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The electron transport properties of 809 sulfides have been investigated using
density functional theory (DFT) calculations in the relaxation time approxi-
mation, and a material design rule established for high-performance sulfide
thermoelectric (TE) materials. Benchmark electron transport calculations
were performed for Cu;2SbsS13 and CuggVaGegSso, revealmg that the ratio of
the scatterm% probablllty of electrons and phonons (ki.7q') Was constant at
about 2 x 10 W K ! m~! s. The calculated thermopower S dependence of
the theoretical d1mens1onless ﬁgure of mer1t ZTprr of the 809 sulfides showed
a max1mum at 140 uVvV K L to 170 1V K. Under the assumption of constant
KiatTelr 0f 2 x 10 WK 1 m™! s !and constant group velocity v of electrons, a
slope of the density of states of 8.6 states eV~ 2 to 10 states eV~ 2 is suitable for
high-ZT sulfide TE materials. The Lorenz number L dependence of ZTppr for
the 809 sulﬁdes showed a maximum at L of approximately
2.45 x 1078 V2 K 2. This result demonstrates that the potential of high-ZT
sulfide materials is hlghest when the electron thermal conductivity k. of the

symmetric band is equal to that of the asymmetric band.
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INTRODUCTION

Recently, thermoelectric (TE) technology, which
can convert waste heat energy directly to electrical
energy, has received attention to increase energy
resources for society and mitigate global greenhouse
effects.! TE materials can be evaluated using the
figure of merit ZT = S%0(ke + K1ae) T, where S is
the thermopower, ¢ is the electrical conduct1v1ty, Kel
is the electronic thermal conductivity, . is the
lattice thermal conductivity, and T is absolute
temperature. Although tellurium compounds such
as BisTes and PbTe are well known as conventional
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high-performance TE materials,>® these materials
include tellurium, which is rare and expensive.
Environmentally friendly and cheap TE materials
without Te must be used. This work specifically
examined group 16 elements, and particularly sul-
fide TE materials, as alternatives to Te-based
compounds, because sulfur is cheap, abundant,
and environmentally friendly. Novel sulfide TE
materials with hlgh ZT values have been d1sc0vered
in recent years using experimental methods.* Tetra-
hedrite-related materials show ZT = 0.7 at 665 K,®
or ZT =0.95 at 700 K.° Colusite CussVoGegSss
shows ZT = 0.73 at 663 K.” However, to confirm
and accelerate discovery of higher-performance
sulfide TE materials, it will be necessary to use
computational as well as experimental methods.
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High-throughput screening of novel TE materials
using first-principles calculations has received
attention as computing performance has increased.
Some candidate TE materials have already been
identified using computational methods. LiZnSb
with high ZT value of 2.0 was reported by Madsen,®
while the electronic part of the TE properties of
48,000 stoichiometric inorganic compounds was
reported by Chen et al.” Among binary compounds,
ZnSb, CdSb, and ZnAs were screened by Gorai et al.
using electron transport calculations.'’ Experimen-
tal and theoretical results for the novel TE material
p-IngS3 (ZT = 0.53 at 700 K) were reported by Chen
et al.'' Nevertheless, computer-aided screening has
rarely been used to investigate ternary or more
complex, environmentally  friendly sulfide
compounds.

In the present work, electron transport calcula-
tions of 809 sulfides were performed directly using
OpenMX'*!? and BoltzTraP.'* We investigated the
TE properties of these 809 sulfides in the relaxation
time approximation and established a material
design rule for high-performance sulfide TE
materials.

COMPUTATIONAL METHODS

First-principles electronic structure calculations
were conducted using the OpenMX software pack-
age based on density functional theory (DF'T), norm-
conserving pseudopotentials, and pseudo-atomic
localized basis functions. We adopted the general-
ized gradient approximation (GGA) exchange cor-
rection potential proposed by Perdew et al.'® After
obtaining the E-k relation, electron transport cal-
culations (ETCs) were carried out using the Boltz-
TraP code based on Boltzmann theory. However, the
format of the input file for BoltzTraP is unsupported
by OpenMX. We therefore created an interface
program to connect the file format of OpenMX to
that of BoltzTraP using a shell script program.
Benchmark ETCs for undoped Si and conventional
half-Heusler compounds (ZrCoM, M = As, Sb, Bi)
are presented in the Electronic Supplementary
Material, showing good agreement with all-electron
DFT calculations using the WIEN2k code'® and
BoltzTraP (see Supplementary Figs. S1, S2). We
calculated the relative electrical conductivity o1,
thermopower S, relative electronic thermal conduc-
tivity keta’, and theoretical dimensionless figure of
merit ZTppr at chemical potential p according to the
following equations:

K, = [ ot " (- 22 )

1 Ky 1 ( K%)
T)=Ky,S(T)=———+—,ka(T) =—s— | Ko — =1 ),
o(T) =Ko, 5(T) le| T Ko a(l) le|*T > Ko

(1)

where K, is the transport coefficient, o(e, T') is the
conductivity spectrum at ¢ and T, ¢ is the energy, u
is the chemical potential, frp is the Fermi-Dirac
distribution function, e is the elementary electric
charge, and T is absolute temperature.

For estimation of a suitable electron relaxation
time 7., and lattice thermal conductivity ., we
performed benchmark ETCs of tetrahedrite
Cu1oSbsS;15 and colusite CuggVaGegSse, which are
known as novel TE materials. ZT can be separated
mathematically into two terms as follows:

_SQJT 1

’ Klat ’
Kel 1+K_:1

ZT (2)
where the first term S%6T'k,," is designated factor A,
while the second term (1 + kjake’) ' is designated
as factor B. The A factor can be calculated using
only DFT calculations for electrons. However, the B
factor cannot be calculated using DFT calculations
of electrons, because it includes 1. and k5. Here,
Kiat 18 described as

1
Klat = g Clatvlzat Tlat, (3)

where Cj,; is the specific heat of the lattice, vy is
the phonon group velocity, and 1,4 is the phonon
relaxation time. According to Eq. 3, rqatrgll can be
described as follows:

Klat 1 9 Tlat (4)

= 5 LlatV1gs —-
Tlat 3 & Tel

When Cj,; and vy, are constant, ;qatr;ll is propor-
tional to rlatrgll, which indicates that the physical
meaning of antrgll is the ratio of the scattering
probabilities of electrons and phonons. For quanti-
tative calculation of the theoretical dimensionless
figure of merit ZTppr, KiatTel iS important.

We estimated 7, and wx,; for high-performance
sulfide TE materials tetrahedrite Cu;oSbsS;5 and
colusite CuygVoGegSso bg comparison of experimen-
tally obtained results®® with calculation results.
Subsequently, suitable x.te’ was obtained for
calculating ZTppr. The ZTppr values for conven-
tional TE materials BiyTe;, PbTe, SnSe,!”
Cu19SbsS13, and CuggVaGegSse were also calculated
using OpenMX and BoltzTraP.

ETCs were performed for 809 sulfides, including
stoichiometric compounds and substitutional sys-
tems. A list of the 809 sulfides investigated is
presented in Table SII of the Appendix. The
flowchart of the electron transport calculations for
the 809 sulfides is depicted in Fig. 1. Crystal
structure information for the stoichiometric sulfide
compounds was obtained from the Material Project
database.’® The substitutional sulfide compound
systems were obtained by substituting each site
for other atoms. The lattice parameter of the
primitive cell of the sulfides was calculated using
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CIF2Cell software.’® The reciprocal lattice vector
and suitable mesh size in k space were calculated
automatically. The input file for OpenMX was
created using a program written specifically for this
purpose. We adopted an electronic temperature of
673 K, used the GGA exchange correlation poten-
tial, and considered spin—orbit coupling. The
pseudo-atomic orbital basis function for each ele-
ment is presented in Table I, where the symbols
respectively denote the element, the cutoff radius
(unit in Bohr), and the specification of the optimized
orbitals.'? We adopted a mesh distance in k space of
about 0.05 bohr ' mesh™! and an energy cutoff at
500 Ry in the numerical integrations to obtain the
E-k dispersion relation. The internal atomic coor-
dinates and lattice parameter were fully optimized
until the maximum force became less than
0.0001 hartree bohr ! using the quasi-Newton
method.?*2% As initial parameters, we used the
atomic coordination and lattice parameter in the
Material Project database.®

RESULTS AND DISCUSSION

Estimation of Electron Relaxation Time 7
and Lattice Thermal Conductivity xja;

For the benchmark ETCs on Cu;5SbsS;3 and
CuggVaGegSsa, we estimated the relaxation time 14
by comparison with the experimental electrical
conductivity 6. We calculated the relative electrical
conductivity o74'. Subsequently, the lattice thermal
conductivity xj,; was calculated using the relation
Klat = Ktotal — Kel, Where Kiota1 1S the experimental
thermal conductivity. The calculation results for 7,
Klat, and Klatfgll for Cu128b4813 and Cu26V2Ge6832
are presented in Table II. The results indicate that
Kiat and te respectively depend on the material. We
estimated ki, and 1 as 1 WK 'm™! and 5 fs,

I Crystal structure of the sulfides are obtained by Material Project l
e

I Calculating the lattice parameter of a primitive cell using CIF2Cell program I
5

Creating the input file of OpenMX from the lattice parameter of a
primitive cell using the custom-written program

OpenMX

I Crystal structure is optimized I

| Calculation of E-k relation |

¥

New interface program
Converting output file of OpenMX to Input file of BoltzTraP

BoltzTraP ‘

| Electron transport calculation

a4

I Collecting the transport properties at the chemical potential u

Fig. 1. Flowchart of electron transport calculations for 809 sulfides.
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respectively, based on the intermediate value of the
benchmark calculation results. However, the Klatr;ll
value for Cu;9SbsS13 and CuysVoGegSs, was con-
stant at about 2 x 10™* W K~' m~! s~%. This result
supports our inference that a Klatrgll value of
2 x 10 WK 'm!s™! is suitable for calculating
ZT values of high-performance sulfide TE materials.

ZTppr Calculations for Conventional TE
Materials

Using the constant values for i, of 1 WK ' m™!

and 7, of 5fs, we performed benchmark calcula-
tions of the ZTppr value for conventional TE
materials. Figure 2 shows the chemical potential p
dependence of ZTppt for the a,b-axis and c-axis of
BisTes at 300 K. The maximum ZTppr of BisTes
with a, b-axis reached 0.28 (n-type) and 0.32
(p-type). These values are about one-third of the
experimental ZT value of 0.8.2° This result suggests
that the k7" value for BisTes is much lower than
2x 10" WK 'mts

Table I. Pseudo-atomic orbital basis functions for
each element for ETCs of 809 sulfides

Element Pseudo-atomic orbital basis functions
Al Al17.0-s3p3d2
Si Si7.0-s2p2d1
P P7.0-s3p3d2f1
S S7.0-s3p3d2f1
Ti Ti7.0-s3p3d2
A% V6.0-s3p3d2
Cr Cr6.0-s3p3d2
Mn Mn6.0-s3p3d3
Fe Fe6.0S-s2p2d1
Co C06.0S-s2p3d2f1
Ni Ni6.0S-s3p3d2f1
Cu Cu6.0S-s2p2d2
7n Zn6.0S-s2p2d2
Ga Ga7.0-s2p2d2
Ge Ge'7.0-s3p3d3f2
Zr Zr'7.0-s3p2d2
Nb Nb7.0-s3p2d2
Mo Mo7.0-s3p2d2f1
Sn Sn7.0-s2p2d3f1
Ta Ta7.0-s3p2d2f1
\ W7.0-s3p2d2f1

Table II. Electron relaxation time 1., lattice
thermal conductivity, and xja7;! for Cu;2SbsS;s
and CU26V2G96S32 at 673 K

Klat KlatT;]I
Material T fs) WK !Im™) WK !m1ls?
Cu;25bsSs3 6.8 1.0 1.5 x 10
Cu26V2GeGS32 2.4 0.49 2.1 x 1014
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Fig. 2. Chemical potential ¢ dependence of ZTper for BixTes at
300 K.
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Fig. 3. Chemical potential 1 dependence of ZTpet for Cu;2SbsSy3 at
673 K.

Figure 3 presents the u dependence of ZTppr for
tetrahedrite Cu;5SbsS;3 at 673 K. The value of
ZTprr was 0.32 at p, about two-thirds of the
experimental ZT value of 0.5 found at 665 K.® This
underestimation resulted from a difference in u
because the theoretical thermopower S was smaller
than experimental values. We defined the location
of pger to reproduce the experimental S. The ZTppr
value at uger (red line) was 0.45 at 673 K, in good
agreement with the experimentally obtained value.
This result suggests that electron doping occurred
in the experimental Cu;5SbsS;3 sample due to
sulfur defects. The u dependence of ZTprr for PbTe,
SnSe, and CuggVaoGegSss is not shown herein
because their discussion is similar to that presented
for BizTeg or Cu128b4813.

Table III presents the maximum ZTppr value at
u =+ 05eV and the experimental ZT of BiyTes,
PbTe, SnSe, Cu128b4813, and CUQ6V2G66832. The
order of the maximum ZTppr value for Cu;9SbS13
and CuggVoGegSsy is consistent with the experi-
mental Z7T. This result indicates that the rqtg’
value of 2 x 10 W K~ ! m~! s7! is suitable for use
with high-performance sulfide TE materials.

Electron Transport Calculations for 809
Sulfides

Figure 4 shows the thermopower S dependence of
ZTprr at u for the 809 sulfides at 673 K. Under the
relaxation time approximation, the calculated
ZTppr value increased concomitantly with increas-
ing absolute value of S, showing maximum peaks at
—170 uVK! (n-type) and 140 uV K ! (p-type).
Generally, high-performance TE materials require
a sharp slope of the DOS under the assumption of
constant 7, and group velocity v of electrons. This
guideline is known as the material design rule for
high-performance TE materials. However, accord-
ing to our calculation results, this guideline is
incorrect. The S dependence of ZTppr in Fig. 4
shows that the suitable S| is 140 uVK™! to
170 xV K 1. Under the assumptions that 7. and v
are constant and that the DOS shows linear energy
dependence, we can apply the expanded Mott
formula as

kT 1 OD(Ey) )
3le| D(Ey) OE

S| =

where kg is the Boltzmann constant, e is the
elementary electric charge, Ex is the Fermi energy,
D(EFw) is the density of states at Ey, and E is the
energy. When S| is 140 uV K ! to 170 uV K ! at
673 K, and when D(Ep) is normalized as
1 state eV !, the calculated suitable slope of the
DOS 6D(EF)Z8E at Ep is 8.6 states eV 2 to
10 states eV ~.

To investigate the L dependence of ZTphpr more
deeply, we calculated the Lorenz number L depen-
dence of the A factor (= S%¢Tkz') and B factor
(= {1 + Kjatka'} ). The A factor shows the L depen-
dence, and increases with decreasing L. However,
the B factor shows a maximum peak at the conven-
tional Lorenz number Ly~ 2.45 x 1078 V2 K2,
Figure 5 shows the L dependence of ZTppr (= A
factor x B factor) at 673 K. ZTppr increased con-
comitantly with increasing L, showing a maximum
peak at Lo~ 245 x 10 8 V2K 2 This result
reflects that the contribution of the B factor is
dominant. However, a small value of ZTprr was also
found around L,. This result indicates that some
metallic systems show L ~ Lg, but the highest ZT
materials show L ~ Lg; For example, the reported L
of PbTe is 2.9 x 107® V2 K 2 in the high-tempera-
ture region for maximizing ZT under consideration
of multiband effects, as reported by Thesberg
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Table III. Maximum ZTppr at u + 0.5 eV and experimental ZT of Bi;Tes, PbTe, SnSe, Cu;2Sb,S;3, and

Cuy6V2GegSso

Materials Maximum ZTppr at ¢ £+ 0.5 eV Experimental ZT
BiyTe; (a, b-axis, 300 K) 0.32 (p-type), 0.28 (n-type) 0.8%¢

PbTe (673 K) 1.6 (p-type) 1.2%8

SnSe (Pnma, b-axis, 673 K) 0.9 .6%°

SnSe (Cmem, b-axis, 923 K) 1.5 2.6 + 0.3
Cu;2Sb,sS13 (673 K) 0.7 0.5 (665 K)®
CuseVGesSss (673 K) 0.8 0.73 (665 K)’

107"

107 ’ :
.I=673K
10—5 L o _
n type p type
_6 1 1 1 1
-300 -200 -100 O 100 200 300

S/ uvK'

Fig. 4. Thermopower S dependence of ZTpet at u for 809 sulfides at
673 K.
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Fig. 5. Lorenz number L dependence of ZTpet at i for 809 sulfides
at 673 K.

et al.,?” which supports our calculation results.

Generally, L = Ly is known as the degenerate limit.
However, some sulfide materials in Fig. 5 show 10

to 100 times larger L values compared with Ly. The
u values of these materials are in the bipolar
conduction region. Their bandgap is wide. For a
two-band model in a bipolar system, the value of L is
orders of magnitude larger. The maximum L
increases concomitantly with increasing bandgap.?”
Also, k. is described as

Kel :L00T+|6|L2T(A —B), (6)

1 . . of
A=/{n_1(2n), ®) (1, T) (e — ) }(8—#)2<—E>d8,
(7)

St o@D 0 1) — 0™ e - ) (- %) ae]”

° J{Z oo e = ™} (~ ) ds

where Lg is the conventional Lorenz number of
2.45 x 1078 V2 K2, According to these equations, A
depends on the symmetric band around u. The
contribution of the asymmetric band is dominant in
B. When L = L, the absolute values of A and B are
expected to be equal. This result indicates that the
Ke1 of the symmetric band is equal to that of the
asymmetric band when the potential for use as
high-ZT materials is high.

CONCLUSIONS

We investigated the electron transport properties
of 809 sulfides using density functional theory
(DFT) calculations in the relaxation time approxi-
mation, and established a material design rule for
high-performance sulfide TE materials.

In the benchmark calculations for Cu;5,Sb4S;3 and
Cuy6VaGegSsa, the ratio of the scattering probability
of electrons and phonons (k1.7e') was constant at
about 2 x 10 W K ' m ! s~1. This value is suit-
able for calculation of the theoretical dimensionless
figure of merit ZTppr of high-performance sulfide
TE materials.

The calculated thermopower S dependence of
ZTprr showed a maximum value at 140 xV K ! to
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170 uV K~ 1. Under the assumption of constant
KlatTar Of 2 x 10 WK 'm1s! and constant
group velocity v of electrons, a slope of the DOS of
8.6 states eV 2 to 10 states eV 2 is suitable for
high-ZT sulfide TE materials.

The Lorenz number L dependence of ZTppr
showed a maximum value at around L of
2.45 x 108 V2K 2. This result shows that the
potential for high-ZT material is highest when the
electronic thermal conductivity «,; of the symmetric
band is equal to that of the asymmetric band.
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