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The synergistic effect of resonance energy level and the valence band convergence due
to In and Ag co-doping significantly improved the electrical transport properties of Sn;_
s In,Agy Te, while the defect engineering ameliorated the thermal transport properties
to a great extent which make SnTe as an ideal alternative of toxic lead telluride.
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Response to comments of Reviewer 3
General Comment: SnTe is an important TE candidates that can be used in the power generation. In
this work, the authors improve its TE performance using In and Ag as co-dopants, and finally raise
its highest ZT value to 1.38 at 823 K. This value stands high compared with other works, due to the
enhancement in electrical performance and at the same time the reduction in the lattice part kL. This
will be of interest to the community of energy materials researchers. Besides, the detailed analysis to
the thermoelectric performance has been done and the influence of Ag/In co-doping on thermoelectric
performance of SnTe has been realized. Moreover, the authors have carefully revised their manuscript
according to the reviewers' comments, which is important for the improvement of the manuscript.
Indeed, it is true that the SnTe-based system as a thermoelectric candidate has already been studied
by many workers in terms of my reviewing of the published articles, even the dopant that they selected
in the material system is similar to those reported, such as those in published articles J. Am. Chem.
Soc., 2016, 138, 13068 and Proc. Natl. Acad. Sci., 2013, 110, 13261. In view of this, I recommend

that the manuscript could be transferred to the JMCC or Dalton Trans.

Response: We appreciate the comments. The papers published in J. Am. Chem. Soc., 2016, 138,
13068 and Proc. Natl. Acad. Sci., 2013, 110, 13261 reported the significant progress in the field of
SnTe. However, their synthesis methods were melting which is totally different from our study. Also,
their reported Z7 values was below than the current study (~1.38). Moreover, In/Ag co-doping is very
effective approach to enhance the thermoelectric properties of SnTe. Therefore, we believe that our
study reports the new approach and in turn produces better SnTe, so that the manuscript is appropriated

for publication in the prestigious IMCA.
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Response to comments of Reviewer 4

General Comment: The work by Moshwan et al reports greatly improved thermoelectric performance
of the In and Ag co-doped SnTe. The Seebeck coefficient has been significantly increased because of
the introduction of resonant level as well as the convergency of valence band. The multiscale
microstructures originated from elemental doping and solvothermal synthesis result in substantially
decreased lattice thermal conductivity of the material. Thus, a greatly enhanced zT value was finally
achieved. The content of the manuscript is interesting and helpful to the thermoelectric society.
However, as mentioned by the other reviewers, there are still a large space to improve the manuscript.
If the author can well address the following two major concerns, I would like to recommend the

publication of this work in JMCA.

Comment 1: The author might not think carefully about the reviewer's previous question about the
relationship between the synthesis method and sample composition. The most important point is how
the author can precisely control the solvothermal synthesis to obtain the designed sample composition.
It is well known that the composition of the sample synthesized by solvothermal method could be not
the desired one.

Response: We appreciate the positive comments and constructive suggestions. The achievement of
the desired composition in solvothermal method depends critically upon its synthesis parameters, such
as temperature and reaction time.! In our study, we employed high temperature (230 °C) and long
soaked time (24 h), which played a vital role to attain the composition of our final product close to the

designed composition.
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Comment 2: The second comment is about the design of the sample composition, which has also been
questioned by other reviewers. As the author mentioned in the introduction section, the pristine SnTe
shows overhigh hole concentration because of large amounts of intrinsic Sn vacancies. Thus, it is
generally expected that a sample composition reducing the hole concentration will be designed.
However, the author did not intend to decrease the carrier concentration according to the sample
composition Sn;_3InyAg2,Te in this work. On the surface at least, the hole concentration shall increase
with the doping concentration x for the sample Sn;_3,In,Ag2,Te.

Response: To further clarify this point, we added the following discussion in our revised manuscript
at Page 2 as: “ To realize the higher solubility of Ag and to avoid rapid decrease in electrical
conductivity due to increase in In concentration, an In:Ag ration of 1:2 was chosen, similar to the
compositional ratio reported previously 2,3 It should be noted that the solubility limit of the single In
dopant in SnTe is <1% and when the amount of In is >1%, the hole concentration of the system and
the electrical conductivity significantly decreased, which offset the overall power factor.*3 To retain
the high power factor, we introduced the In:Ag = 1:2 ratio in this study, which also maximize the

resonance effect and the band convergence.”
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Outstanding thermoelectric properties in solvothermal-
synthesized Sny_3,In,Ag,,Te micro-crystals through defect
engineering and band tuning

Raza Moshwan,%¢ Wei-Di Liu,® Xiao-Lei Shi,>? Qiang Sun,® Han Gao,? Yun-Peng Wang,° Jin Zou,%"
and Zhi-Gang Chen?*

Due to the eco-friendly nature, tin telluride (SnTe) based thermoelectric materials have attracted extensive attention.
Pristine SnTe suffers from low thermoelectric performance because of its large energy separation between two valence
bands (heavy hole and light hole) and high thermal conductivity. In this study, we use In and Ag co-dopants to ameliorate
the electrical and thermal transport properties of SnTe-based materials using a facile solvothermal method. From the
theoretical calculation and performance evaluation, high-level In and Ag co-dopants can significantly converge two valence
bands and increase the density of states near the Fermi level, leading to the enhanced Seebeck coefficient from ~95 pvK?
in the pristine SnTe to ~178 uVK? in the SnggslngosAgo.10Te. Comprehensive structural characterization shows that high-
density strain fields and dislocations exist in the sintered pellets, together with the point defects, and grain boundaries
secured remarkably low lattice thermal conductivity of SnTe in the entire temperature range. As a result, a high peak figure
of merit of ~1.38 at 823 K has been achieved in SnggsIng osAgo.10Te, outperforming most of SnTe-based materials. This study
indicates that co-doping with high solubility can simultaneously tune band structure and engineer defects for achieving

enhanced thermoelectric performance of SnTe-based materials.

Introduction

Thermoelectric materials, enabling to covert heat directly into
electricity, has been considered as an alternative solution to
utilize large-scale waste heat emanated from industrial and
automotive sectors.’4 As a sustainable and eco-friendly energy
technology, thermoelectric generators offer zero pollution, no
moving parts and high durability. The thermoelectric conversion
efficiency of a material is determined by the dimensionless
figure of merit, ZT, defined as

52 S%0

a
ZT=—T=
K

P (1)
where o is the electrical conductivity, S is the Seebeck
coefficient, « is thermal conductivity, T is the absolute
temperature, k. and k; are the electrical and lattice thermal
conductivities. The strong interdependence among S, o, and k.
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challenge the concurrent rise in the power factor (5%0) and the
reduction in k. Several strategies have been executed to
enhance ZT of thermoelectric materials, including convergence
of electronic bands,'>-20 carrier concentration optimization,21-24
nanostructuring,?>3! quantum confinement,32 33 3ll-scale
hierarchical architecturing,343? phonon-phonon interaction,3?
defects engineering,® 41 |attice anharmonicity?> 4244 and
porous design.*>47

Among different types of thermoelectric materials, eco-friendly
SnTe has received extensive attention as an alternative for toxic
PbTe. 42 48 49 SnTe possesses similar crystal and electronic
structures with PbTe.? However, SnTe has much higher lattice
thermal conductivity than PbTe at the room temperature
attributed to the much lighter atomic mass of Sn (118 amu) than
Pb (207 amu).! Besides, the energy separation between two
valence bands in SnTe (~0.3-0.4 eV) is significantly higher than
that in PbTe,! leading to a low S of the pristine SnTe. Due to the
high concentration of intrinsic Sn vacancies, the high hole
carrier concentration (n, ~10%° to 102! cm3) is another inferior
factor for the electronic and thermal transport of the pristine
SnTe. Several strategies have been used to improve the
electrical transport properties of SnTe. For instance, Banik et
al.”% 31 introduced Mg and Ag dopants to reduce the energy
separation between two valence bands. Tan et al.* 8 studied the
valence band convergence caused by Hg and Cd doping. Zhang
et al.? first studied the resonance states introduced by In
dopants in SnTe. Both band convergence and resonant states

lead to the S enhancement. Moreover, the synergistic

J. Name., 2013, 00, 1-3 | 1
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Figure 1. (a) Typical SEM micrograph of Sny_;,In,Ag,,Te (x < 3 %) powders (b) Enlarged image of highlighted area of (a) shows the regular {111} planes of as-synthesized crystal. (c)

SEM micrograph of Sny.3,In,AgxTe (x = 5 %) powders (d) Enlarged image of highlighted area of (c) shows severe deformation of regular crystal shapes (e) A typical SEM image of
the sintered Sng gsIng.osAgo.10Te pellet (f) Corresponding EDS spectrums of spot A and B of (e), showing significant peaks of Sn, Te, In and Ag.

engineering of valence band convergence and resonance states
has been realized in a few co-doped SnTe systems, such as
In/Cd,% 4° In/Mg,>? In/Mn,>3 In/Hg,>* In/Ca®> and In/Sr.*® A
recent study on In/Ag co-doped SnTe fabricated by
conventional melting method showed an enhanced peak ZT of
~1atx=2.5%in Snin,Ag,Te1,,,.> The observed «; values for all
Snin,Ag,Te1,,, Samples are always higher than the pristine SnTe,
which offsets the overall ZT enhancement.

In this study, we use a facile and low cost solvothermal method
to synthesize Snq_3,In,Ag,,Te (x =0, 1.0 %, 3.0 %, 5.0 %, and 6.0
%) micro-sized crystals. To realize the higher solubility of Ag and
to avoid rapid decrease in electrical conductivity due to increase
in In concentration 1:2 (In:Ag) was chosen. Similar
compositional ratio have been reported in the previous work by
Bhat et al. >> and Moshwan et al..*® It should be noted that the
solubility limit of the single In dopant in SnTe is <1% and when
the amount of In is >1%, then the hole concentration of the
system and the electrical conductivity significantly decreased
which offset the overall power factor.> %% In order to retain the
high power factor we introduced In:Ag as 1:2, which also
maximize the resonance effect and the band
convergence.Through systematic first-principles density
functional theory (DFT) calculations, we found that In and Ag
dopants lead to synergistically resonant states and valence
band convergence, leading to remarkable enhancement in S?c

2| J. Name., 2012, 00, 1-3

of Snysln,Ag,,Te (x > 0%). Moreover, high density strain field
and dislocations can be observed in the sintered Sny_3,In,Ag,,Te
pellets (x > 5 %), which together with the point defects, and
grain boundaries leading to intensive scattering of phonons and
in turn yield ultra-low lattice thermal conductivity in a wide
temperature range. Consequently, a peak ZT of ~1.38 has been
achieved in Snq_3,In,Ag,,Te at 823 K, which outperforms most of
the reported SnTe-based materials at the similar temperature.

Results and discussion

Figure 1a and b are typical SEM images of as-synthesized Sny.
adnAgxTe (x £3 %) powders, and show that the products are
octahedral-shape micro-sized crystals. Figure 1c and d are SEM
images of as-synthesized Snisdn,Ag,Te (25 %,) severely
deformed micro-sized crystals. Figure 1e shows a SEM image of
a sintered SnggslngosAgo.10Te pellet (as an example) in which
small grains and grain boundaries can be seen in the sintered
pellet, as indicated by orange arrows. In order to determine the
compositions of the pellets, we performed EDS analyses and the
typical results are shown in Figure 1f. After the statistically
quantitative analysis, all these pellets have the similar
compositions with the nominal values of the solvothermal-
synthesis products. The corresponding EDS profiles and

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 9 of 20

quantitative analyses data are shown in Figure S3 of the
supporting information. We provided an elemental map
analysis of x = 5 % sample in Figure S4. It is obvious that the
composition of Sn, Te, In and Ag is uniform.

Journal ofcMaterials Chemistry A

the measured n and the calculated u of the sintered Sni.
axINAgaTe pellets, in which the room-temperature n does not
fluctuate much with increasing the In/Ag doping concentration,
due to the electron donor acceptor behaviour of In and Ag
atoms. Room-temperature u decreases gradually with
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Figure 2. (a) XRD patterns of the sintered Sny_3,In,Ag,,Te (x =0 %, 1.0 %, 3.0 %, 5.0 % and 6 %) pellets. (b) Calculated lattice parameter with the respect of In/Ag co-doping

concentration.

Figure 2a shows the XRD patterns of the sintered Sn_3,InAg,,Te
(x =0%, 1.0 %, 3.0 %, 5.0 %, and 6.0 %) pellets, in which the
diffraction peaks can be inclusively indexed as the FCC
structured SnTe (standard identification card, PDF #65-0239,
the pink line in Figure 2a) with a lattice parameter of a = 6.32 A
and a space group of Fm3m. No secondary phases were
identified within the detectability limits, indicating a high
solubility of In and Ag co-doping in SnTe when comparing with
the reported results.>® As shown in the calculated lattice
parameter of the sintered Sny_3,InAg,,Te ((x = 1.0 %, 3.0 %, 5.0
%, and 6.0 %)) pellets (Figure 2b), the rate of the decreased
lattice parameter is relatively high with increasing the In/Ag co-
doping concentration from x =0 % up to x =5 % while the lattice
parameter is almost stable at x = 6 %, suggesting that the In/Ag
co-doping is approaching to the solubility limit. It should be
noted that the decrease in the lattice parameter is attributed to
the smaller ionic radius of In3* (80 pm) and Ag*! (115 pm) when
compared with Sn2* (118 pm). Figure S5 shows the extended
XRD peaks (200) planes and demonstrate the peaks are shifting
towards higher angle confirming the lattice shrinkage after
In/Ag co-doping.

Figure 3 shows the temperature-dependent electrical transport
properties of sintered Sny_s,In,Ag,Te (x=0%, 1.0 %, 3.0 %, 5.0
% and 6 %) pellets. As shown in Figure 3a, the inherent high o
of pristine SnTe is gradually reduced with increasing the In/Ag
co-doping content. At 300 K, o of pristine SnTe is ~7240 S cm™,
and is decreased to ~2811 S cm for x = 6 %. Figure 3b shows

This journal is © The Royal Society of Chemistry 20xx

increasing x from 0 % to 6 % (Figure 3b). For example, room-
temperature u reduces from ~70 cm?2V-1s71 of pristine SnTe to
~30 cm?V1s71 of SnysIn,AgsTe at x = 6%. The decrease in u
should be attributed to the higher effective mass (m”) of the
carriers from the heavy hole valence band, which further is
verified by the calculation from a single parabolic band model.
m” can be determined using the following equations,*>

(r+3)-F, 30
2

S =2 )

(r+;)-FY+%(VI) B

3 3 2_ 2
1 (2m* - kgT)? (-+2) F 1
B ) 2

e Ry~

ny =

32h3 (2T+§) 'F2r+%(71) (3)
where n, kg, e, r, Ry, and h are the reduced Fermi level,
Boltzmann constant, electron charge, carrier scattering factor (r
-1/2 for acoustic phonon scattering), Hall coefficient, effective
mass, and reduced plank constant, respectively. Fi(n) is the
Fermi integral express as

w X
Fi(n) = J o Tioa—ndx (4)
Figure 3c shows the determined m* as a function of x, in which
m¥* increases from 0.87 my of the pristine SnTe (x = 0%) to 2.78
my of Snys,In,Ag,, Te for x = 6%, indicating that the heavy hole
contribution to the electron hole transportation from valence
band to conduction band in Sny_3,In,Ag,,Te. We also estimated

J. Name., 2013, 00, 1-3 | 3



Journal of:Materials.Chemistry A

the room-temperature deformation potential (Egey) of Sny.
axINyAgoTe, and the results are shown in Figure 3d. The
relationship between Eg.rand p can be expressed as*
3
@r +3)F 1(n)
emh* C ] 2 Ity
HH = 3 EJ N2
N2(kpTY Eqes*(m™)? (r+3) F 1

d eooo0

(5)

——x =0 %

near the Fermi level in the valence according to the following
equation 5=%’<an%+§;§?1, where g is the electron charge, Kgis
the Boltzmann constant, and g(E) is the DOS.*? S steadily
increases with increasing the temperature for all Sny_3,In,Ag,,Te
(x>0 %). The contribution of heavy mass carrier from the second

sub-band manifests S.
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Figure 3. Electrical transport properties of sintered Sny.s,In,Ag,Te (x =0 %, 1.0 %, 3 %, 5 %, and 6 %,) samples: (a) o, (b) n and y, (c) m* (d) Eg(e) S, (f) S%0. (error bar 5 %)

where C; (C; = vZp, v, and p are the longitudinal sound velocity
and density) elastic constant for longitudinal vibrations. The v,
was taken as 3371 ms? As shown in Figure 3d, Eg of all Sny.
adNAgyTe (x > 0%) are lower than the pristine SnTe,
theoretically suggesting the enhanced u. However, the higher
m” offsets the influence of reduction in Eyer.*

Figure 3e shows the temperature-dependent S of the sintered
Sny3InAgyTe (x=0%, 1.0 %, 3.0 %, 5.0 % and 6 %) pellets, in
which S of the In/Ag co-doping SnTe is higher than that of the
pristine SnTe in the entire temperature range. For instance, the
room-temperature S of x =5 % is ~178 uVK?! which is ~1.9 times
higher than that of pristine SnTe, due to the significant valence
band convergence and resonance energy level caused by the
In/Ag co-doping. The resonance effect leads to increases in DOS

4| J. Name., 2012, 00, 1-3

0

300 400 500 600 700 800
T (K)

Figure 3f shows the calculated temperature-dependent S%c of
the sintered Sny.s,In,Ag,,Te (x =0 %, 1.0 %, 3.0 %, 5.0 % and 6
%) pellets. The S?o values of In/Ag co-doped SnTe are well above
than that of the pristine SnTe due to the significant S
enhancement. Specifically, room-temperature Sc considerably
increases from ~4.04 pyWcm- K2 of the pristine SnTe to ~19.18
MWem K2 of Sng gslng.osAgo 10Te. A peak S?c of ~35.67 uWcem-1K-
2is obtained for Sny_;,In,Ag,,Te (x =5 %) at 823 K.

In order to understand the underlying mechanism of the
improved electrical transport properties of Snj.sInAgyTe
pellets, we carried out theoretical calculation. Figure 4a, b, c,
and d show the spectra functions for four systems, namely, the
pristine SnTe, SnggslngosTe, Snp.g0Ago.10T€ and
Sno.gslNgosAgo.10Te, respectively. The spectra function of the

This journal is © The Royal Society of Chemistry 20xx

Page 10 of 20



lournal of-Materials' Chemistry A

Journal Name

d.

——
0 20 40 60 80100

0.5 . .
S
L i |
>
24
@
5 -05
-1
-15
L r
DOS
 —— — |

0 20 40 60 80100

C: — D

0.5

Energy (eV)

«k %0 5 10 15
DOS

ARTICLE

 —— — |
0 20 40 60 80 100

V

O

Energy (eV)

Kk %0 5 10 15
DOS

0 20 40 60 80 100

A

0.5 " - -
=
©
"; oL im0 i -
> \ "
o :
w-o5f \\-- 1 1

-1F : - -
A g
g F 3§ g ™o 65 40 15

DOS

Figure 4. The spectra functions (left panels) and the density of states (right panels) of pristine and doped SnTe. (a) Pristine SnTe, (b) Sno.gsINgosTe, () SNp.90A80.10Te and (d)

SNo.gsINo.0sAgo.0Te.

pristine SnTe exhibits well-defined peaks. The positions of the
peaks in the spectra function correspond to the ordinary band
structure. For SnTe doped by foreign elements, the peaks in the
spectra function are no longer well-defined, but are smeared
due to the on-site disorders caused by the atomic substitutions.
The spectra function with energies -0.3 eV to 0.2 eV in
SngoslngosTe (Figure 4b) and O eV to 0.5 eV in the
SnogslngosAgo.10Te (Figure 4d) are too severely smeared to
interpret as a band. The spectra function in other energy ranges
can still be interpreted as bands. For example, the valence band
edge of Sng g5Ing osTe is at -0.3 eV, and the conduction band edge
of Sng gsINg.0sAgo.10Te is at 0.5 eV.

The substitution by Ag dopants induces p-type doping as
indicated by the shifting towards higher energy of the entire

This journal is © The Royal Society of Chemistry 20xx

band structure. Figure 4c shows enhanced energy band gap.
The band structure in In-doped SnTe is more complex. Although
the band edge at the L point is shifted downwards in the energy
scale, the energy of the band edge at the Z point remains
unchanged, as shown in Figure 4b. Therefore, little p-type
doping is induced by In dopants. The most significant
modification in the electronic structure brought by In dopants
is the enhanced density of states within an energy range of 0.5
eV around the Fermi energy. The enhanced DOS corresponds to
a severely smeared band-like feature in the spectra function,
whose energy dispersion near the L and Z points is parallel with
the well-defined valence band below it (Figure 4b). In/Ag co-
doped SnTe, as shown in Figure 4d, exhibits both the p-type
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doping due to Ag and the enhanced DOS above the valence
band due to In dopants.
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even more significant. The energy difference is reduced to 0.15
eV by 5% In dopants. Co-doping by In and Ag produces a larger
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Figure 5. Temperature-dependent thermal transport properties of sintered Sny.s,In,AgxTe (x =0 %, 1.0 %, 3.0 %, 5.0 %, 6.0 %) samples (error limit is 5 %) (a) k, (b) k. (c) k. (error

limit is 5 %) (d) Comparison of current k;with the reported results.*”

The enhancement in DOS induced by In dopants is referred to
the resonant states.? The resonant states result from the strong
hybridization between the impurity (In dopant) energy levels
and the bands from the matrix material (SnTe). The severe
smearing of spectra functions near the Fermi energy as shown
in Figure 4b, providing the evidence for the impurity-matrix
hybridizations. The band convergence effect is also visible in the
calculated spectra functions. The band convergence refers to
the reduction of the energy difference between the valence
band edges at the L point and at the Z point. Ag-dopants induce
a sizable band convergence effect by reducing the energy
difference from 0.42 eV in pristine SnTe to 0.2 eV in
SNng.9oAgo.10Te. The band convergence effect by In dopants is

6 | J. Name., 2012, 00, 1-3

band convergence than the single doped. The energy difference
is 0.1 eV in SnggslngosAgo.10Te (Figure 4d). Therefore, we believe
that the significant S enhancement observed in the In/Ag co-
doped SnTe is attributed to the synergy of band convergence,
band gap enlargement and the resonant states.

Figure 5a plots the temperature-dependent k of the sintered
Sny3dnAgyTe (x=0%, 1.0 %, 3.0 %, 5.0 % and 6 %) pellets, and
shows that k gradually decreased with increasing x value (In/Ag
content) in whole temperature range from 300 to 823 K. Room-
temperature « is significantly reduced from ~8.5 W m1K1 in the
pristine SnTe to ~3.39 W m? K! in SngslngosAgo1Te. A
minimum « of ~2.07 W m? K! at 823 K is obtained in
SNno.g2lNo.0sAL0.12Te, Which is 44 % lower than that in the pristine

This journal is © The Royal Society of Chemistry 20xx
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SnTe at 823 K. Figure 5b shows the calculated k. of Sni.
xInAg,Te samples using Wiedemann-Franz law k. = LoT,”
where L is the Lorenz number, and can be calculated by the
following relationship:

1]
L=15+exp (—13¢) (6)

Journal ofcMaterials Chemistny A

remarkably reduced with increasing the In/Ag doping
concentration. The room-temperature k; value is greatly
reduced from ~3.4 Wm-K1 in the pristine SnTe to ~1.69 Wm-~
1K1 in SnggslngosAgo12Te. A lowest k; of ~0.48 WmK? is
observed in SnggylngosAgo12Te at 823 K. This value is

Figure 6. (a) Typical bright field TEM image of SnogsIne.osAgo.10Te sintered pellet shows high density strain field in the matrix. (b) Selected area electron diffraction (SAED) pattern
along [211] zone-axis. (c) High resolution transmission electron microscopy image of one strain field area, (d) Magnified image of highlighted area of (c) shows dislocation exist in

the matrix.

The calculated L values are well laying in between the
Sommerfeld value of degenerated limit (Lpgg = 2.45%1078 QWK-
2) and non-degenerate limit (Lyp = 1.49x10°8 QWK2)%8 (Figure
S6). We further calculated «; by subtracting k. from k, and the
results are shown in Figure 5c. Clearly, the k; values are

This journal is © The Royal Society of Chemistry 20xx

approaching to the amorphous limit (~ 0.4 Wm™K-1).” Figure 5d
shows the comparison between our determined k; and the
reported values, in which our k;value is significantly lower than
most of the reported k; values, including undoped SnTe
(melting),® Mn/Cu,Te doped (melting),! Cu,Te doped,” In doped

J. Name., 2013, 00, 1-3 | 7
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(ball milling),? In/Se doped (melting),®> Cd/CdS doped (melting)*
and In/Ag doped (melting)® SnTe systems, indicating the efficacy

of our synthesis method to
thermoelectric materials.
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In this study, we demonstrated that high thermoelectric
properties can be achieved in the In/Ag co-doped SnTe through
comprehensive DFT electronic structure calculations, synthesis
and structural and composition characterizations. The high-

D 2.0
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Figure 7. (a) Temperature-dependent (a) ZT values of Sny.;,In,Ag,,Te (x=0%, 1.0 %, 3.0 %, 5.0 %, 6.0 %) samples (error limit is 5 %) (b) Comparing current ZT value with some of
the previously reported results, including Bi/Hg,® Bi/Sr,3® Cd/CdS,* In,2 In/Ag> and Mn/Cu,Te! doped SnTe system at 823 K.

To understand the origin of the k; reduction in Snys,In,Ag,,Te,
we performed transmission electron microscopy analyses.
Figure 6a is a typical bright-field TEM image of
Sng gslNg.osAgo.10Te, in which high density of strain field are exist
in the matrix. Figure 6b shows the selected area electron
diffraction (SAED) pattern along [211] zone axis. A high-
resolution transmission electron microscopy (HRETEM) image is
shown in Figure 6¢. The magnified image of highlighted elliptical
circle area of Figure 6¢ shows dislocations are exist in the matrix
(Figure 6d). These strain field, dislocations in the matrix,
together with the point defects and grain boundaries
significantly scatter heat carrying phonons in all scale and
responsible to reduce k; to a great extent.

Figure 7a shows the calculated ZT of the Sny_3,In,Ag,,Te pellets,
in which the peak ZT outstandingly enhanced from 0.34 in the
pristine SnTe to 1.38 in SnggslngosAgo10Te at 823 K, which is
attributed to the synergistic increase in S?0 and decrease in k.
This ZT enhancement is over 4 times higher than that of the
pristine SnTe. We also compare our result with some of the
previously reported results, including Bi/Hg,® Bi/Sr,38 Cd/CdS,*
In,2 In/Ag,® Min/Cu,Te! doped SnTe systems. As can be seen, our
ZT value outperforms most of the reported (Figure 7b),
indicating a great potential of In/Ag co-doping with a ratio of 1:2
to achieve significant enhancement in electrical and thermal
transport properties of SnTe systems. The synergistic defect
engineering and band tuning can be a crucial strategy to obtain
high-performance thermoelectric materials.

Conclusions

8| J. Name., 2012, 00, 1-3

concentration In and Ag dopants induce resonant states,
valence band convergence and band gap enlargement, leading
to the enhanced S from ~95 puVK? in the pristine SnTe to ~178
MVK?! in the SnggsingosAgoioTe. The co-existence of point
defects, strain field, dislocations and grain boundaries
significantly reduced lattice thermal conductivity over a wide
temperature range. Consequently, an outstanding peak ZT of
~1.38 was obtained in Snggslng gsAgo.10Te that is ~3.06 times
higher than that in the pristine SnTe. This study reveals a
promising pathway high-performance
thermoelectric materials via synergistic band tuning and defect

to achieve

engineering by a facile solvothermal method.

Experiment
Materials synthesis

A facile solvothermal method was used to synthesize Sni.
adnAgxTe (x = 0%, 1.0 %, 3.0 %, 5.0 %, and 6.0 %) samples.
Na,TeOs; (99.99%), SnCl,:2H,0 (99.99%), AgNOs (= 99.99%),
InCl3:4H,0 (97%), supplied by Sigma-Aldrich, were used as
sources of Te, Sn, Ag and In. Ethylene glycol (99.8%) and NaOH
(99.99%) were used as solvents to dissolve precursors. The
solution was put into a teflon jar, and stirred by magnetic stirrer
for several minutes. These teflon jars were then put into
stainless-steel autoclaves and sealed to put into a CSK thermal
oven, then heated to 230 °C and soaked for 24 h. After that, the
synthesized products were collected in centrifuging tubes at
room temperature. Absolute ethanol and deionized water were
used for centrifuging until the appearance of the clear solution.

This journal is © The Royal Society of Chemistry 20xx
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Once the centrifuging was completed, the synthesized crystals
were dried at 60 °C for 12 h.

Thermoelectric property measurements

The synthesized powders were sintered to form pellets using a
spark plasma sintering (SPS) machine under a high vacuum. The
pressure, temperature and time for SPS were set as 50 MPa, 823
K and 5 minutes, respectively. In order to measure the
thermoelectric properties of the sintered samples, different-
grade grind papers were used to polish the sintered pellets.
Thermoelectric transport properties, such as Seebeck
coefficient and electrical resistivity were simultaneously
measured by ZEM-3 (ULVAC) under a helium atmosphere from
room temperature to 823 K. Thermal transport properties, such
as thermal diffusivity (D), were measured by a laser flash
diffusivity method with an LFA 457 (NETZSCH) in the
temperature range of 300 to 823 K (Figure S1). Specific heat
capacity, C, was measured by DSC 404 F3 (NETZSCH) (Figure S2).
The density (d) of the sintered pellets were determined by the
Archimedes' method®® which gave ~97 % of the theoretical
density. « of the pellets was then determined by the
relationship of k = DC,d. The room-temperature Hall carrier
concentration and carrier mobility (u) were determined by a
homemade apparatus using four-probe contact method with
the vanderpauw technique under a reversible magnetic field of
15T.

Structural and compositional characterizations

The phase and compositional analyses of the sintered pellets
were carried out by X-ray diffraction (XRD) with Cu Ka (A =
1.5418 A) radiation in a Bruker D8 diffractometer. Scanning
electron microscopy (SEM, JEOL 6610, operated at 20 kV) with
energy-dispersive X-ray spectroscopy (EDS) and Hitachi's
unique 200 kV aberration-corrected transmission electron
microscopy (TEM, HF 5000, operated at 200 kV) were used to
investigate the morphology, structure and composition of the
sintered pellets. Focused ion beam (FEI-SCIOS FIB) was used to
prepare thin lamella for nanoscale TEM characterization.
Computational details of band structure and density of states
calculation

We employed first-principles density functional theory (DFT) to
investigate the effect of In/Ag atomic substitutions on the
electronic structures of SnTe. The on-site disorders due to
atomic substitutions were considered using the coherent
potential approximation (CPA). We utilized the Korringa-Kohn-
Rostocker (KKR) Green function formalism in the atomic sphere
approximation (ASA) as implemented in the AkaiKKR code. The
Perdew-Burke-Ernzerhof parameterization of the generalized
gradient approximation was used for the exchange-correlation
functional.®® The supercell approach widely adopted in previous
studies considered an ordered distribution of dopants, i.e., an
ordered alloy.?! The calculated band structure depends
sensitively on the precise distribution pattern of dopants in the
matrix. The CPA method has several advantages over the
supercell approach. Firstly, the fractional atomistic occupation
number allows one to simulate alloys with arbitrary doping
concentrations by the same computational effort. Secondly,
because the same primitive cell is used in simulating pristine
and doped systems, the effects of dopants can be obtained by

This journal is © The Royal Society of Chemistry 20xx
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a direct comparison of the resulting band structures. Lastly, the
CPA method is built upon the electronic Green’s functions. The
scatterings encountered by electrons due to the dopant-matrix
hybridizations, such as the electrons in the resonant state, are
manifested as the broadening and distortion in the calculated
spectra functions. Benchmark calculations show that the band
structure of pristine SnTe obtained by the KKR-ASA method
matches well with the conventional plane-wave-
pseudopotential method. SnTe possesses a rock-salt face
centered cubic (FCC) structure with the room-temperature
lattice parameter of a = 6.32 A. Two empty spheres per unit cell
were added. The self-consistent potential was calculated using
a 6x6x6 k-mesh with a tiny imaginary energy (10® Ry).
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Figure S2. Specific heat (C,) of Sny_sIn,Ag,,Te samples
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Figure S4. (a) A typical SEM image of the sintered Sng gsIng.0sAgo.10Te pellet and (b-e)

Corresponding EDS elemental map data of Sn, Te, In and Ag.
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Figure S5. Extended (200) peak of Figure 2a shows peaks are shifting towards higher

angle demonstrating the lattice shrinkage of the lattice.
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Figure S6. Calculated Lorenz number L as function of temperature of Sny_s,In,AgxTe.



