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Abstract te

U

High-throu plorations of novel thermoelectric materials based on the Materials Genome

Initiative garadigm only focus on digging into the structure-property space using non-global

fl

indicators n materials with tunable electrical and thermal transport properties. As the

d

genomic unis, wing the bio-gene tradition, such indicators include localized crystal structural
blocks in ce or band degeneracy at certain points in the reciprocal space. However, this non-

global es not consider how real materials differentiate from others. Here, we have

M

successfully developed a strategy of using entropy as the global gene-like performance indicator that

I

shows ho =component thermoelectric materials with high entropy can be designed via a high-
throughpug method. Optimizing entropy works as an effective guide to greatly improve
the therm erformance through either a significantly depressed lattice thermal conductivity
down t ical minimum value and/or via enhancing the crystal structure symmetry to yield

{

large Seeb ficients. The entropy engineering using multi-component crystal structures or

U

other pos niques provides a new avenue for an improvement of the thermoelectric

perform yond the current methods and approaches.

A
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Main Text

In response to the global energy crisis and the debilitating impact of fossil fuels on the
environment, thermoelectric (TE) materials have attracted worldwide attention for their
ability to convert industrial waste heat into useful electricity. A criterion for what
constittﬂerﬂgperforming TE material is the dimensionless thermoelectric figure of merit

zT, deﬁnemz o’oT/x, where o is the Seebeck coefficient, o is the electrical conductivity,

Kk is the th onductivity, and T is the absolute temperature. Strong correlations among
the abovew parameters limit the materials base of thermoelectricity to a few classic
TE materials; the zT values have remained limited to a range of 1-2 in the past decades!"

31, To meet the endlessly growing demands, the Materials Genome Initiative has been used

for the fa and screening of new thermoelectric materials by tailoring the real-space

(R-space) mal building blocks or band degeneracy at certain reciprocal-space (K-space)

points e-like performance indicator based on first principles calculations'*),

In t amics, entropy (S) measures the large number of microscopic
configurations of a given material’s macrostate from a global point of view. The entropy in a
material ¢ hanced through introducing element doping and alloying[z] various atomic
vibration § @ , liquid-like ionic migrations!”! or hierarchical structures'®. Maximizing the
entropy in erial makes a significant impact on the material’s microstructure and

macro rties clearly beyond doping or band engineering within limited R- or K-

{

space, W 1S especially useful for thermoelectrics requiring the optimization of multiple

d

inter-related phygical quantities at one given material state. Entropy indeed acts as an overall

performa cator to evaluate TE properties, just like a virtual but unique “gene” beyond

A

This article is protected by copyright. All rights reserved.

3


javascript:void(0);

WILEY-VCH

localized crystal structural blocks in R-space or band degeneracy at certain K-space points. A
particular example is using multi-component alloying that specially alters configurational
entropy, as wn in Figure 1A and Figure 1B. Compared with simple compounds
characteri igle-component atoms located at respective atomic positions, multi-

N .
componer!materlals have several structural components located at the same atomic sites and

thus have@ tunable entropy capable of strongly scattering lattice phonons and

potentially cing the crystal structure symmetry to yield good electronic properties.

S

However, e 48 currently no effective criterion to predict and screen high performance
multi—com@TE materials due to the complexity of the crystal structure and chemical
bonds in s terials. Since the solvent atoms are usually homogeneously distributed in
materials, to form a multi-component structure, i.e., a solid solution with multiple
componemt in a material that has similar chemical bonds as the matrix material. This
fact pr to develop an elastic model to study the stability of multi-component TE
materials. W d that the maximum entropy for given multi-component materials depends
on the overall material’s solubility parameter ¢ that is associated with the material’s shear

modulus, gtice constants and mismatch in the atomic radius (see below). For a multi-

compone fal with given o value, it is very easy to find the maximum entropy based on

Figure 1C. n the high-throughput calculation for multi-component TE materials with the
desiredﬁ

is; performed, and several candidate materials with the z7 values significantly
higher M matrix are identified (see Figure 1D). As an example, the maximum z7 is
up to 1.6 and 523 in (Cu/Ag)(In/Ga)Te,- and Cuy(S/Se/Te)-based multi-component TE

materials, tvely (see in Supporting Information).

This article is protected by copyright. All rights reserved.
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In multi-component materials (see Figure 1A), the substituted atoms (4’, A”...) in

equivalent lattice sites definitely change the material’s total free energy although they have

similar chegaigal bonds and atomic coordination as the framework atom 4. Because the

substitute g A''...) have different atomic size and electronegativity compared to the
. o ) o

matrix elegnent (4), the enthalpy change (4Hio1) 1s simply considered as a combination of the

internal stggy (4H5) due to atomic size mismatch and fluctuations of the internal ionic
c

field energ ) arising from the electron cloud redistribution according to the Hume-

7]

Rothery n addition, the total energy is lowered by the entropy caused by multiple

components located at the same atomic sites. Formally, the total free energy change (4F) is

given by 24H+AH-AS X T. Following Boltzmann’s hypothesis, the configurational
[18]

entropy ( en by

CU: ks Q = —Nakp Ty vy Inx,  Thyx =1, (1)
where kg 1Eoltzmann constant, Q is the number of atomic occupation probability, 7 is
the nu substituted components, x; is the mole content of the i-th component, and

Nyis Avogdro's number. In semiconductors, the magnitude of AH is very small (at the level
of 0.01~0. fu. at 300 K, see Table S1 in Supporting information) and thus can be
ignored. , the change in enthalpy is dominated by the internal strain energy (4Hy)

that is dirmined by the average shear modulus and the mismatch in the unit cell (see

Equatinorting information).

For a tWScomponent TE semiconducting solid solution (1 —x)AB + xA'B -

A _ A B, t ulated change in enthalpy and atomic solubility reasonably agree with the

This article is protected by copyright. All rights reserved.
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ab initio calculations and experimental observations (see in Supporting Figure S1 and Figure

2A). We then define a parameter § = GR*(AR*)?/Z with units of GPa-A® as a criterion for

judging thﬁcsolubility. Here G is the average shear modulus, R* is the effective lattice

24p24c2 . 242
constang W by R* = /% for an orthorhombic structure and /(ZQ)TH for a

hexagonalhe, where a, b and ¢ are the parameters of a unit cell, or the parameters of a

supercell i ilt close to a sphere), R* is the average effective lattice constant and AR*

is the diffm the effective lattice constant between AB and A'B (AR* = |R*45 — R*4:5),

and Z is ;ber of formula units in one unit cell or the corresponding supercell. For

example, cell with lattice parameters of (4a* x 4b* x c¢*) is required to run such

calculatio@lexagonal Bi,Tes;-based materials, where a*, b* and c* are the lattice
parameter nversional unit cell. With the above definitions, a low 6 value means a low
internal strain energy and high atomic solubility, and vice versa. As shown in Figure 2A, two-
component soliipns with & below 2.08 GPa-A’ can form complete solid solutions, such as
(Cd/Hg)Te, Se), (Rh/Ir)Sbs, Cuy(S/Se), Cuy(Se/Te), (Bi/Sb),Tes, (Cu/Ag)InTe, and
(Cu/Ag) e, while systems with & larger than 2.08 GPa-A® can only result in partial solid

solutions, Q{Co/lr)Sbg, (Co/Rh)Sbs, Biy(Se/Te); and Pb(Se/Te). The systems with very

large o values;Such as Pb(S/Te), have very low atomic solubility.

T ulti-component solid solution systems can be regarded as being derived

o

from a quasi-binary reaction of the type
1- x)AJ + xA"y_,A",B = (A1_xA'x)1-yA",B, where A;_,A',B, A'y_,A" B are

the quasi ices dissolving a third component A”B with an initial content y. Our

This article is protected by copyright. All rights reserved.
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calculations show that the component A”'B actually relaxes the crystal lattice by reducing the

internal strain energy by the magnitude of the suppressed strain energy determined mainly by

vy under a w)3 2 (see Equation S11 in Supporting information). By accumulating all

the reacti mary solid solutions and sub-reactions of quasi-binary solutions, the total
N ) ) o

free energ! change in an equimolar multi-component solution is

@,A 5. [Z?: 1 _?)- ] N,kgTIn(n), ()

erage § value of all separate binary solutions and M is a dimensionless

where §

8

constant w pprox1mate value of 7.34 in semiconductors. The first term in Equation 2

represent ge in enthalpy, referred to the internal strain energy, and the second term
S

represent gy from the configurational entropy. Figure 2B shows the energy variation

when inc@the number of substituted components. Due to the rapidly increasing

confi tropy, a complete solid solution is obtained when the number of substituted

components i ge enough, regardless of the intrinsic nature of the components. This is
similar to cases of high entropy-stabilized alloys and oxides in which five or more substituted

compone w1th far different atomic sizes and electronegativities leads to a single bcc or fcc

phase“”ogver the number of substituted components in TE semiconductors usually

does not ex 4 or 5. Therefore, in order to form a complete solid solution, the parameter &
should 2.92, 3.58, and 4.12 GPa- A’ for the multi-component materials with 3, 4,
and 5 ¢ respectively.

uth
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Our model shown above provides a direct criterion by which to screen and identify
candidate multi-component TE materials with high configurational entropy. The current
elastic r#ks well for materials with identical crystal structures; thus, high-throughput
selection rmed based on the experimental lattice parameters or atomic sizes, and
the mat-ens'mar moduli. We looked at various typical TE materials with cubic or cubic-
like structuges, physical properties of which are listed in Supporting Table S2 and Table
S4. Our (Qons show that (Ti/Zt/Hf)NiSn and (Ti/Zr/Hf)CoSb can form equimolar
ternary sowmns, which is reasonably consistent with the experiments?'). Furthermore,
our mode@ that Cuy(S/Se/Te) can form equimolar ternary solid solutions, while
(Cu/Ag)(Iﬁ and (Mn/Ge/Sn/Pb)Te can be realized as equimolar quaternary solutions.

In contras e/Te) has a too large value of & to form equimolar ternary solid solutions.

Aimimm solid solutions and test our predictions experimentally, we selected and

synthe al candidate multi-component TE materials, e.g., (Cu/Ag)(In/Ga)Te;-,
Cuy(S/S > and (Mn/Ge/Sn/Pb)Te-based materials. X-ray diffraction analysis (XRD)
shows all these materials to be phase pure without any obvious impurity phases (see Figures
S3-S5). Ehrobe Microanalysis (EPMA) reveals that all elements are homogeneously
distributeout the entire sample without any obvious agglomeration of elements (see
in Supportiaggi@ermation). Furthermore, we have performed a 3D-atom probe tomography
(APT) ismto check the distribution of elements on the atomic-scale. Taking
Cuz(S/Se/e#based multi-component materials as an example, the ionic mass spectrum of
CusS3Se s shown in Figure 3A. The reconstructed 3D atomic maps based on the

ionic ma; rum are shown in Figure 3B. No aggregation of chalcogen atoms is observed.

This article is protected by copyright. All rights reserved.
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This is further confirmed by the analysis of the nearest-neighbor (NN) atomic distributions,

as shown in Figure 3C. The measured NN atomic distance histograms of each element are

completely apped with the calculated curves (black curve in Figure 3C) based on the

assumptio elements are randomly distributed in the sample. All these results
[ —

unequivogally demonstrate that all components are extremely homogeneous on the macro-

scale, the olsgale, and even on the atomic-scale. This is consistent with our calculations

because th ti-component TE materials are phase-pure and thermodynamically stable.

Beyon; th; !igh—throughput screening and identification of candidate multi-component
TE materiaproperties are also significantly optimized and improved by increasing the
material’sf@htropy because it is a gene-like performance indicator. Increasing entropy in a TE

material definit leads to a greater number of microscopic configurations that may

significantly T uce extra phonon disorder and open a new window to tune electrons, and
thus a th electrical and thermal transports. First is a significantly decreased lattice
therma, uctivity. Such a large number of microscopic configurations in the materials

with high entropy implies the existence of numerous lattice defects that provide extra phonon

point def‘hering to suppress heat conduction. Especially for the multi-component

materials bove, there exist strong mass and strain fluctuations among the various
compone ignificantly depress the material’s lattice thermal conductivityzz. With the
contin&ement of entropy by increasing the solute components, the phonon disorder
is incessaﬂeased and finally may reach a critical state like a glass. Correspondingly,

the lattic

<

1 conductivity is depressed down to the glass limit in a solid, i.e., the

This article is protected by copyright. All rights reserved.
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minimum lattice thermal conductivity. This is illustrated in Figure 4A. When the number of
solid solution components increases, a huge suppression in the lattice thermal conductivity is
observed, with.the value approaching the minimum thermal conductivity' (k) in solids.
The requi of components to reach x,,;, varies for different materials. For the

H I .. [22] . [23]
systems wath high initial thermal conductivity, such as half-Heusler alloys'™*, skutterudites

and chalcmm], the required number of substituted components to reach x,,;, at 300 K is
at least 5 or"6®P0r example, the room temperature x; of around 6-9 Wm™'K™ in the matrix of

CulnTe, e, 1s reduced to 2-4 Wm'K! for the two-component materials with an

entropy of 0. /f.u., and down to 1.4 Wm™ 'K for the four-component materials with an

Us

entropy of f.u. in this study. For matrix compounds with a moderate initial x;, such as

(Ca/Yb)Z 2% Mg (Si/Ge/Sn) 202 Biy(S/Se/Te)s* and Pb(S/Se/Te) P! 3 or 4

different msubstituted components are required to reach x,,;,. For example, the room
temper, round 2.5 Wm ™K™' in the PbTe matrix™ is reduced to 1.0 Wm™ K™ (just a
little higher t € Kmin in PbTe) for three-component materials with an entropy of 0.7 kp/f.u.

M For matrix materials having an extremely low kg, such as liquid-like materials

Cuy(S/Se/ and (Cu/Ag)sGe(Se/Te)s, the x; values are already nearly equal to the x,,, and

these valu aintained in essentially all multi-component materials.
T}ﬁffect concerns the increasing configurational entropy that may enhance the
crystal ymmetry and thus improve electronic transport properties, especially for

t

matrix maferials having low symmetry structures. When the configurational entropy increases,

U

environm t activations and fluctuations lead to more disordered and homogenous

atomic dj 1ons throughout the crystal lattice in materials possessing multi-component-

A
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occupied identical atomic sites. This may increase the material’s crystal symmetry. When the

entropy is high enough, all multi-component materials tend to possess a high symmetry cubic

structure. the entropy is not so high, the symmetry of the structure may still be
improved ctural transition temperature may be reduced. This has been shown in
W —

many expgiiments , and is confirmed here by our studies. For example, single Cu,X (X =

Te, Se oggS) ompounds generally crystallize with the monoclinic structure at room
r

temperatu 1/c for Cu28[32] and C2/c for CuZSe[33]), but the symmetry is increased to

hexagonal§y 0.5Teo.s, CuxSosSeos, and Cu,Si3SesTers when the configuration entropy

is above (JE Egzs. . (see in Supporting Figure S3). This promotion of the crystal symmetry in

multi—com& TE materials definitely changes their electronic band structure. High

symmetry structures tend to form multiband electronic bands or overlapped bands

near the mvel due to the high symmetry inducing more equivalent positions in both
real an 1 | space. This can significantly increase the electronic density-of-states and
effecti\Ed thus enhance the Seebeck coefficient. For the systems with initially high
crystal symmetry, such as (Cu/Ag)(In/Ga)Te,, there is no obvious trend in the variation of the

Seebeck cﬁfﬁcient because there is either no structural variation or the structural variation is

very WeakQure 4B). However, for the systems with initially low crystal symmetry, the

Seebeck co ient of multi-component TE materials is obviously superior to the matrix

compoun& Taking Cuy(S/Se/Te) as an example, when the carrier concentration is in the
range fl’ﬁ2 't0 3.0x10*' cm™, the Seebeck coefficient at 300 K is merely 20-40 pVK
"in the monocli;c structure, but it significantly improves to 70-130 uVK in the hexagonal

structure @2 large entropy (see Figure 4B). Specifically, the carrier concentrations of the

This article is protected by copyright. All rights reserved.
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matrix compound Cus,Se (1.51x10*' c¢m™) and the multi-component solid solution
compound Cu,S;;3Se;3Te;s; (1.50x 10! cm™ ) are almost the same, but the room temperature
Seebeck co ient of CuySi;3Se;sTers (130 uV/K) is obviously larger than that in Cu,.Se
(40 uV/KQg to the single parabolic band model (see Supporting Figure S9), the
N
effective filass of monoclinic Cuy(X = Te, Se or S) compounds is mostly below 2.0 m,, but it
is greatly @d to above 4.5 m, in the hexagonal structure. Such an enhancement means
an increase In_the electronic density of states, which is completely consistent with the
upgradingmwterial’s crystal structure symmetry. Although there are other factors that
affect the electromic properties of a material, it is very clear that the Seebeck coefficient is

improved component TE materials with increased entropy based on our data.

According to our elastic model, high-throughput predictions have been made regarding

the discQye of multi-component thermoelectric material systems, including
(CwA 2, Cuy(S/Se/Te) and (Mn/Ge/Sn/Pb)Te. Good consistency between
calculai experiment reveals that the model presented here is reliable and effective for

the screening, design, and realization of new multi-component materials. We also expect this
model to ‘h other materials, beyond thermoelectrics. The enhanced z7 values up to 1.6
and 2.23 @ ective (Cu/Ag)(In/Ga)Te,- and Cuy(S/Se/Te)-based multi-component TE
materials rate that the entropy is a gene-like performance indicator that has two
signiﬁg on tuning and optimizing electronic and thermal transport properties, i.e.,
e o

to lowe ﬂpresemce of local mass and strain fluctuations and to improve the Seebeck

coefficien

<

ancing the crystal symmetry. While the magnitude of the two effects

This article is protected by copyright. All rights reserved.
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depends on the initial state of the matrix compounds, entropy engineering emerges as a very

effective approach to design and realize high performance TE materials.

Supporﬂ\Mion is available from the Wiley Online Library or from the authors.
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Figure l.gced TE properties through entropy engineering. (A) Schematic diagram of
the lattic@ framework in multi-component materials compared to an ordinary binary

compound. chematic diagram of the entropy engineering with multi-component TE

materials. line and black line represent energies contributed by the configurational

entropy (45) and by the formation enthalpy (4H), respectively. (C) The maximum
entropy (in units of kpz per formula unit) as a function of a material’s
meter o for given multi-component TE materials, where n is the number of
components. (D) Maximum TE Figure of merit (z7) as a function of the configurational
entropy ifltCuy(S/Se/Te)-, (Cu/Ag)(In/Ga)Te,-, and CugGe(Se/Te)s-based multi-component
TE materia e zTs of Pb(S/Se/Te)- and (Ti/Zr/Hf)NiSn-based materials are taken from

Ref. 8-16.
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Figure 2. Energies in multi-component TE materials. (A) Average shear modulus (G) as a

function m*)z /Z in two-component solutions. The red and black lines represent the

curves wi
function

contribute

olubility of 0.5 and 0.01, respectively. (B) Internal strain energy as a

3

umber of components (n). The black solid line represents the energy

figurational entropy. The dashed lines illustrate the relation in particularly
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Figure 4.! iowered lattice thermal conductivity (x;) and improved Seebeck coefficient () in

2.0)x10" mnd - 3.0) x10*' cm™. The data for (Cu/Ag)(In/Ga)Te,- and Cux(S/Se/Te)-

based matgii listed in Supporting Table S3.
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A strategy hentropy as the global gene-like performance indicator is developed to show how

multi-comg @ ermoelectric materials with high entropy can be designed via a high-throughput
screening

8d. Optimizing entropy works as an effective guide to greatly improve the
thermomormance through either a significantly depressed lattice thermal conductivity
down t ical minimum value and/or via enhancing the crystal structure symmetry to yield
large Sewcients.
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S

Experimental Sectjon.

H

Cu shot (9 WAIfa Aesar), Ag shot (99.999%, Alfa Aesar), S pieces (99.9999%, Alfa Aesar), Se shot

n

(99.999%, r), Ge pieces (99.999%, Alfa Aesar), Ga shot (99.9999%, Alfa Aesar), Mn, Sn, and
Pb shots ( e'@ Alfa Aesar), Te shot (99.999%, Alfa Aesar). For Cu,,Ag,S1..,Se,Te,, the sealed
tubes ooled to 650 °C from 1100 °C at a rate of 10 °C/h and then kept at 650 °C for 8

days. The ingots were crushed into fine powders and followed by Spark Plasma Sintering

M

(Sumitomo SPS 2040) under a pressure of 60 MPa at 600 °C for 20 min. For Cu,,,Ag,In,Ga,Te,, the

silica tube enched into ice cold water from 1100 °C and then annealed at 650 °C for 5 days.

[

The obtain W s were crushed into fine powders followed by hot press sintering (MRF Inc., USA)

under a pressure of 65 MPa at 650 °C for 30 min. For Mn,Ge,Sn,Pb,.,.,..Te, the silica tubes were

slowly °C at a rate of 10 °C/h from 1000 °C and kept at 550 °C for 3 days. The obtained

1

L

ingots d into fine powders and followed by hot press sintering (MRF Inc., USA) under a

pressure of 65 MP@ at 550 °C for 30 min. For (Cuy.,Ag,)sGe(Se1 Tey)s, the silica tubes were quenched

Gl

into ice cold from 1100 °C and then annealed at 600 °C for 5 days. The obtained ingots were

A
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crushed into fine powders and followed by Spark Plasma Sintering (Sumitomo SPS 2040) under a

pressure of 60 MPa at 550 °C for 20 min.

{

X-r ction (XRD) analysis (Cu Ko, D8 ADVANCE, Bruker Co.Ltd) was employed to
examine p urity and crystal structures. Phase composition analysis at the micrometer scale was
H I

carried ou Electron Probe Microanalysis (EPMA, ZEISS Supra 55). APT was performed at 20K in a

CAMECA inStrumént (LEAP 4000X Si) by applying ultraviolet laser pulsing with a wavelength of 355

C

nm, an energy 0 pJ, a pulse repetition rate of 200 kHz, and a target ion collection rate of 5%. We

S

used CAM 3.6.8 software to analyze the data. Samples in the form of sharp needles for APT

analysis were prep@ared by a focused ion beam lift-off methodology (Zeiss Augraga FIB/SEM) by using

H

Ga ion bea img. High-temperature Seebeck coefficient (o) and electrical conductivity (o) were

Il

measured EM-3 instrument (ULVAC Co. Ltd.) under a sealed chamber with a small amount

of helium gés. hermal diffusivity (A1) and heat capacity (Cp) from 300 K to 1000 K were measured

d

using t method (Netzsch, LFA427) and differential scanning calorimetry (Netzsch DSC

404F3), res . The density (d) was measured using the Archimedes method. The thermal

Vi

conductivity was calculated from x = AxCpxd. Room temperature Hall coefficient (R,) measurements

were perfaimed using Quantum Design PPMS by sweeping the magnetic field up to 3 T in both

[

positive an e directions. The hole concentration (p) is calculated from p = 1/gRy, where g is

0

the element arge.

lution reaction

th

(1-2x)4A 'B > A,_,A'B, s1

U

the chang lpy AHy, _ ar,B 1S

A
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AHp, g = Hay_yar,g — (1 —X)Hup — xHyp = x flx AHcey 'NZ—Adt +(1-x) f(,x AHcey 'NZ—Adt: S2

where N, is the Ayogadro’s number, and AH_,;;(t) is the enthalpy change due to one A'B unit cell
*e 4

replacing B unit cell in A;_;A"tB. AH.;(t) has two components, the internal strain energy

cell(t)

electron cloud redistribution.
[ | —

@ the atomic size mismatch and the internal ionic field energy AHS,;;(t) caused by

Assu 'tB is an elastic continuous sphere with a vacancy of one unit cell, the internal

strain ene Usertmg A'B (AHj,5(t)) or AB (AHZ5(t)) unit cells into the vacancy are calculated

[1,2]

by using th deformation equation

AHZ(t) R B> E4mr?dr =81GapRan’ 25,Car » S3

where ;(Aj _3Ka__ g is the bulk modulus of A'B, Ry, (t) and G (t) are
4’GAAI+3KAI

the circumradius and shear modulus of the matrix A;_;A’;B, respectively, which can be regarded as

the linear gombination of AB and A'B. Assuming there are tN A’'B unit cells dispersed in a spherical

matrix with a cut-off radius R, by adding the extra increased internal energy by the first-order effect

of surface HA,B (t) becomes?*!

AHZ,p( RAA/ A,CAI(l 2t). S4
AHj;g(t) i d by the same approach. Then,

AHZoy (t) = AHZ,p(t) — AHjp(t) = 8mGaarRyyr Z,zqch’(l — 2t) = 8GRy ;gch(Zt -1,

S5 s
The tsed internal strain energy (AHg(x)) is

3K 4s
A/)Z —Af 8” GAIRAI (RA RAI)

4GA+3K 4, f, 6

4Gy +3KA

where fy=x/ i—t)z(Zt—l)dt+(1—x) fox(l—t)z(Zt—l)dt , and f;=x flxtz(l—

2t)dt + (1 — X)4@t? (1 — 2t)dt.
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When x = 0.5, AHs achieves its maximum value, and then f, = —f; = 0.09375. Furthermore, in

semiconductors, G/K is about 0.5", and AHs(x) is then well-fitted by the 2nd-degree Taylor

polynoriglisiei .

~ _W(AR*)Z/Z] (1—x)x =MN, -6 -(1—x)x, S7

ubility parameter (defined by § = G R*(AR*)?/Z), R* is the effective lattice

H I
. " 2 bZ 2 . 2 2
constant (MyR = /%for an orthorhombic structure and f(za)Tﬂfor a hexagonal

structure, Where d@b and c are the parameters of a unit cell, or the parameters of a supercell that is

where § is the so

built close t ere), G and R* are the average shear modulus and the effective lattice constant
of AB and d'ByYy AR* is the difference in effective lattice constants between AB and A'B (AR* =

_ 72v/3mx0.09375 _

|IR" 45 — R wcke3 7.34.

Ater tion (A;_xA'x)1-yA"yB can be divided into three binary solutions
- y)ABg (1—y)A"B - A;_,A",B, $8-1
(1—y)A’ yA"'B - A'y_,A",B, S8-2
(1 — x)A; A" S+ xA';_,A" B~ (Ay_xA'x)1_,A"B, $8-3

The cha the internal strain energy of the first two binary solutions AH;(y), AH,(y) can

be calc ing to Equation S7. For the third quasi-binary solution, AH;(x, y) is

3K" N I pr ’ ’ 3K
. fo - 8”7AGAIRAI(RA - Ry)? — fi S9

4G),+3K)

Ny o o, ,
AH3(x,y) = 81— G,Ra(Ry — Ry)* 46,73,

[

I

where R}, K4, K}, Ga, Gj,, have the same definitions as those in binary systems. However,

Equation S glegts the internal stress and strain caused by the first-order effect of surface tension
of the A" B ani I, which has to be considered and added. Then, f, and f; in Equation S9 are

modifie,

N

fo = x [F = )2 —1—ZL’Wy)dHa—x)fg‘a—t)Z(u—1—2L“Wy>dt and

Ry—Ryy Ry—Ry 4

Ut

_zLR,AA'y)dH(l—x)f§t2<1‘2t‘2wy>dt'

2 X
h=xit ;
Rly—R

Ry —R 4

A
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To simplify AH;(x, y), it can be written as a product of two terms

AHs(x,y) Iz A f0) - £ 0, o). 510
where AH internal strain energy for a binary solution 4,;_,A',B, and f(y,

functiorhng the effect of an extra component A" B. As shown in Figure S2, the f(y,

A

Ry .
RAA’) is a

)

RAH
Raar

can be weIMy)s‘5 when —= varies from 80% ~ 120%. Thus,

Raar

AH3(x,y) wé}mr (1 =x)x - (1-y)3, S11
where 6AAwlubility parameter of a binary solution A;_,A’,B.

Consegthe calculated total internal strain energy of the ternary solution in Equation S8
is

AHiota) = ng(}’) + (1 —x)AH,(y) + AH;3(x,y), S12

Consim the different solution routes, the average AH,, for achieving an equimolar

ternary sol i

7 = 11 (i3
AHiota = M [ P2 (1 - ;); : (g) ] S13
where § is the average 6§ value of all separate binary solutions.

Usinghe approach, for a multi-component material (4;_xA"y)1-y1-y2.A"y14""}2 ... B,
AHq(x,y1,

e write
AHs(x,y1, Y20 = MNy - 44, (1= )% - (1 = Yeora)>® 514

y2 + ---. For equimolar multi-component solutions, AH,,; is given by

Aﬂm=wﬁzzaz<l—;>r<%> |

where
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For the change in the internal ionic field energy AHS,;; (t), the effective charge (Q) of A (or A')
in AB (or A’'B) is estimated and calculated based on the developed Pauling electronegativity'®. For

Al_tA'tWage effective charge of A (4’) atomic positions can be assumed to be a linear

combinatiQO. Then, according to the Born—Landé equation'”, AHS,;, (t) is
AHC Q4 —Qar) _ Mp-Qp-(Qa—Qar)

cell (Q = - S16
TR A ATEQR A A1

where g ihuum permittivity, and M, and M, are the Madelung constants for atom A (A')
and B. AH {(x) thef) becomes

AH(x) = m"geu(t) “Nydt+ (1= x) [ —AHEy (t) - Ny dt. 517
The calculjand AH_ for several TE materials are listed in Table S1.

C
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Figures S1 to S9.
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Figure S1. Med changes in enthalpy (AH) based on Equation S6 for several two-component TE
materials. es are calculated according to our model. The dots are calculated by ab initio

calculation @ om Supporting Ref. 8 and 9.

Auth

This article is protected by copyright. All rights reserved.

28



WILEY-VCH

100 R _./R, .
- 80%
= 80} € 90%
S & 100%
— - 105%
S 60} —A-110%
~ > 120%
S —®- 150%
=4 40 F
=
~ 20}
0F
0.0 0.2 0.4 0.6 0.8 1.0

Composition ratio y

q
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Figure S3.(A) Powder X-ray diffraction patterns of Cu,SosSeos, Cu,SissSeysTess, and

]

Cu1.95A80.05 ey3. They exhibit a hexagonal structure with the space group of P6;/mmc at 300

K. The upp ace shows a cubic structure of Cu,S;/35e;3Tey s with the space group of Fm-3m at

900 K. (B) I maps of Cu,S;/3Sey/3Tey s obtained by Electron Probe Microanalysis (EPMA).
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Figure S5. (A) Powder X-ray diffraction pattern of Mng,5Geg,55ng25PbgssTe. (B) Elemental maps of

Mng 25Geg 85Nno 25Pbg2sTe obtained by Electron Probe Microanalysis (EPMA).
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Figure 59mrrier concentration dependence of room temperature Seebeck coefficient of

Cu,(S/S . Ag)(In/Ga)Te,-, and CugGe(Se/Te)¢s-based TE materials. The effective mass is

estimated fro single parabolic band model.
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Tables S1 to S4.

Table S1. | strain energy (AHs) arising from the atomic size mismatch, fluctuation of the
internal io rgy (AH;) from electron cloud redistribution, AH/AHs, and the formation

enthalpya(Asfjsfemw@rious binary TE solutions with equal atomic-ratio components.

- -
AHc AHs AH
stem AH¢/ AHs

O Umol™] [ksT/f.u.] [J mol™] [J/mol]
@ 316.7 0.13 5025.8 6.30% 5342.5
403 0.02 12069.6 0.33% 12109.9

:3 -38.9 -0.02 1499.1 -2.59% 1460.2
C(g;-ler; 4405 0.18 3116.8 14.13% 3557.3
916.5 0.37 2487.0 36.85% 3403.5

e,  13.8 <0.01 276.9 4.98% 290.7

Author Ma

This article is protected by copyright. All rights reserved.

37



WILEY-VCH

Table S2. Space group, number of components (n), average shear modulus (G), average effective

lattice constant (R*), and parameter & for various systems of multi-component TE materials.

NO. tems Space group n

[GPa] [A] [GPa-A’]

M

1 M T@ESBEEZECoSb-HfCoSb Fm-3m 3 76 6.01 1.85

2 %thg-lerg Im-3 3 63 9.18 2.14
‘ ’ (LT) P24/c, C2/c;

3 ,Se-Cu,Te (MT) P63/mmc; 3 26 5.91 2.39
m (HT) Fm-3m

4 ZnTeSdTe-HgTe F-43m 3 16 6.35 2.40

5 iNi NiSn-HfNiSn F-43m 3 90 6.04 2.45
ﬁz-CulnTez

6 I-42d 4 22 8.71 3.12

- e,-AginTe,

7 me-SnTe-PbTe Fm-3m 4 19 6.18 3.36

8 -PbSe-PbTe Fm-3m 3 27 6.19 4.57

9 aSb-InSb F-43m 3 53 6.25 7.01

Author M
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Table S3. Seebeck coefficient (), electrical conductivity (o), thermal conductivity (x), carrier

concentration (p) at 300 K, and the maximum TE figure of merit at corresponded temperatures

((zT)max)Mingle component and multi-component TE materials.

=Qv ’ ’ i ’
iti S (ZT)max

N — K Ism o [WmTKT] [em”]
h“(’] 40 4.10x10" 1.06 2.50x10”" 0.57
Cu,§Se 40 3.48x10° 2.16 1.51x10* 0.43
e 25 4.10x10° 2.08 1.78x10% 0.56
@Teo_z 44 1.32x10° 1.37 1.10x10% 0.80
ET%S 40 1.20x10° 1.03 1.12x10** 1.11
Cu eoso ) 58 3.13x10* 0.52 2.17x10% 2.10
0as 62 2.77x10" 0.48 1.74x10% 1.83
meo_%“” 71 1.92x10* 0.41 1.37x10% 1.70
u 985 sSeo s 87 2.27x10* 0.67 1.34x10% 2.23
SeysTeys 130 7.87x10° 0.35 1.50x10* 1.32
S, sSe13Terss 109 1.19x10" 0.39 3.01x10% 1.92
CulnTe,” 204 9.70x10’ 6.03 1.24x10" 1.02
hTezm] 263 1.59x10* 7.80 1.22x10" 0.70
C 205Te, ™ 202 2.54x10* 3.50 1.59x10" 0.82
Cug.gshgo1InTe,™ 201 1.35x10* 2.84 1.70x10% 1.09
&;sAgo.ﬂnTez“S] 231 7.10x10° 1.84 1.11x10% 1.24
“InTezusl 211 1.42x10* 2.90 2.00x10°  0.68
3InTe2“5] 242 8.20x10° 1.95 1.52x10" 0.77
Cug A8 11NgsGagsTe, 382 2.63x10° 2.58 1.75x10" 1.32

A
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Cuo.sAg02INosGagsTe, 392 2.55x10° 1.90 1.90x10"® 1.60
Cuo.sAg05INosGagsTes 693 2.54x10" 1.42 - 1.13
MMO_ZSPbO_ZsTe 118 4.98x10* 1.15 ; 0.91
GeSes 235 3.23x10° 0.31 8.48x10" 0.54

m Suseses 1Teos 284 1.52x10° 0.29 9.56x10" 0.71
h_geo_s 104 1.35x10" 0.51 1.06x10%° 0.89

CullsAgo..RSes 1 Teos 88 3.57x10* 0.41 4.38x10%° 1.07

C
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Table S4. Space group, shear modulus (G), lattice parameters (a and c), unit cell volume (V,),

number of formula units (Z) in one unit cell for typical TE materials from the ICSD database.

Compo Space group G Lattice parameter Vienr 7
ﬁ [GDAl alAl ciAl [A31
P Fm-3m 30 5.996 - 215 4
HpjSEEEEN  rm-3m 27 6.140 - 231 4
PL Fm-3m 23 6.440 - 268 4
Bi, 165" R-3m 52 4.390 30.480 - 3
Sb, R-3m - 4.260 30.400 - 3
Bizm R-3m } 4130  28.600 . 3
Sn Fm-3m 10 6.310 - 251 4
GE Fm-3m 25 5.985 - 214 4
M Fm-3m - 5.980 214 4
C:E Im-3 56 9.034 - 737 8
RHSBS Im-3 63 9.242 - 786 8
Ir8bs Im-3 70 9.253 - 792 8
Culn¥e, 1-42d 19 6.194 12.416 476 4
I-42d 14 6.401 12.613 515 4
CuG I-42d 26 6.024 11.929 432 4
1-42d 28 6.296 11.990 475 4
ZnTe F-43m 20 6.104 - 227 4
CL F-43m 18.3 6.481 - 272 4
H F-43m 8.9 6.461 - 270 4
CD (HT) Fm-3m” 17.8° 5.762 - 191 4
C (HT) Fm-3m"” 36.3° 5.871 - 202 4
E (HT) Fm-3m” 25° 6.114 - 228 4
M F-43m 58 6.135 - 231 4
G F-43m 56 6.118 - 229 4
n-: F-43m 46 6.487 - 273 4
TiNiS Fm-3m 76 5.921 - 208 4

A
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ZrNiSn Fm-3m - 6.113 - 228 4
HENiSn Fm-3m ; 6.084 ; 225 4
Ul Fm3m 90.5 5.913 - 207 4
2rC Fm-3m - 6.068 - 223 4
HfQ Fm-3m . 6.040 ; 220 4
SiZngSbommm  P-3M1 ; 4.500 7.716 135 1
Cazsloi P-3m1 - 4.441 7.464 127 1
EuZngsb, P-3m1 25 4.480 7.601 133 1
szm P-3m1 ; 4.446 7.426 127 1

ased materials, a supercell with lattice parameters of (4a*x4b*xc*) is used, where a*, b*, and c*
e datticgparameters of a conversional unit cell;

8 g
S

® The lattice parameters of high temperature cubic structure are used [16.17] ;
© Shear modulus is calculated based on the reported acoustic Velocity[“’lgl.

U
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