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ABSTRACT

SnTe is a lead-free and promising mid-temperature thermoelectric material while its performance is
largely hindered owing to the relatively high hole carrier concentration originating from the existence of
extraordinary Sn vacancies in intrinsic SnTe. In this study, we firstly introduced excess Pb into SnTe
matrix to compensate the Sn vacancies, leading to the greatly decreased carrier concentration. Then, we
found that the ternary compound AgSbTe; plays synergistic roles in optimizing the thermoelectric
transport properties of SnTe. Namely, alloying AgSbTe, can induce the electronic band convergence and
band flattening in SnTe, leading to the significantly enhanced band effective mass (m*) and Seebeck
coefficient. Additionally, alloying AgSbTe, produces plentiful Ag-rich nanoprecipitates, which
strengthens the scattering of phonons, leading to the lowest lattice thermal conductivity of ~0.47
wm~ 'K~ By this stepwise strategy, an outstanding ZT value ~1.1 can be attained at 823 K for the
SnPbg o4Te—12%AgSbTe; sample, while an average ZT can be obtained ~ 0.72 from 400 K to 800 K for
sample SnPbgo4Te-12%AgSbTe,. Our study further reveals the great potential for SnTe as promising

thermoelectrics.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Thermoelectric (TE) material is a kind of new energy material
that can realize the mutual conversion between electricity and heat
through the transport of holes and electrons, which can be widely
applied in electricity generation and device cooling [1—5]. The
property of a TE material is judged by the equation: ZT = ¢S°T/
(Kele+K1at), Where the S denotes the Seebeck coefficient, ¢ is the
electrical conductivity, T represents the absolute temperature in
Kelvin, kele and «kj;¢ stand for the electronic and lattice thermal
conductivity [6,7].

SnTe, as an environmental-friendly compound without Pb, is
regarded as an alternative of PbTe owing to the same crystal
structure and similar energy band structure [8,9]. Unfortunately,
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the intrinsic plentiful Sn vacancies make the SnTe possess much
inferior thermoelectric property owing to the exorbitant kg,
extremely high carrier concentration and very low Seebeck coeffi-
cient [8,10,11]. In previous study, many attempts have been con-
ducted to optimize the hole carrier concentration, such as self-
compensating Sn vacancy [10,12] and inducing Bi [13] and Sb [14]
for reversely doping. Moreover, several special chemical elements
are verified to enable the convergence of valence bands, resulting in
an enhancement in effective mass (m*) and an improvement in
Seebeck coefficient in SnTe, such as Cd [10,15], Mn[16-22], Hg
[23—25], Mg[26,27], and Ca [28], etc. For thermal transports, there
are also various strategies to enhance the decrease of thermal
conductivity by inducing point defects [29—31], dense dislocations
[12,32,33], and nanoprecipitates [10,34,35] to strength the phonon
scattering [36].

AgSbTe, has a very low thermal conductivity
(Kjat ~ 047 W m~' K1 at 300 K) and possesses huge thermoelectric
potential [37—40], and previous studies have shown that alloying
AgSbTe; has multiple effects in optimizing the thermoelectric
performance for both PbTe (LAST) [41] and GeTe (TAGS) [42,43]
systems, such as, decreasing the thermal conductivity without
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affecting the carrier mobility in GeTe-AgSbTe,[43]; adjusting the
position of the Fermi surface and promoting the band flattening,
meanwhile, increasing the carrier concentration and improving the
effective mass of the density of states in SnSe—AgSbTe,[44];
declining the total thermal conductivity by modulating the sizes
and distributions of the AgSbTe;-nanoprecipitates in PbTe-
—AgSbTe;[41]. In addition, it is generally believed that Ag and Sb
are in random arrangements in the cationic positions in AgSbTe;
[37,45—47], and it is reasonable to assume that it will have similar
effects when alloying AgSbTe; into other cubic systems, in which
multiple cations are distributed randomly in the cationic positions
to generate massive point defects. In SnTe—AgSbTe; system, the low
klat was achieved because of the lattice softening and phonon-
vacancy scattering [48]. In this work, with helping of compen-
sating Sn vacancies using Pb, it is expected that lower kot and more
superior TE properties can be realized in Pb fulled SnTe—AgSbTe,
system with nanoscale precipitates.

In this study, we firstly introduce additional Pb to compensate
the Sn vacancies in SnTe, after which we further induce the low-
thermal-conductivity AgSbTe; to fulfill the synergistic effects in
SnTe system. Results illustrate that after exceeding the solid solu-
tion limit, AgSbTe, forms excessive number of second phases as
nanoprecipitates in SnTe—AgSbTe, system, leading to the much-
strengthened scattering of the phonons and depressed «it.
Furthermore, the electrical transports can be simultaneously opti-
mized due to the valence band modulations of band convergence
and band flattening induced by AgSbTe,. Finally, we obtained a
series of SnPbgg4Te-y%AgSbTe, with high thermoelectric perfor-
mance, further verifying the multiple roles for AgSbTe, in opti-
mizing the performance of IV-VI thermoelectric systems.

2. Resluts and discussion

Figure S1(a) indicates the phase composition analysis of the
SnPbyTe (x = 0—0.04) samples. It is obvious that the X-ray diffrac-
tion (XRD) results represent a single-phase rock-salt structure
(Fm3m) without any impurity peaks. The lattice parameters in-
crease with rising extra Pb content due to the fact that the ionic
radius of Pb atoms (~1.49 A) is larger than that of Sn atoms
(~0.93 A). The extra Pb atoms can either fill the Sn vacancies or
substitute Sn atoms, both of which can result in the expansion of
the unit cell, which can be confirmed in Figure S1(b).

Fig. 1 depicts the thermoelectric transport properties changing
with temperature of SnPbyTe (x = 0—0.04). As displayed in Fig. 1(a),
with temperature rising, the electrical conductivity(¢) for SnPbyTe
keeps falling down. With the increase of extra Pb content, the
carrier  concentration(ny) of SnPbyTe deceases from
~1.63 x 1022 cm™3 (x = 0) to ~ 5.11 x 10" cm~3 (x = 0.04) at room
temperature, while the carrier mobility(uy) improves from
~305 cm? V™! s71—-877 cm? V! s~ which is demonstrated in
Fig. 1(b). The results illustrate that the extra Pb atoms can suc-
cessfully compensate Sn vacancies to decline the hole carriers.

The temperature dependence of S for SnPbyTe (x = 0—0.04) from
300 K to 823 K is demonstrated in Fig. 1(c), in which the S slightly
increases from 10.7 uV K~! for Pb-free SnTe to 24.4 pV K~ ! for
SnPbgp4Te at 300 K. Consequently, we achieved the greatly opti-
mized PF throughout the temperature range, approaching as high
as ~20.6 pW cm~! K2 for the SnPbgg4Te sample at 723 K, as dis-
played in Fig. 1(d). Meanwhile, owing to the Pb atoms substitution,
the kot shown in Fig. 1(e) declines from ~8.0 W m~! K~ ! for Pb-free
SnTe to ~ 6.6 W m~! K~ for SnPbg g4Te at 300 K. The reduction of
the kit mainly derives from the decrease of the k. The thermal
diffusivity (D), Lorentz number (L), thermal capacity (Cp) and Kele
are shown in Figure S2. As demonstrated in Fig. 1(f), enhanced PF
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and reduced k¢ by introducing extra Pb lead to a moderate
improvement of ZT values, especially for middle temperature range,
which is beneficial to obtain larger averaged ZT. However, the ko of
SnPbyTe is still high, and a further strategy that induces low-
thermal-conductivity compound AgSbTe; is adopted to reduce
the kot and enhance the thermoelectric performance of SnPbgg4Te.

The XRD results for all samples SnPbgg4Te-y% AgSbTe, are
exhibited in Fig. 2(a). The characteristic peaks of all samples
measured by XRD are indexed the same as SnTe with Fm3m space
group, as labeled below the figure. As the amount of AgSbTe rises,
the typical peak (200) gradually shifts to higher angle, predicting
the reduction of the lattice constant, which is in agreement with
the calculated lattice parameters displayed in Fig. 2(b). To maintain
the local charge balance, the Ag atoms and Sb atoms are likely to
replace the host element Sn by pairs, presenting +1 and + 3
respectively [41]. The decreasing lattice parameters with the
increasing AgSbTe; concentration demonstrate that smaller-size
Ag™" (ionic radius ~ 1.15 A) and the Sb>* (ionic radius ~ 0.76 A)
effectively incorporate in the Sn®* (ionic radius ~ 0.93 A) sites.

Moreover, we performed scanning electron microscopy (SEM)
measurement and selected a polished surface of the SnPbg g4Te-12%
AgSbTe; sample to analyze the distribution of elements, as shown
in Figure S3. The various elements (Sn, Te, Pb, Ag, Sb) constituting
the sample are uniformly distributed in the micron scale without
any obvious second phases.

Fig. 3 depicts the electrical transport properties of SnPbg g4Te-y%
AgSbTe; from 300 K to 823 K, in which the ¢ dramatically declines
from ~7180 S cm ™! in SnPbg o4Te to ~1736 S cm ™! in SnPbg 4Te-25%
AgSbTe; at 300 K and all ¢ curves decrease as the temperature rises,
exhibiting a typical degenerate semiconductor transport behavior.
Figure S4 shows the ny and wuy measured at room temperature.
While the ny rises with increasing AgSbTe, content from
~10" em~3 (y = 0) to ~ 10?2 cm™3 (y = 25), the corresponding uy
dramatically falls down from ~877 cm?V~1s 1to~91cm? V-5,
As AgSbTe, concentration increases, the value of S increases from
~24.4 v K~! for SnPbggsTe to ~70.9 pV K~ ! for SnPbgg4Te-25%
AgSbTe, at 300 K. Meanwhile, the overall S improves with the
alloying content throughout entire temperature area and the
maximum Seebeck coefficient value reaches approximately
160 pV K~ ! at 823 K. Due to the higher S, the PF values are entirely
boosted at the whole temperature zone. The PF value at 300 K
reaches ~10.5 pW cm~! K~2 while the peak PF ~25.5 pW cm ™' K2
at 823 K can be obtained in SnPbgg4Te-12% AgSbTe;.

To better understand the ultra-high Seebeck coefficient even
with high ny of ~10%! cm~3 for the AgSbTe,-alloyed samples, the
theoretical Pisarenko plots with different energy offsets (AE) based
on the two parabolic band model [49,50] are displayed in Fig. 3(d).
Obviously, all samples alloyed with AgSbTe, possess significantly
larger S than the theoretical value forecasted by the Pisarenko plots
even with an extremely low band offset (green line, AE = 0.05 eV),
indicating the band convergence between the heavy and light
valence bands. In addition, the similarly strengthened Seebeck
coefficients have been widely discovered in SnTe system doped
with In Ref. [49] or alloyed with Cd [10,15], Mn[16-22], Hg [23—25],
Mg|[26,27], and Ca [28], which has been attributed to the intro-
duction of impurity resonant states or the promotion of band
convergence.

In order to clarify the origin of enlarged Seebeck coefficients in
SnTe after introducing AgSbTe,, we have performed the first-
principles density functional theory (DFT) calculation. Besides,
the calculated band structures of Snp;Tez;, SnyeAgTey; and
Sny5AgSbTey; are shown in Fig. 4(a-c). Ag alloying leads to an
obvious increment of band gap and flatten of heavy = band (I'-K
direction) and light L band, which is also found for other IV-VI
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Fig. 1. Thermoelectric performances of the SnPbyTe (x = 0—0.04) samples changing with temperature; including (a) electrical conductivity; (b) carrier concentration and carrier
mobility measured at room temperature; (c) the Seebeck coefficient and (d) power factor; (e) total (the solid line) and lattice (the dotted line) thermal conductivity; (f) ZT.

(a) SnPbogsTey% AgSbTe, yo5 | [ /]
~— | y=21
= = 1L
(“. y=18
~ y=15 i
> iz
e
“— A s
= | , ‘ y=3 I
8 & § § § §vof [A8
20 30 40 50 60 70 80
26 (deg.)

(b) 6.34
6.32f ;.
£ 630}
@ e
6.28}
6.26 L
0 5 10 15 20 25
y (%)

Fig. 2. (a) Powder XRD patterns and the corresponding enlarged area of the peak (200), and (b) lattice parameter for SnPbg o4Te-y% AgSbTe, (y = 0—25) samples.

semiconductors [51—53]. When Ag and Sb are co-alloyed into SnTe,
the band gap becomes more larger and the energy separation turns
to be smaller, as displayed in Fig. 4(c). The decrease of AE exactly
indicates the band convergence of SnTe is caused by alloying
AgSbTe;, which is frequently mentioned in previous studies
[48,54]. Additionally, after co-alloying Ag and Sb in SnTe, the
valence band can be flattened, leading to a sharper increase of
density of states (DOS), which is displayed in Fig. 4(d). Both the
valence band convergence and band flattening can contribute to
the enlarged DOS effective mass m* by increasing the band de-
generacy (Ny) and single-band effective (mp*) since m* = (NV)Z/
3myp*[55]. Therefore, the Seebeck coefficients can be substantially

strengthened, leading to much higher PF over the whole temper-
ature range.

Fig. 5 depicts the k¢t and kja¢ changing with temperature for all
AgSbTe,-alloyed samples. k¢ decreases considerably with
increasing alloying fraction and it falls down from ~6.57 W m~1 K~
for SnPbg o4Te to ~2.04 W m~! K~! for SnPbg o4Te-25% AgSbTe, at
300 K, as shown in Fig. 5(a). Furthermore, a low k¢ of ~1.84
wm'K~! is obtained at 823 K. The ;¢ can be calculated from
subtracting the electronic thermal conductivity (kele) from the kot
Klat = Ktot - Kele. The Kele Was calculated by the Weidman-Franz
equation: kele = LaT, in which the L represents the Lorenz number
derived from the Seebeck coefficients [56]. The D, L, Cp and ke|e are
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Fig. 4. (a—c) Calculated band structures of Sny;Te,7 SnygAgTe,; and SnysAgSbTe,; and (d) the density of states (DOS) of Sny7Te,7 SnagAgTe,; and SnysAgSbTess.

clearly displayed in Figure S5. As demonstrated in Fig. 5(b), kjat
gradually declines with the rise of alloying fraction, and the mini-
mal Ky approaches as low as ~ 047 W m~! K~! at 823 K in
SnPbg4Te-12% AgSbTe,. Therefore, the decrease in k¢ mainly
arises from the decrease of k.

To reveal the low k4 of the SnPbg g4Te-y% AgSbTe, samples, the
transmission electron microscopy (TEM) and the scanning

transmission electron microscopy (STEM) analysis are conducted.
As shown in Fig. 6(a), the formation of considerable nano-
precipitates embedded in the SnTe-based matrix is obvious.
Fig. 6(b) exhibits various typical ellipsoid-shaped precipitates, and
the corresponding selected area electron diffraction (SAED) pattern
in Fig. 6(c) matches well with the cubic SnTe (Fm3m) structure
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Fig. 6. (a) Bright-field TEM image taken from SnPbg4Te-12% AgSbTe,. (b) Enlarged bright-field TEM image showing the formation of considerable nanoprecipitates (arrowed) as
marked also in a). (c) The corresponding selected area electron diffraction (SAED) pattern of b). (d—e) High-resolution TEM (HRTEM) image of a selected nanoprecipitate and its Fast
Fourier Transform (FFT) image. (f1) Annular dark-field (ADF) STEM image and (f2-4) corresponding elemental mappings obtained from the STEM energy-dispersive X-ray spec-

troscopy (EDS).

along its [001] direction. The results indicate that alloying AgSbTe;
retains the crystal structure of SnTe. According to the direct
observation, we find the size of the second phase ranges from 10 to
30 nm. From the high-resolution TEM (HRTEM) image shown in
Fig. 6(d), it is found the nanoprecipitate shows a different lattice
structure from that of the SnTe matrix. As is in good consistence
with the HRTEM observation, two series of diffraction spots can be
clearly observed from the corresponding Fast Fourier Transform
(FFT) image in Fig. 6(e), i.e., the weak spots (arrowed), which
correspond to the nanoprecipitates, can be clearly identified from
the remain of the matrix that well indexed by [001]-axis projection

of the cubic SnTe. Therefore, it is likely that the nanoprecipitate is
introduced by the addition of AgSbTe;.

In order to examine the specific chemical composition of the
nanoprecipitates, annular dark-field (ADF) STEM imaging and
elemental mapping analysis are conducted, as is shown in Fig. 6(f1-
f4) and Figure S6. The EDS mappings show that among the con-
stituent elements of the sample, only the Ag is rich in the nano-
precipitates and the other elements are evenly distributed. Based
on the results, we propose that alloying AgSbTe, brings in consid-
erable Ag-rich nanoprecipitates, which is effective in promoting the
scattering of high frequency phonons and thus decreasing the «jat.
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Owing to the simultaneous optimization of the electrical and
thermal properties, the final ZT can be optimized. As demonstrated
in Fig. 7(a), a maximum value ~ 1.1 for SnPbg g4Te-12% AgSbTe; at
823 K is obtained. Furthermore, besides the considerable peak ZT
values, we also obtain the overall optimized ZT curves over the
entire temperature zone, leading to an enlarged average ZT (ZTaye)
[57]. The ZT,ye is derived from the following equation [57]:

Ty
1
ZTave:mJZTdT (])
T.

As illustrated in Fig. 7(b), an exciting ZT,ye value exceeding 0.72
for SnPbgg4Te-25% AgSbTe, at 400—823 K can be achieved. It is
worth noting that the ZT,y. is superior to the reported SnTe-based
systems, such as ~0.38 for SnggsMgpooTe [26], ~0.43 for
Sno_9975lno.0025Te [49], ~0.53 for SnCdo'ogTe [10] and ~0.68 for
SnpgsMng12Te [16]. This study provides a path to improve the
thermoelectric properties by alloying low-thermal-conductivity
ternary compound into conventional cubic phase thermoelectric
materials and it paves the way for further optimizing the property
of thermoelectric material by utilizing the multiple effects.

3. Conclusion

In this work, excess Pb can effectively compensate the Sn va-
cancies of SnTe to reduce the hole carrier concentration. Alloying
AgSbTe, has multiple effects in optimizing the thermoelectric
performances of the SnPbgg4Te. Specifically, AgSbTe, alloying
promotes the valence band convergence and flattening, both of
which contribute to the enhanced m* and Seebeck coefficient,
resulting in the substantially enlarged average PF. And the presence
of the Ag-rich nanoprecipitates effectively strengthen phonon
scattering, leading to the dramatic decline in k¢ to
~0.47 W m~ ! K1 at 823 K. Collectively, a peak ZT ~1.1 is attained in
SnPbg g4Te-12% AgSbTe; at 823 K and a maximum ZT,ye approaches
0.72 at 400—823 K for SnPbg o4Te-25% AgSbTe,. This work offers an
effective approach to improve the TE property through synergisti-
cally optimizing the PF via tuning electronic band structure and
declining the thermal conductivity by the nanostructures.
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