatures.[®®12 The
thermal conductivities by the thermal cycling dose not changed
significantly and are stable at high temperature range as shown
in Figure 5b. The thermal conductivities for the 4) Ty, T. C. are
within 3% variance.

The thermal conductivity(x) is primarily affected by
the phonon (x;), electronic (kx.) and bipolar diffusion
contribution(ky). The electronic thermal conductivity(x,) can be
obtained using the Wiedemann-Franz law (k, = Lo'T, where L is
the Lorenz number, ¢ is the electrical conductivity and T is the
absolute temperature). The Lorenz numbers for a degenerated
semiconductor are calculated using the temperature-dependent
Seebeck coefficients.”?*3°] The calculated Lorenz numbers
of the AgSbTe, are presented in Figure S9a (Supporting In-
formation). The Lorenz numbers for the initial measurement
and thermal cycling of the AgSbTe, are comparable with the
literature values.l”#! The lattice (k;) and bipolar thermal con-
ductivity (k) are obtained by subtracting the electronic thermal
conductivity(k,) from the measured thermal conductivity(k).
The temperature-dependent lattice and bipolar thermal con-
ductivities (k; + k) are presented in Figure S9b (Supporting
Information). The temperature-dependent lattice thermal con-
ductivities (k;) decrease with increasing temperature due to
the enhanced phonon scattering, whereas the bipolar thermal
conductivities (k) increase with increasing temperature due to
enhanced bipolar diffusion at high temperature.[”33+3] Because
the increased thermal conductivity due to the bipolar effect
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Figure 6. a) Temperature dependent electrical resistivities, b) linear fit by Mott 3D VRH, c) Hall carrier concentrations of electron and hole, and d) Hall

mobilities of the initial and Tyg, T. C. AgSbTe, below room temperature.

appears above 500 K, the lattice thermal conductivity (k) of the
AgSbTe, is dominant near room temperature. The lattice ther-
mal conductivities (k) of the AgSbTe, after the thermal cycling
process are significantly reduced compared to the values of the
1) initial AgSbTe,. The reduced lattice thermal conductivities
indicate that the secondary phases due to the thermal cycling
process effectively reduce the lattice thermal conductivity of the
AgShTe,.

Figure 5c presents the temperature-dependent figure of merit
ZT for the initial measurement and the thermal cycling of the
AgSbTe,. All data of the ZT values are presented in Figure
S5e (Supporting Information). The ZT value (0.35) of the initial
AgSbTe, is comparable to the ZT values of the pristine AgSbTe,
(0.3-0.5 near room temperature) in the literatures.[>?®] The ZT
values are significantly enhanced from 0.8 to 1.7 at 643 K by
the thermal cycling and show the stable behavior in the repeated
measurements, presenting similar values within 5% variance, as
shown Figure 5d. The enhanced ZT values of the 4) Ty, T. C.
mainly caused by the remarkably decreased electrical resistivity
due to the thermal cycling.

2.3. Electrical Transport Properties

The low-temperature electrical resistivities for the 1) initial
and the 4) T, T. C. AgSbTe, are presented in Figure Ga.
The increasing electrical resistivities with decreasing temper-
ature appear near 5 and 180 K in the 1) initial AgSbTe,
sample and near 5 K in the 4) Ty T. C. AgSbTe,. The
electrical resistivity minimum of the 1) initial AgSbTe, near
180 K is similar to the resistivity minimum of the pris-
tine AgSbTe, near 170 K in the literature.!%) The resistivity

Adv. Funct. Mater. 2024, 34, 2404886 2404886 (7 of 9)

minimums of the 1) initial and 4) Ty, T. C. AgSbTe, near 5 K are
comparable to the resistivity minimum of the Cd-doped AgSbTe2
near 10 K.7] The activation energy can be obtained from the in-
creasing electrical resistivity with decreasing temperature using
the Arrhenius equation:

_Eu
e .

where p is the electrical resistivity, E, is the activation energy, ky is
the Boltzmann constant and T is the absolute temperature.[3¢37]
In the case of the resistivity of the 1) initial AgSbTe, near 180 K,
the activation energy is estimated to be ~3.2 meV (the fitting tem-
perature range: 127-182 K), which is comparable to the activation
energy of 1-2 meV of the AgSbTe,.l'% For the resistivity of the 1)
initial and the 4) Ty, T. C. AgSbTe, near 5 K, the estimated acti-
vation energies are ~5.3 peV (fitting temperature range: 3.2-6.7 K
for the of the 1) initial AgSbTe,) and 1.2 peV (fitting temperature
range: 3.2-6.7 K for the 4) Ty;, T. C. AgSbTe,), respectively. The
reduced activation energy of the 4) Ty, T. C. AgSbTe, compar-
ing to the values of the 1) initial AgSbTe, means that the Ag-Sb
cation disorder is reduced by the thermal cycling process.

The origin of the electrical resistivity minimum of the AgSbTe,
can be explained by disorder-induced electronic localization
known as Anderson localization.l”! The AgSbTe, exhibits two dif-
ferent types of disorder: disordered impurity phases (Ag,Te or
Sb,Te;) and cationic disorder (Ag or Sb).7>1%38] The resistivity
minimum near 180 K of the 1) initial AgSbTe, can be attributed
to the Ag, Te secondary phase in the AgSbTe,. In contrast, the re-
sistivity minimum near 180 K is not appear in the 4) Ty, T. C.
AgSbTe, which is not include the Ag, Te. Also, the resistivity min-
imum of the 1) initial and 4) Ty, T. C. AgSbTe, near 5 K can be
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85UB017 SUOLILLIOD SIS0 3|qealdde au Ag peusenob 8 sojoiLe YO '8sN J0 S3|NnJ Joj Akeuq i 8ulUO AS|IM UO (SUO I PUOD-PUR-SWLBID A8 | IM" Aleuq 1 putjuo//:Sdny) SUORIPUOD Pue SULB | 8U) 885 *[5202/70/90] U0 ARiqiT auljuo A|im ‘ARiqi] AIseAIN SUBWOM eUMT Ad 988707202 WIPe/Z00T 0T/I0P/W00" A3 1M Ale1q jBul [UO'peouRADe//SA1Y WOi) pBpeo|umod ‘gy ‘v20g '82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

considered an Ag-Sb cation disorder effect. The resistivity mini-
mum due to Ag-Sb cation disorder is supported by the results of
the Cd-doped AgSbTe,, showing the resistivity minimum caused
by the cation ordering near 10 K.7!

The thermally activated electrons in the disordered system ex-
hibit variable range hopping (VRH) behavior, defined by the fol-
lowing equation:3%-*]

p (T) = py xp(%)i G)

where p,, Ty, T, and D are a pre-exponential factor, a characteris-
tic temperature, absolute temperature and dimensionality of the
system, respectively. Since the AgSbTe, has an isotropic cubic
structure, the D = 3 for the 3D-VHR is used. The increasing
electrical resistivities with decreasing temperature of the 1) initial
and the 4) Ty, T. C. AgSbTe, exhibit the 3D-VRH behavior, as
shown Figure 6b. Therefore, electrical resistivity minimum of the
1) initial and the 4) Ty, T. C. AgSbTe, can be attributed to the
Anderson localization effect of the randomly distributed Ag,Te
phase near 180 K and the Ag-Sb cation disorder near 5 K.

The electrical transport of the intrinsic AgSbTe, is affected
by two-types of carriers: heavy holes (lower hole mobility)
with higher hole carrier concentrations and the light elec-
trons (higher electron mobility) with lower electron carrier
concentrations.”13 To investigate the electrical resistivity change
of the AgSbTe, due to the thermal cycling, the carrier concen-
trations (n,, n,) and mobilities (u,, p,) of the electron and hole
are calculated using two-carrier modell”*! with the measured
longitudinal electrical resistivity p,, (H) and Hall resistivity p,, (H)
under the various magnetic fiends from —5 T to 5 T, as shown in
Figure S10 (Supporting Information). The calculated carrier con-
centrations and mobilities of electron and hole for the 1) initial
and 4) Ty, thermal cycled AgSbTe, are presented in Figure 6c,d.
Similar to the previous investigations,[”!3! the 1) initial AgSbTe,
exhibits lower hole mobility (u, = 1198 cm? V' s7! at 300 K) with
higher hole carrier concentration (n;, = 2.8 x 107 cm~* at 300 K)
and higher electron mobility (y, = 3101 cm? V-! s71 at 300 K)
with lower electron carrier concentration (n, = 9.6 X 10'® cm= at
300 K). The 4) Ty, T. C. AgSbTe, also shows a similar behavior
with lower hole mobility (u, = 314 cm? V! s7! at 300 K) with
higher hole carrier concentration (n;, = 4.5 x 10'® cm= at 300 K)
and higher electron mobility (u, = 788 cm? V=! s71 at 300 K) with
lower electron concentration (n, = 7.8 X 10”7 cm™ at 300 K).

The temperature-dependent carrier concentrations and mobil-
ities of the 1) initial and 4) Ty;,, T. C. AgSbTe, are not show in-
trinsic behavior in contrast to the intrinsic behaviors in the trans-
port properties of the pure AgSbTe,.l"3] The extrinsic behavior in
the carrier concentrations and mobilities are also founded in the
highly doped AgSbTe(Se, S), samples and the AgSbTe, including
the secondary phase.!”®] Therefore, the abnormal behavior of the
transport properties of the 1) initial and 4) Ty, T. C. AgSbTe,
is mainly due to the secondary phases. The enhanced electron
and hole carrier concentrations of the 4) T, T. C. AgSbTe, are
mainly affected by the Ag-nano particles and the p-type Sb,Te,
secondary phase (n, = ~1 x 1020 cm=3).[*243] The electron and
hole mobilities of the 4) Ty, T. C. AgSbTe, are decreased due to
the enhanced carrier concentrations.
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3. Conclusion

In summary, the AgSbTe, was synthesized by the conventional
melting method. We found that the unstable thermoelectric prop-
erties of the AgSbTe, are caused by the Ag,Te secondary phase,
which is a phase-change material. The small amount Ag,Te of
the initial AgSbTe, affected the low-temperature electrical re-
sistivity, resulting in the appearance of the electrical resistivity
minimum near 180 K in the initial AgSbTe,. The Ag,Te in the
AgSbTe, makes not only the sample unstable in the repeated
high-temperature measurements but also increase the electrical
resistivity due to Anderson localization.

The enhanced thermal stability of the AgSbTe, was caused by
the repeated measurements, which can be considered as the ther-
mal cycling effect. The optimized thermal cycling condition of
the AgSbTe, increased the variance of the ZT values <5%. The
improved thermal stability of the AgSbTe, can be attributed to
the meta-stable state caused by the graine refinement of the sec-
ondary phase through the thermal cycling process.

The enhanced thermoelectric performance under the opti-
mized thermal cycling condition was mainly caused by the en-
hanced power factor with the decreased electrical resistivity. The
electrical resistivity of the initial AgSbTe, decreased due to the
increased electron and hole carrier concentrations influenced
by the Ag-nano particles after the optimized thermal cycling.
As a result, the maximum ZT value of the AgSbTe, was en-
hanced from 0.8 to 1.7 at 643 K after the optimized thermal
cycling.

4. Experimental Section

Synthesis of AgSbTe,: The high-quality polycrystalline AgSbTe, ingot
was synthesized by the conventional melting method using a rocking fur-
nace. Stoichiometric amounts of Ag (99.999%), Sb (99.999%), and Te
(99.999%) were sealed in evacuated quartz tubes under high vacuum. The
quartz ampoules were heated to 1123 K and maintained at this temper-
ature for 12 h using a rocking furnace. The melted AgSbTe, was slowly
cooled to room temperature for 2 days.

Phase and Structure Characterization: The X-ray diffraction (XRD) pat-
terns were obtained at room-temperature and high-temperature (from 300
to 673 K) using a D8 advance diffractometer (Bruker, Germany) and an
X'Pert PRO diffractometer (PANanalytical, Netherland) with Cu-kxa radia-
tion, respectively. The microstructure images and elemental mapping were
investigated using a high-resolution field-emission scanning electron mi-
croscope with an energy-dispersive X-ray (EDX) spectroscopy (MERLIN,
Carl Zeiss, Germany). The nanostructure analysis was performed using a
transmission electron microscope (TEM, JEM- ARM-200F, JEOL, Japan).

Electrical and Thermal Transport Property Measurements: The
temperature-dependent electrical resistivities (p) and Seebeck coeffi-
cients (S) were simultaneously measured under helium atmosphere by a
four-point probe method using a thermoelectric properties measurement
system (ZEM-3, ULVAC-RIKO, Japan) from 300 to 673 K. Seebeck coeffi-
cient mapping measurements were performed with 100 um intervals using
a scanning thermal probe micro-imaging apparatus (STPM-1000, Ad-
vance Riko, Inc., Japan) at room temperature. The temperature-dependent
electrical resistivities (p), the longitudinal electrical resistivities (py (H)),
and Hall resistivities (p,,(H)) with z-direction magnetic fields (from
—5 T to 5 T) were measured by a four-point probe method using the
physical properties measurement system (PPMS-14T Dynacool, Quan-
tum Design, USA) from 2 to 300 K. The electron (n.) and hole (n,)
carrier concentration and electron (u,) and hole (u,) mobility were
estimated by a two-carrier modell®>'"l with the measured longitudinal
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electrical resistivities (p,(H)) and Hall resistivities (p,(H)). The
temperature-dependent total thermal conductivities (k) were calculated
by the relation of k = p,ACp, where p, is the sample density, 4 is the
thermal diffusivity and Cp is the specific heat. The thermal diffusivity
is measured by a laser flash method (LFA-456, NETZSCH, Germany).
As the specific heat of the AgSbTe, shows a good agreement with the
Dulong-Petit value,[®7] the Dulong-Petit value was used for the specific
heat.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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