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Sb deficiencies control hole transport and boost the
thermoelectric performance of p-type AgSbSe,f
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Silver antimony selenide, AgSbSe,, a Te free analogue of AgSbTe,, has been known to show a promising
thermoelectric performance when it is doped with monovalent (M*) and divalent (M2*) cations in the Sb
sublattice. Here, we report a significant enhancement of the thermoelectric performance of p-type
nonstoichiometric AgSbSe, through Sb deficiencies. Sb deficiencies markedly increase the carrier
concentration in AgSbSe, without the addition of any foreign dopant, which in turn enhances electrical
conductivity in the 300-610 K temperature range. Enhancement in the electrical transport results in a
remarkable improvement in the power factor (65 values up to ~6.94 pW cm™ K2 at 610 K
in AgSb;_,Se,. Notably, we have achieved a nearly constant ¢S° value of ~6 uW cm™t K2 in the
400-610 K temperature range in Sb deficient samples. Additionally, AgSbSe, exhibits ultra-low thermal
conductivity due to phonon scattering because of bond anharmonicity and a disordered cation sub-
lattice. With superior electronic transport and ultra-low thermal conductivity, a peak ZT value of ~1 at
610 K was achieved for the AgSbg g9255€, and AgSbg g9Se, samples. A maximum thermoelectric conversion
efficiency (7max) Of ~8% was calculated by considering a virtual thermoelectric module consisting of the
present p-type AgSb;_,Se, and previously reported n-type AgBiSe,_,Cl,, by maintaining a temperature
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1. Introduction

To alleviate the demand for fossil fuels and for a greater
understanding of the long-term effects of greenhouse gas
emissions, a clean and sustainable energy solution is essential.
Generation of electrical energy from waste heat by using
thermoelectric generators is one of the clean and efficient ways
to solve the future energy problems. The conversion efficiency
of a thermoelectric device is proportional to the thermoelectric
figure of merit of the material, ZT = O'SZT/(Kel + Kia), where a, S,
T, ke and Ky, are the electrical conductivity, Seebeck coefficient,
temperature, electrical thermal conductivity, and lattice thermal
conductivity, respectively.'® The requirements for high ZT
values are a high Seebeck coefficient, high electrical conductivity
and low thermal conductivity in the same material.'™ The
development of high performance materials are challenging
because of the well-known interdependence of ¢, S and . To
date, different strategies have been employed to increase the
ZT value of inorganic materials. Tuning of charge carrier and
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1 Electronic supplementary information (ESI) available: Thermal diffusivity and
heat capacity (Fig. S1), Lorenz numbers (Fig. S2), electronic thermal conductivity
(kele) (Fig. S3), heating cooling cycle electrical conductivity (¢) and Seebeck
coefficient (S) data for AgSbgogsSe, samples (Fig. S4). See DOI: 10.1039/
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phonon transport in the material are the two important aspects
of all the discovered approaches. The carrier transport in materials
can be altered significantly by the modification of their electronic
structure via the introduction of resonance levels,””® band
convergence,”'® quantum confinement effects,"""'* and elec-
tron energy barrier filtering.'®'* Lattice thermal conductivity
(k1ae) is independent of the electrical transport of the material.
Thus, different approaches have been taken to reduce the
Kiar- Some of the most successful ways to reduce the ki, are through
solid solution alloying,"® second phase nanostructuring,">** and
the all scale phonon scattering approach.” High ZT values can be
achieved in single phase compounds by utilizing critical phase
transitions'®?° or intrinsically low thermal conductivity.® Complex
crystal structures with heavy elements, high lattice anharmonicity
and soft resonant bonding can also give rise to significantly low
thermal conductivity.**'>

In the last couple of years, tremendous efforts have been
devoted to the development of high performance materials
based on earth abundant elements, aside from conventional
Te containing PbTe, Bi,Te; and AgSbTe,, due to the toxicity and
low abundance of Te. Among the different new materials, Te
free I-V-VI, (where I = Cu, Ag or alkali metal; V = Sb, Bi; and
VI = S, Se) chalcogenides are one of the promising class of
materials due to their intrinsic low lattice thermal conductivity.**>*
The low lattice thermal conductivity occurs due to the presence of
soft phonon modes, which arises due to the strong hybridization
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and repulsion between the 7s* lone-pair of the group V cation and
the valence p orbital of the group VI anion.”** In this class of
compounds, AgSbSe,, AgBiSe, and AgBiS, are known for their
promising thermoelectric performance.>*****2¥ Among these
compounds, AgSbSe,, an intrinsic p-type narrow band gap
semiconductor,>*® crystallizes in a cubic rock salt structure
(space group Fm3m) with disordered Ag and Sb positions.*
Apart from possessing a low thermal conductivity like other
members, AgSbSe, has a favorable valence band structure
that consists of 12 half-pockets located at the X-point of the
Brillouin zone.***!

Although AgSbSe, has a favorable valence band structure,
the electrical conductivity of the pristine sample is low, which
results in a poor thermoelectric performance.** Density func-
tional theory based calculations on AgSbSe, by Mahanti and
coworkers indicated that the strongly hybridized state of Sb p
and that of Se shows a significant contribution near the Fermi
level in the density of states (DOS) of AgSbSe,.*° Thus, in order
to improve the electrical conductivity of AgSbSe,, either a
divalent (Pb**, Cd**, Zn**, Sn**) or monovalent cation (Na*)
were earlier doped into the Sb site.”*®® Divalent (M>") and
monovalent (M*) cation dope the Sb®" sublattice, and from
simple valence counting, contribute one and two extra p-type
carrier(s), respectively (Table 1), thus enhancing the carrier
concentration and electrical conductivity of AgSbSe,. If one
can create an Sb deficiency (i.e. AgSb; ,Se,), then three extra
p-type carriers can be generated per Sb deficiency (Table 1),
which will possibly enhance the electrical conductivity without
the addition of any foreign dopant. Although the effect of doping
various cations on the thermoelectric properties of AgSbSe, has
been extensively studied, an investigation into the effect of
nonstoichiometry or cation deficiency has not been carried out
to date.

Herein, we report the effect of Sb deficiency [AgSb, _,Se,;
x = 0-3 mol%] on the thermoelectric properties of p-type
AgSbSe, for the first time. We have shown that the hole
transport in AgSbSe, can be significantly tuned by controlling
the Sb stoichiometry without the addition of any foreign dopant.
The p orbital of Sb shows a significant contribution near the
Fermi level in the DOS of AgSbSe,,*® and thus creation of Sb
deficiencies can result in tuning of the Fermi level. Our experi-
mental results demonstrate that a small amount of Sb deficiencies
markedly increases the hole concentrations, which indeed
enhances the electrical conductivity up to ~90 S em™" from
4.5 S cm™ ! (for the pristine sample) at room temperature.

Table 1 From simple valence calculation, number(s) of hole(s) expected
for per cation substitution or deficiency in the Sb* position in AgSbSe,

Number of expected
holes per substitution

Sample in the Sb position
AgSb;_M,Se, 1

(M>* = divalent cation; x = mol%)

AgSb;_M,Se, 2

(M" = monovalent cation; x = mol%)

AgSb;_,Se, 3

(Sb** trivalent cation deficiency; x = mol%)
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Although there is a slight decrease in the Seebeck coefficient
for Sb deficient samples, the large increase in ¢ results in an
improved power factor (S°c) over a wide temperature range
(300-620 K). With this enhanced power factor and ultra-low
thermal conductivity (~0.4 W m~' K™ '), a maximum ZT of
~1 at 610 K has been achieved in the AgSbjo9:5Se, and
AgSby o9255€, samples. A maximum theoretical thermoelectric
efficiency (fmax) Of ~8% was calculated by considering a
virtual thermoelectric module consisting of the present p-type
AgSb,_,Se, and previously reported n-type AgBiSe,,?” by main-
taining the temperature difference of AT = 400 K.

2. Experimental section
2.1 Elements

Elemental silver (Ag, 99.9999%, metal basis), elemental anti-
mony (Sb, 99.9999%, metal basis), and elemental selenium
(Se, 99.999%, metal basis) were purchased from Alfa Aesar
and used for synthesis without further purification.

2.2 Synthesis

Ingots (~7 g) of AgSb,_,Se, (x = 0-3 mol%) were synthesized by
mixing appropriate ratios of high-purity Ag, Sb and Se in quartz
tubes. The tubes were flame sealed under a high vacuum
(~107° Torr) and slowly heated up to 673 K over 12 h, then
heated up to 1123 K in 4 h, soaked for 10 h, and subsequently
air quenched to room temperature. The air quenched samples
were then annealed at 600 K for 10 h. For electrical and thermal
transport measurements the samples were cut and polished using
a diamond saw. Bar-shaped samples were used for simultaneous
electrical conductivity and Seebeck coefficient measurements,
whereas coin-shaped samples were used for thermal transport
measurements.

2.3 Powder X-ray diffraction

Powder X-ray diffraction for all the as synthesized samples were
recorded using a Cu K, (4 = 1.5406 A) radiation source on a
Bruker D8 diffractometer.

2.4 Field emission scanning electron microscopy (FESEM)-back-
scattered electron (BSE) imaging

An FESEM-BSE imaging experiment was performed using
NOVA NANO SEM 600 (FEI, Germany) operated at 15 kV.

2.5 Band gap

To probe the room temperature optical band gap, optical
diffuse reflectance measurements were performed on finely
ground powder samples. The spectra were recorded over the
range of 600 nm to 2500 nm using a Perkin Elmer Lambda 900,
UV/Vis/NIR spectrometer. Absorption («/S) data were calculated
from reflectance data using Kubelka-Munk equations: o/S =
(1 — R)*/(2R), where R is the reflectance and « and S are the
absorption and scattering coefficients, respectively.

This journal is © The Royal Society of Chemistry 2015
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2.6 Carrier concentration

Room temperature carrier concentration has been derived from
Hall coefficient measurements using a PPMS (Physical Property
Measurement System, Quantum Design, USA).

2.7 Electrical transport

Electrical conductivity and Seebeck coefficients were measured
simultaneously under a helium atmosphere from room tempera-
ture to ~623 K on a ULVAC RIKO ZEM-3 instrument system. The
typical sample for the measurement has a rectangular shape
with the dimensions of ~2 mm x 2 mm x 8 mm. The longer
direction coincides with the direction in which the thermal
conductivity was measured. Heating and cooling cycles give
repeatable electrical properties for a given sample (ESI,T Fig. S4).

2.8 Thermal transport

A Netzsch LFA-457 laser flash was used for thermal diffusivity,
D, measurements from room temperature to ~623 K under a
N, atmosphere (Fig. S1, ESIT). Coins of ~8 mm diameter and
~2 mm thickness were used for the measurements. The
samples were coated with a thin layer of graphite to minimize
errors from the emissivity of the material. Temperature depen-
dent heat capacity, Cp,, was derived using standard sample
(pyroceram) in LFA457 (Fig. S1, ESIT). The thermal diffusivity
data were analyzed using a Cowan model with pulse correc-
tion. The total thermal conductivity, kw1, Was calculated
using the formula, K¢ = DCpp, where p is the density of
the sample, measured using sample dimension and mass. The
density of the pellets obtained was in the range of ~97% of
the theoretical density.

2.9 Thermoelectric efficiency (i) calculations

The overall thermoelectric figure of merit of a p and n-type pair
[(ZT)m] of thermoelectric materials was theoretically calculated
from eqn (1)*?

T S, — Sa)> T
(ZT),, :J (Sp — Sn) ——dT 1)
Tc [m+ /g - Kn] AT
a
AgSb, Se,
g I nlll
=] Agsb, . Se,
< I J
= | rostusss.
2 AgSb, ..,.Se,
o A ,
£ AgSb ..Se,
L
l o JL Pristine I
20 30 23'(%0) 50 60
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where, (S, and S,), (pp and py) and (k, and «,) represent the
Seebeck coefficient, electrical resistivity and total thermal con-
ductivity of p-and n-type materials, respectively. The theoretical
conversion efficiency of the aforementioned pair of materials
was calculated from eqn (2)*?

ar ST @), -1
= Tc (2)

Tu \/ 1+ (ZT)mAavg + Ti
' H

where AT/Ty refers to the Carnot efficiency, Ty and T¢ are the
hot and cold side temperatures and (ZT)m,av is the average
figure-of-merit of a pair of thermoelectric legs.

m,avg

n

3. Results and discussion
3.1 Structural and optical characterizations

Powder X-ray diffraction (XRD) patterns of pristine AgSbSe, and
non-stoichiometric [AgSb;_,Se, (x = 0.5-3 mol%)] samples have
been presented in Fig. 1a. In all the cases, PXRD patterns could
be index based on cubic AgSbSe, (space group Fm3m). No
impurity peaks were observed within the detection limit of
the PXRD, which indicates that Sb deficiency in the sample
does not create any new second phase. For further confirmation,
we have performed field emission scanning electron microscopy
(FESEM) via back-scattered electron (BSE) imaging of the
AgSby 99255€, sample (see Fig. 1b). The BSE image is uniform
and shows no contrast difference, which confirms the absence
of second phase segregation.

The optical absorption spectra of the selected samples are
shown in Fig. 1c. Measured band gaps for all the Sb deficient
samples are slightly higher than that of pristine AgSbSe,. We
observed an increase in the p-type carrier concentration with
increasing the concentration of Sb deficiencies (see the later
part of the paper), which indicates the shift of the Fermi level to
deeper inside the valence band. Moving of the Fermi level
inside the valence band probably gives rise to a slight increase
in the band gap for Sb deficient samples.

o/S (a. u.)

——AgSbSe,
— Ang‘wgsSe2

Ag SbO.QQZSSeZ

——AgSb ,Se,
——AgSb . Se,

07 0.8 0.9 1.0 1.1 1.2
E (eV)

Fig. 1 (a) Powder XRD patterns (b) FESEM-backscattered electron (BSE) image of AgSbg 99255€, sample and (c) optical absorption spectra of AgSb;_,Se,

(x = 0-2 mol%) at room temperature.

This journal is © The Royal Society of Chemistry 2015
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0-3 mol%) samples. (b) Room temperature o of AgSbg g9255€, compared with

that of different cation doped AgSbSe;>4~2% Temperature dependent (c) Seebeck coefficient (S) and (d) power factor (65%) of AgSby_,Se, (x = 0—3 mol%)

samples.

Table 2 Room temperature carrier concentration (ny,), carrier mobility (1)
and effective mass (m*) of selected AgSb;_,Se; (x = 0—3 mol%) samples

Sample np (em™?) p(em®>v's™ m*/mg
AgSbSe, 5x 10'® 7 1.2
AgSbg.00255€5 1.98 x 10*° 17 1.46
AgSby g0Se, 2.8 x 10*° 17.5 1.68
AgSby.o,Se, 6.93 x 10" 5.8 2.74

3.2 Electrical transport properties

Temperature dependent electrical conductivity (o) of pristine
and Sb deficient samples are presented in Fig. 2a. We have
observed a large increase in the ¢ value in all the Sb deficient
samples compared to that of pristine AgSbSe,. ¢ shows a weak
temperature dependence with increase of temperature. The
highest room temperature ¢ is to be ~86 S cm ' for
AgSby 99255€,, which reaches a value of ~70 S cm™" at 610 K.
We have estimated the room temperature carrier concen-
tration, ny,, from the equation: n, = 1/eRy, where Ry; is the Hall
coefficient, e is the electronic charge. The carrier mobility (1) was
calculated using the formula, u = g/n,e. The measured carrier
concentration and carrier mobility for selected samples are pre-
sented in Table 2. Sb deficient samples show significantly higher
hole concentrations (n,) compared to that of the pristine sample.
The Sb deficient samples show higher ¢ values compared to
those of previously reported divalent (M>" = Pb**, Zn>*, Cd*") or

10418 | J Mater. Chem. C, 2015, 3, 10415-10421

monovalent (M" = Na“) cation doped AgSbSe, (Fig. 2b).**™2®
When a divalent M>" cation is substituted in the Sb>* position,
then for each substitution it contributes one extra hole
(Table 1), which is calculated from the simple valence counting
chemistry. Similarly, for monovalent M" cation doping, each
substitution in place of Sb®>" contributes two extra holes (Table 1).
In the present case, each Sb vacancy gives rise to three extra holes
as Sb is trivalent (Table 1), thus the required Sb deficiency
concentration is three times less compared to the doping concen-
tration of the M>" cation. For, example, optimized doping concen-
tration for Zn**/Cd** in AgSbSe, was 2 mol%,*>?® whereas
optimized Sb deficiency concentration is 0.75 mol% which is
approximately three times less than M>" doping concentration.
Notably, Sb deficient samples show higher carrier mobility
compared to the cation doped samples,”*2® which is probably
due to the absence of a foreign dopant in the present AgSb, _,Se,
samples.

In Fig. 2c, we represent temperature dependent Seebeck
coefficient (S) of AgSb, ,Se, (x = 0-3 mol%) samples. The
positive sign of S indicates p-type conduction in all the samples,
which agrees well with the Hall coefficient data. All the Sb
deficient samples show slightly lower Seebeck values compared
to that of the pristine sample, which is due to higher carrier
concentration of Sb deficient samples compared to that of
pristine AgSbSe,. Typically, the AgSb, g9,55€, samples show an
S value of ~233 pv K ' at room temperature, which increases

This journal is © The Royal Society of Chemistry 2015
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with the increasing the temperature and reaches a value of
~316 uV K~ ' at 610 K. We have estimated effective mass (m*)
of the carriers in AgSb; ,Se, (x = 0-3 mol%) using measured
S and Hall carrier concentration (7;,) at room temperature
(Table 2).>* Although accurate calculation of m* requires con-
sideration of the non-parabolic band and multiple band model,
the present calculation of m* considers only single parabolic
band for simplicity. Increased population of carriers in the
multiple flat valence band valleys of the Sb deficient sample
produces high m* in AgSb, ,Se, samples (Table 2). The calcu-
lated m* values are comparable to the previously reported value
for the divalent and monovalent cation doped AgSbSe,.** ">

From the measured ¢ and S, we have estimated the tempera-
ture dependent power factors (¢5%) for all the samples (Fig. 2d). A
maximum ¢S of ~2.5 uW em™ ' K2 at ~608 K was achieved for
the pristine AgSbSe, sample. The combination of improved ¢
and moderate Seebeck coefficient resulted in an enhancement in
the ¢S” value for all the Sb deficient samples. Typically, the
AgSbyg 59255€, sample shows a ¢S” value of ~4.7 yW ecm ' K 2 at
room temperature which reaches a value of ~6.94 pW cm ™' K>
at 610 K. All the Sb deficient samples show reasonably constant
power factors over the measured temperature.

3.3 Thermal transport properties

The temperature dependent thermal conductivities of all
AgSb; ,Se, (x = 0-3 mol%) samples are presented in Fig. 3.
Temperature dependent total thermal conductivity, Keotal
(Fig. 3a) values of AgSb; ,Se, (x = 0-3 mol%) samples were
estimated over the 300-623 K temperature range using the
formula, ki1 = DCpp, where D is thermal diffusivity, Cp, is
specific heat and p is the density of the sample (ESI, T Fig. S1).
All the samples show ultra-low thermal conductivity in the
300-623 K temperature range. At room temperature a Kiotal
value of ~0.44 W m~' K~' was measured for AgSbg ¢o55€;,
which remains nearly constant throughout the measured tem-
perature range. Temperature dependent lattice thermal con-
ductivity, K, values were obtained by subtracting the
electronic thermal conductivity, Kee, from the kora. The Kepe
were estimated using the Wiedemann-Franz law, ke = L-0-T;
where, L is Lorenz number, ¢ is electrical conductivity and 7 is
temperature. Temperature dependent L values were extracted
based on the fitting of the respective temperature dependent S
values (ESLt Fig. S2) that estimate the reduced chemical
potential, which was elaborated elsewhere.”* The rj. of all the
samples are presented in Fig. S3 (ESIt). The ki, value for the
AgSby 99255€, sample at room temperature is ~0.40 W m 'K},
which remains nearly constant throughout measured tempera-
ture range. Similar ), values were previously reported in the
case of cation doped AgSbSe,.**”*® Highly anharmonic Sb-Se
bonds and disordered cation sublattice contribute to phonon
scattering processes, which give rise to low x,. in AgSb,_,Se,.
In order to find out the contribution of k. in Kioa;, We have
calculated the ratio of ki, and ka1 as a function of tempera-
ture for the pristine and AgSby gg»55€, sample (Fig. 3c). The
major portion of heat conduction in the pristine sample takes
place through phonon transport, because of low electrical

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Temperature dependent thermoelectric figure merit (ZT) of
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Fig. 5 (a) The overall theoretical thermoelectric figure of merit [(ZT),] of a p and n-type pair, considering present AgSbg g9255e, as p-type leg and
previously reported AgBiSe; 9gClg o2 as N-type leg. (b) Theoretical thermoelectric energy conversion efficiency (i) as a function of temperature difference

(AT) for thermoelectric devices considering AgSbg g9255€, and AgBiSe; 9gClo o2

schematic of a typical thermoelectric module.

conductivity. However, for the AgSb, ¢9,55€, sample, the phonon
contribution to the total thermal conductivity is ~90% in the
300-610 K temperature range, even though there was a signifi-
cant increase in electrical conductivity. Thus, K in the
AgSbSe, system is intrinsically dominated by heat conduction
through lattice vibrations.

3.4 Thermoelectric figure of merit

Temperature dependent thermoelectric figure of merits (ZT) of
all AgSb; _,Se, (x = 0-3 mol%) samples are estimated from the
measured electrical and thermal transport data. In Fig. 4 we
present the ZT values of AgSb, ,Se, (x = 0-3 mol%) samples.
We also compare the present ZT vs. T data with those of the
previously reported high performance Pb and Cd doped
AgSbSe, samples (dotted lines in Fig. 4).**** The highest ZT
value measured in the present case is indeed comparable to
that of the monovalent or divalent cation doped AgSbSe,.**2®
Enhanced electrical transport due to Sb deficiencies and ultra-
low thermal conductivity due to bond anharmonicity and
disordered cation sublattice resulted in a superior performance
in Sb deficient samples compared to pristine AgSbSe,. The
maximum ZT ~ 1 at 610 K was achieved for both the AgSbg g9,55€,
and AgSby osSe, samples without the use of any foreign dopant.
Notably, we have achieved ~170% improvement in ZT in Sb
deficient sample compared to that of pristine AgSbSe,.

3.5 Thermoelectric conversion efficiency (1)

The overall thermoelectric figure of merit of a p and n-type pair,
[(ZT)), was theoretically calculated using eqn (1) (see Experi-
mental section), considering the present AgSby ¢¢,5S€e, and pre-
viously reported AgBiSe; o5Clg o2 as p-type and n-type materials,
respectively (Fig. 5a). We have chosen AgBiSe; ¢5Cly o, as n-type,
as this material is also belongs to the I-V-VI, class.>”” A maxi-
mum (ZT),, value of 0.53 at 600 K was calculated for the above
mentioned theoretical module. To calculate the theoretical
efficiency () of this pair, first we have calculated the (ZT)m, avg
from the (ZT),, considering a hot side temperature of 600 K
and cold side temperature of 300 K. A (ZT)y avg Of ~0.45 was
estimated. A maximum conversion efficiency (1max) of ~8% was

10420 | J. Mater. Chem. C, 2015, 3, 10415-10421

200 as p-type and n-type material, respectively. Inset in panel (b) represent

calculated theoretically by fixing the cold side temperature to
300 K by maintaining a temperature difference of AT = 400 K
(Fig. 5b). The present theoretical 17, value is comparable to that
of the market based metal telluride thermoelectric generator for
mid-temperature applications.

4. Conclusions

In conclusion, we have demonstrated a new way to control the
p-type carrier concentrations in high quality crystalline ingots
of AgSbSe, without the addition of any foreign dopant. We have
shown that Sb deficiency can play a crucial role in tuning the
electronic transport properties of AgSbSe,. From simple valence
counting, each Sb deficiency creates three extra holes in
AgSbSe,, which results in an improved carrier concentration,
thus giving rise to enhanced electronic conductivity. The combi-
nation of improved electrical conductivity and reasonable Seebeck
coefficient leads to high and constant power factor values in the
300-610 K temperature range. A highly anharmonic Sb-Se bond
and disordered Ag/Sb sublattice significantly scatter the heat carry-
ing phonons, thus resulting in ultra-low k.. Improved electronic
transport and low thermal conductivity provided a maximum ZT
value of ~1 at 610 K for both the Sb deficient AgSby g9,55€, and
AgSb, goSe, samples. A maximum thermoelectric conversion effi-
ciency (fmay) of ~8% was estimated theoretically by considering
AgSb, _,Se, and AgBiSe, ,Cl, as p-type and n-type materials,
respectively, which shows the potential for the use of this class
of materials in mid-temperature power generation applications.
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