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ABSTRACT: High-performance thermoelectric materials are desirable in the lower-
medium temperature range (450—650 K) for low-grade waste heat recovery. We report
a thermoelectric figure of merit (zT) of 1.9 at 585 K in p-type AgSb,_,Zn,Te,, which is
the highest value measured among the p-type materials in the 450—650 K range. A
high average thermoelectric figure of merit (zTavg) of 1.3 is achieved in
AgSb 96Zny o, Te,. Moreover, the AgSb,_.Zn, Te, sample exhibits a hardness value of
~6.3 GPa (nanoindentation), which is significantly higher than that of the pristine
AgSbTe,. Substitution of Zn in AgSbTe, suppresses the formation of intrinsic Ag,Te
impurity phases, which indeed increases the thermal and mechanical stability. The
lattice thermal conductivity for AgSb, .7Zn Te, samples is reasonably reduced
compared to that of the pristine AgSbTe, because of the significant solid solution
point defect phonon scattering. Aliovalent Zn** doping in Sb*" sites in AgSbTe,
increases the p-type carrier concentration, which boosts the electrical conductivity of
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hermoelectric (TE) materials are a potential candidate
I for waste heat to electrical energy conversion. The
efficiency of thermoelectric materials depends on
dimensionless figure of merit, zT = 6S°T/k, where o, S, K,
and T are electrical conductivity, Seebeck coeflicient, total
thermal conductivity, and temperature, respectively.' > It is a
great challenge to improve overall zT by simultaneous
optimization of o, S, and k because of their interdependent
nature. Higher power factor (6S*) and/or lower thermal
conductivity are necessary for the enhancement of zT.
Significant efforts have been made to improve the Seebeck
coefficient via introduction of resonance levels in electronic
bands near the Fermi level”” and convergence of electronic
band valleys.”~'* On the other hand, recent advances show that
high thermoelectric performance could be achieved mainly
through the remarkable decrease in the lattice thermal
conductivity via phonon scattering by introducing solid solution
point defects, second phase nanoprecipitates,' '* mesoscale
grain boundaries,"*"* intrinsic bond anharmonicity,"®"*° and
rattling modes." ">
AgSbTe, is considered to be a promising thermoelectric
material for power generation application in the temperature
range of 400—700 K because of its glasslike anomalously low
thermal conductivity (0.6—0.7 Wm™'K™!)."”*'~** At room
temperature, AgSbTe, crystallizes in a disordered rock-salt
structure (space group, Fm3m) in which Ag and Sb randomly
occupy the cation site and Te occupies the anion site.”
Previous studies indicate that strong anharmonicity in Sb—Te
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bonds is responsible for ultralow thermal conductivity, which is
mainly caused by the existence of the stereochemically active

2 lone pair on Sb.”> Moreover, narrow band gap semi-
conductor, AgSbTe,, exhibits p-type conduction with high
thermopower due to the presence of multiple flat valence band
valleys.”® Notably, alloys of AgSbTe, with PbTe-rich
[(AgSbTe,),_,(PbTe), (LAST)]27 and GeTe rich [(AgSb-
Te,),_(GeTe), (TAGS)]*® phases are famous for their
excellent thermoelectric performance.

Thermoelectric materials must be thermodynamically stable
and mechanically robust for long-term applications. Despite its
high thermoelectric performances, thermodynamic stability of
AgSbTe, has remained a challenging issue since its discov-
ery.””*® Detailed studies on pseudobinary Sb,Te;— Ag,Te and
Sb,Te;—Ag,Te—Te phase diagrams confirm the non-existence
of a thermodynamically stable compound with the exact
stoichiometric composition of AgSbTe,.>'>* A stable cubic
phase with a wide range of compositions (Ag,_.Sb;,,Te,..; x =
0.06—0.28) is the only ternary compound in the Sb,Te;—Ag,Te
phase diagram.'® This nonstoichiometric AgSbTe, slowly
decomposes into a solid solution of Ag in Sb,Te; and solid
solution of Sb in f-Ag,Te at 630 K.*'~** Moreover, several
groups have reported the presence of a small amount of a-
Ag,Te as a second phase in AgSbTe, at room temperature
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Figure 1. (a) Powder X-ray diffraction pattern for AgSb,_,Zn Te, (x = 0—0.06) samples, (b) variation of lattice parameter as a function of Zn
(x) concentration in AgSb,_,Zn,Te, (x = 0—0.06), and (c) DSC curves for AgSb,_,Zn,Te, (x = 0.0, 0.02, 0.04) samples.

despite their different synthesis procedure such as melting and
slow cooling,zg’30 mechanical alloying,35 and zone melting,36
which indicates that the matrix is always Sb-rich (Ag-poor) in
AgSbTe,. The Ag,Te impurity may have a negative impact on
the thermoelectric properties of AgSbTe, because of its n-type
conduction and structural phase transition at ~425 K.*> Thus,
blocking the formation of the Ag,Te impurity during synthesis
of AgSbTe, is important for optimization of the thermoelectric
and mechanical properties of AgSbTe,. Another major
drawback of the AgSbTe, compound is its low electrical
conductivity caused by the heavy hole carriers, which are due to
the effect of the flat valence band maximum. Nevertheless,
enhancement in the electrical conductivity has been achieved in
Na-doped nonstoichiometric AgSbTe,, which exhibited a zT of
LS at 570 K™

Cubic AgSbSe,, an analogue of AgSbTe,, is thermodynami-
cally stable below its melting point and shows promising
thermoelectric properties for practical application.”’ > Re-
cently, Du et al. have shown that partial substitution of Se in
place of in AgSbTe, suppresses the formation of impurity
phases such as Ag,Te and Agy;sSbygeTegss A zT value of
~1.35 at 565 K is reported for the nominal composition of
AgSbTe, gsSeq >~ Recently, In doping in AgSbTe, resulted in
a zT of 1.35 at 650 K.** Moreover, we have previously shown
that Zn doping in AgSbSe, boosts the thermoelectric
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performance through synergistic effect of nanostructuring,
carrier engineering, and bond anharmonicity.”® Motivated by
the above fact, we have studied the effect of Zn doping (x = 0—
6 mol %) on thermoelectric properties of AgSbTe,.

Here, we report a remarkably high thermoelectric figure of
merit, zT, of 1.9 at 585 K in p-type AgSb,_,Zn Te, (x = 0—
0.06) ingots via simultaneous carrier engineering and reduction
of lattice thermal conductivity. The zT of 1.9 at 585 K in
AgSbygsZng,Te, is the highest zT value measured for p-type
materials to date in the lower-medium temperature range
(450—650 K). Importantly, AgSbgosZngg,Te, possesses an
average thermoelectric figure of merit, zT,,, value of ~1.3 in
the 300—600 K range, which is highest value measured to date
for AgSbTe,-based compounds. Because Zn** doping in place
of Sb®* in AgSbTe, acts as an acceptor, it increases p-type
carrier concentration and thereby enhances the electrical
conductivity. Increased p-type carriers in AgSb;_,Zn Te, easily
access the multiple flat valence band valleys in AgSbTe,, which
results in a large Seebeck coefficient. In addition, reduction in
lattice thermal conductivity was observed upon Zn doping in
AgSbTe, because of phonon scattering due to solid solution
point defects. Interestingly, substitution of Zn at a Sb site in
AgSbTe, suppresses the unavoidable formation of Ag,Te by
increasing the solubility of Ag,Te in AgSbTe,, which indeed
increases the thermal and mechanical stability of AgSbTe,. The
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maximum hardness value of ~6.3 GPa was measured by
nanoindentation method for the AgSbjgsZngy,Te, sample,
which is significantly higher than that of the pristine AgSbTe,.

We have synthesized high-quality crystalline ingots of several
AgSb,_,Zn,Te, (x = 0, 0.02, 0.04, 0.06) compositions by
mixing appropriate ratios of high-purity starting materials of Ag,
Sb, Zn, and Te in a quartz tube. Quartz tubes were then sealed
under vacuum (107 Torr), slowly heated to 1123 K, then
slowly cooled to room temperature (see Experimental Section
in the Supporting Information). Bar- and coin-shaped samples
obtained after cutting and polishing as-synthesized ingot were
used for electrical and thermal transport property measure-
ment, respectively.

Powder X-ray diffraction (PXRD) pattern of AgSb,_,Zn,Te,
(x = 0, 0.02, 0.04, 0.06) samples could be indexed based on
cubic AgSbTe, structure (space group, Fm3m) (Figure la).
Careful analysis of PXRD data for the compositions of x = 0
and x = 0.02 shows the weak diffraction peaks of Ag,Te, which
is consistent with the previously reported literature (Figure
S1).">'7"” Interestingly, with the addition of Zn (x = 0—6 mol
%) in AgSbTe,, impurity peaks corresponding to Ag,Te
become weaker and finally disappear with higher concentration
of Zn (Figure S1). This suggests that substitution of Sb with Zn
in AgSbTe, suppresses the formation of the Ag,Te phase. The
lattice parameter of AgSb, .7Zn Te, depends linearly on the
concentration of Zn which is consistent with solid solution
Vegard’s law (Figure 1b).

The DSC curves for AgSb,_,ZnTe, (x = 0, 0.02, 0.04)
samples are presented in Figure lc. A small endothermic peak
observed around 425 K is associated with a—f structural
transition of Ag,Te for the pristine AgSbTe, and
AgSbg 9gZnyp;Te,. Transition due to Ag,Te disappears
completely for the composition of x > 0.04, which also
confirms the blocking of Ag,Te formation on Zn doping in
AgSbTe,. The exothermic peak around 510 K in the DSC curve
is responsible for the appearance of unstable phase Sb,Te,
which is earlier observed in Cu- and Mn-doped AgSbTe,
samples.*"** Additionally, one endothermic peak around 602
K is observed for all the samples that correspond to the
presence of AgiTe;.”” The DSC curves show the presence of
the large endothermic peak at about 635 K, which corresponds
to the decomposition of AgSbTe, into Ag,Te and Sb,Te,*>**
This decomposition limits the thermoelectric studies of
AgSbTe, in the 300—600 K range, and here we have focused
our thermoelectric measurement in the same temperature
range.

To understand the surface morphology and microstructure
compositions, backscattered electron imaging (BSE) and EDS
are performed during FESEM measurement. Figure 2 shows
BSE-FESEM micrographs of AgSbTe, (a and b) and
AgSbg06Zn04Te, (c and d) samples. For the pristine AgSbTe,
sample, we have observed nanoprecipitates with lighter contrast
with respect to dark contrast AgSbTe, matrix. EDS analysis
indicates that the matrix is Sb-rich AgSbTe, (Figure S2). The
light contrast nanoprecipitates observed in BSE-FESEM are a-
Ag,Te. Substitution of Zn in AgSbTe, suppresses the formation
of Ag,Te in the matrix; thus, we do not see any nano-
precipitates in AgSbygsZngesTe, (Figure 2c,d). We have
prepared ingots by a melt—cooling synthesis route. In the
cooling process, Ag,Te with a higher melting point solidifies
and slowly grows into microscale precipitates in the AgSbTe,
matrix, resulting in an inhomogeneous multiphase material.
With addition of Zn, concentration of Ag,Te decreases, which
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Figure 2. Backscattered electron images taken during FESEM for
(a, b) pristine AgSbTe, and (c, d) AgSbgesZb, o, Te, samples.

is similar to the Se-doped AgSbTe, sample in which Se helps to
reduce the Ag,Te phase.”” Actually, Zn increases the solubility
limit of Ag,Te in the AgSbTe, matrix because Ag,Te forms a
solid solution with ZnTe in the lower concentration range.
Similar behavior is observed in GeTe, where 3 mol % Bi,Te;
increases the solubility limit of Pb in GeTe."

Figure 3a represents the temperature dependence of
electrical conductivity (o) for AgSb,_,Zn,Te, (x = 0—0.06)
samples in the 300—635 K range. Aliovalent substitution of
Zn*" at Sb*' site in AgSbTe, increases the ¢ from ~136 S/cm
for pristine AgSbTe, to ~160 S/cm for AgSbjgsZngo,Te, at
300 K. With the increase in temperature, electrical conductivity
of AgSb, .Zn Te, passes through minima and then starts to
increase at high temperature, which is due to the onset of
bipolar conduction in a narrow band gap semiconductor.
Typically, the AgSb,gsZngo,Te, sample exhibits a o value of
~160 S/cm at room temperature, which decreases to ~145 S/
cm at 475 K and finally increases to ~227 S/cm at 632 K. We
observe a small hysteresis in electrical conductivity during the
heating—cooling cycle measurement (Figure S6). With addition
of Zn (4—6 mol %) in AgSbTe,, the concentration of Ag,Te
decreases significantly, but small amounts of Sb,Te and Ag;Te;
phases still exist in AgSbTe,, which can be shown from the
DSC plot of AgSb,_,Zn,Te, (Figure 1c). Hysteresis in the
temperature dependence of electrical conductivity during
heating and cooling cycles occurs because of the unstable
phases Sb,Te and AgsTe;.

To understand the effect of Zn doping on electrical transport
behavior in AgSbTe, system, Hall measurement was carried out
to estimate the carrier concentration (1) and carrier mobility
(u) of AgSb,_,Zn,Te, samples, which are summarized in Table
1. Doping of Zn in AgSbTe, increases the p-type carrier
concentration from ~1.14 X 10" cm™ for pristine AgSbTe, to
~48 x 10" cm™ for the AgSbygeZnggsTe, sample. This
indicates that Zn** dopes at Sb** sublattice and contributes one
hole per doping in AgSbTe,. Increase in p-type carrier
concentration indeed increases the ¢ in AgSb,_,Zn, Te,.

Temperature dependence of Seebeck coefficients (S) of
AgSb,_,Zn Te, samples are presented in Figure 3b. Positive
Seebeck coefficient values indicate p-type conduction, which is
consistent with the Hall coefficient data. The Seebeck value for
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Figure 3. Temperature-dependent (a) electrical conductivity (), (b) Seebeck coefficient (S), and (c) power factor (6S>) for AgSb,_,Zn,Te, (x

= 0-0.06) samples.

Table 1. Carrier Concentration (n), Carrier Mobility (1),
and Effective Mass (m*) of AgSb,_,Zn, Te, (x = 0.0, 0.02,
0.04, and 0.06) Samples at Room Temperature

sample n (cm™) u (em?*Vv's) m*
AgSbTe, 1.14 X 10" 74 1.32m,
AgSbygsZng g, Te, 2.7 x 10" 31 2.82m,
AgSbgosZngosTe, 4.8 x 10* 32.5 2.65m,
AgSbg,ZnggsTe, 5.14 x 107 204 2.53m,

the pristine AgSbTe, sample is ~264 uV/K at room
temperature, which increases to ~360 yV/K at ~438 K. The
large Seebeck value of AgSbTe, is attributed to the presence of
a flat and multivalley valence band.”® Typically, the
AgSbygsZng o, Te, sample shows a room-temperature Seebeck
value of ~235 uV/K which increases to ~275 yV/K at 610 K.
The high S value in AgSbTe,-based compounds is due to high
density of state effective mass (m*). Assuming a single
parabolic band model with acoustic phonon scattering (r =
—1/2), we have estimated the m* according to the following
equation using the measured Seebeck coefficients and Hall
carrier concentrations (n):>”***

‘|2/3

« W n
m* = ——| ————
2Tkg| 47F ;,(n)
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(r + 3/2)E.5,,(n) .
(r+ 3/2)Fr+1/2(’7)

k
S=i—B[

e

=" —* 4
) = [T
g o 1477

where 7 is the reduced Fermi energy, F, (1) the nth order Fermi
integral, kp the Boltzmann constant, e the electron charge, h the
Planck constant, and r the scattering factor. The reduced Fermi
energy was extracted based on fitting the respective Seebeck
data. Calculated values of m* for AgSbTe, and
AgSby 9sZng o, Te, samples are 1.32m, and 2.65m, respectively
(Table 1). Similar high m* values have also been observed in
cases of doped AgSbSe, and Alc:»;S’bTez.wAs’Ar6 The increase in
m* value with the increase in Zn concentration in AgSbTe, is
attributed to increases in p-type carriers, which easily accesses
the multiple flat valence band valleys of AgSbTe,. Notably, we
have also observed that Zn-doped samples exhibit hole mobility
(u) that is relatively lower than that of the pristine sample
because of the presence of heavy holes (Table 1).

Figure 3c represents the temperature-dependent power
factors (6S*) for AgSb,_,Zn,Te, samples. Typically, AgSbTe,
exhibits the S’¢ value of ~9.6 W cm™ K> at 300 K, which
decreases to ~7.9 yWcem 'K at 610 K. However, the
AgSbgosZng,Te, sample exhibits the S’ value of ~11.5
uW cm™ K72 at 300 K, which reaches the maximum value of
~17.3 W ecm ™' K™ at 585 K.
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Figure 4. Temperature-dependent (a) total thermal conductivity (Kk,,) and (b) lattice thermal conductivity (ki) for AgSb,_,Zn Te, (x = 0—

0.06) samples.
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Figure 5. (a) Temperature-dependent thermoelectric figure of merit (zT) of AgSb,_,Zn Te, (x = 0—0.06) samples. (b) The best zT obtained
in this study compared with some of the state-of-the-art thermoelectric materials. The p-type Zn-doped AgSbTe, shows the highest zT in the
lower-medium temperature range (450—650 K). (c) zT,,, values for several popular polycrystalline thermoelectric materials compared with

the present AgSb,_,Zn Te,.

Temperature-dependent thermal conductivities of
AgSb,_,Zn, Te, samples are illustrated in Figure 4. The total
thermal conductivities, K, of all the samples were estimated
by using the formula K = DC,p, where D is the thermal
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diffusivity (Figure S3a), C, the specific heat (Figure $4), and p
the density (Table S2) of the sample in the temperature range
of 300—650 K. At 300 K, Ky, values for all the samples range
from 0.55 W/mK to 0.65 W/mK, which agree with previous

DOI: 10.1021/acsenergylett.6b00639
ACS Energy Lett. 2017, 2, 349-356


http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00639/suppl_file/nz6b00639_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00639/suppl_file/nz6b00639_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00639/suppl_file/nz6b00639_si_001.pdf
http://dx.doi.org/10.1021/acsenergylett.6b00639

ACS Energy Letters

results.'””'~** However, with increasing temperature, we
observe the enhanced contribution of bipolar thermal
conductivity, which is typical of a narrow band gap semi-
conductor. Previous theoretical electronic structure calculation
indicates that AgSbTe, exhibits a semimetallic band structure
where the conduction band goes below the top of the valence
band.*® It is well-known that most density functional theory
calculations tend to underestimate the band gaps of semi-
conductors, and we cannot exclude the possibility that AgSbTe,
is a semiconductor with a small band gap. Previous diffuse
reflectance measurement in AgSbTe, provided an apparent
band gap (0.35 V), whereas electrical conductivity suggested a
band gap of 0.1 eV.”® These results clearly indicate that
AgSbTe, is a narrow band gap semiconductor. Substitution of a
small amount of Zn at the position of Sb in AgSbTe, does not
change the narrow band gap nature of AgSbTe,, which can be
seen from temperature-dependent thermal conductivity which
shows similar onset temperature for bipolar thermal conduction
compared to pristine AgSbTe,.

Kot Of AgSb;_,Zn Te, is mainly governed by its lattice
component, Ky, which corresponds to proliferation of
phonons. Temperature-dependent k,, for AgSb, .Zn Te,
samples were estimated by subtracting electronic thermal
conductivity (ky = LoT (Figure S3b)), where L is the Lorenz
number which can be obtained based on the fitting of the
respective Seebeck values that estimate the reduced chemical
potential as explained elsewhere’”) from K. The intrinsically
low thermal conductivity of AgSbTe, arises because of the
presence of strong bond anharmonicity, resulting from the
stereochemically active Ss* lone pair on Sb, which deforms
lattice vibration significantly.'” At 600 K, the AgSbyesZngosTe,
sample exhibits a Ky, value of ~0.36 W/mK, which reaches
close to the theoretical minimum limit of the thermal
conductivity (~0.3 W/mK) in AgSbTe, calculated using the
formula described by Cahill et al.*’ Reduction in the lattice
thermal conductivity was ~26% in AgSbjosZng,Te, when
compared to the pristine AgSbTe,. The decrease in ki, of
AgSby 9sZng o, Te, compared to that of pristine AgSbTe, is due
to scattering of heat-carrying phonons via solid solution point
defects.

We have estimated the dimensionless figure of merit (zT) for
AgSb,_Zn,Te, (x = 0, 0.02, 0.04, 0.06) samples by using
measured values of ¢, S, and x in the 300—635 K temperature
range (Figure Sa). Although, room-temperature zT values of all
the samples were comparable, the advantage of addition of Zn
is clearly distinguishable at elevated temperatures. We have
obtained a maximum zT of ~1.9 at ~585 K for
AgSb, 9sZny,Te,, which is significantly higher compared to
that of the pristine AgSbTe, sample and other reported values
for doped AgSbTe, (Figure SS).

The p-type BigsSb, sTe,"*” based materials exhibit high
performance in the 300—400 K range, whereas p-type PbTe '
and SnSe’’ based materials show high performance in the 700—
900 K range (Figure Sb). High-performance p-type materials
are desirable in the 450—650 K range for lower-medium
temperature power generation applications. p-type MgAng,Sl
CdSb,”* and Zn,Sby>’ based materials show promising
performance in the 450—650 K range (Figure Sb). p-type
AgSbygsZng o, Te, exhibits zT of 1.9 at 584 K, which is the
highest value obtained in the 450—650 K range among the p-
type materials. The average zT value (zT,,) of
AgSbyg¢Zng,Te, is estimated to be ~1.3 by considering the
cold and hot side temperatures of 300 and 600 K, respectively,
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which is on par with that of high-performance state-of-the-art
thermoelectric materials (Figure 5¢). 1 H05L5H53

In addition to high zT and high zT,,, materials should
possess high mechanical stability for device applications. The
mechanical properties, reduced elastic modules and hardness, of
AgSb,_,Zn, Te, samples were measured by the nanoindentation
method (Table S1). Figure 6 shows the load (P) versus

—— AgSbTe,

5 11— Ang0.962n0,04TeZ

4
=z
E3]
o
ek
Sl \

0- N i o

0 100 200 300

Displacement, h (nm)

Figure 6. Load (P) vs displacement (k) curve and hardness value
(GPa) of AgSb,_,ZnTe, (x = 0.0, 0.04) samples measured by
nanoindentation.

displacement (h) curves of AgSbTe, and AgSbgosZngoTe,
samples. The pristine AgSbTe, sample possesses the hardness
value of ~2.54 GPa, whereas the AgSbgosZngg,Te, sample
shows the maximum hardness value of ~6.3 GPa. Substitution
of Zn in AgSbTe, increases the hardness of the matrix
significantly by increasing the rigidity of the material. Generally,
hardness or strength of materials can be defined by dislocation
motion in the lattice of the matrix material.*® Hardness can be
effectively controlled by introducing solid solution, grain
boundaries, and second phase nanoprecipitates in the matrix,
where solute atoms in solid solution, grain boundaries, and
small nanoprecipitates impede the motion of a dislocation,
thereby increasing the strength and hardness of the material.”’
Because Zn doping increases the solubility of Ag,Te in the
AgSbTe, matrix, we anticipate that the increased point defects
due to solid solution impede the dislocation propagation,
thereby enhancing the hardness of the material. This result
indicates that Zn-doped AgSbTe,-based materials have a
significantly high mechanical stability, which is useful during
large-scale device fabrication.

In summary, crystalline ingots of p-type AgSb,_.Zn Te,
exhibit a zT of 1.9 at 585 K, which is the highest in the
lower-medium temperature range (450—600). An average 2T
value of 1.3 is obtained in the 300—600 K range for the
AgSby sZny . Te, sample, which is comparable to that of the
best polycrystalline thermoelectric materials. Moreover, we
have achieved a hardness value of ~6.3 GPa for the high-
performance AgSbggsZng o Te, sample, which is significantly
higher than that of the pristine AgSbTe,. Zn doping in
AgSbTe, suppresses the formation of the Ag,Te impurity
phase, which indeed increases the thermal and mechanical
stability. Zn>* acts as an acceptor dopant in AgSbTe,, thereby
enhancing the electrical conductivity and power factor.
Moreover, the lattice thermal conductivities for AgSb,_.Zn Te,
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samples were reduced substantially because of the increased
phonon scattering resulting from solid solution point defects.
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