COMMUNICATION

ADVANCED
MATERIALS

Thermoelectrics

www.advmat.de

Entropy as a Gene-Like Performance Indicator Promoting

Thermoelectric Materials

Ruiheng Liu, Hongyi Chen, Kunpeng Zhao, Yuting Qin, Binbin Jiang, Tiansong Zhang,
Gang Sha, Xun Shi,* Ctirad Uher, Wenqing Zhang,* and Lidong Chen*

High-throughput explorations of novel thermoelectric materials based on
the Materials Genome Initiative paradigm only focus on digging into the
structure-property space using nonglobal indicators to design materials with
tunable electrical and thermal transport properties. As the genomic units,
following the biogene tradition, such indicators include localized crystal
structural blocks in real space or band degeneracy at certain points in recip-
rocal space. However, this nonglobal approach does not consider how real
materials differentiate from others. Here, this study successfully develops a
strategy of using entropy as the global gene-like performance indicator that
shows how multicomponent thermoelectric materials with high entropy can
be designed via a high-throughput screening method. Optimizing entropy
works as an effective guide to greatly improve the thermoelectric performance
through either a significantly depressed lattice thermal conductivity down

to its theoretical minimum value and/or via enhancing the crystal structure
symmetry to yield large Seebeck coefficients. The entropy engineering using
multicomponent crystal structures or other possible techniques provides a
new avenue for an improvement of the thermoelectric performance beyond

the current methods and approaches.

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 collect and convert industrial waste heat into useful elec-
tricity. A criterion for what constitutes a high performing TE
material is the dimensionless TE figure of merit zT, defined
as zT = 0?0T/k, where « is the Seebeck coefficient, ¢ is the

electrical conductivity, x is the thermal
conductivity, and T is the absolute tem-
perature. Strong correlations among the
above transport parameters limit the
materials base of thermoelectricity to a
few classic TE materials, and the zT values
have remained limited to a range of 1-2
in the past decades.'"3! To meet the end-
lessly growing demands, the Materials
Genome Initiative has been used for the
fast design and screening of new ther-
moelectric materials by tailoring the real-
space (R-space) structural building blocks
or band degeneracy at certain reciprocal-
space (K-space) points as a genome-like
performance indicator based on first prin-
ciples calculations.*°]

In thermodynamics, entropy (S)
measures the large number of micro-
scopic configurations of a given mate-
rial's macrostate from a global point of
view. The entropy in a material can be
enhanced through introducing element
doping and alloying?l various atomic
vibration states,*® liquid-like ionic migrations,”) or hier-
archical structures.l®! Maximizing the entropy in a material
makes a significant impact on the material's microstructure
and macroscopic properties clearly beyond doping or band
engineering within limited R- or K-space, which is espe-
cially useful for thermoelectrics requiring the optimization of
multiple interrelated physical quantities at one given material
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Figure 1. Enhanced TE properties through entropy engineering. A) Schematic diagram of the lattice framework in multicomponent materials compared
to an ordinary binary compound. B) Schematic diagram of the entropy engineering with multicomponent TE materials. The red line and black line
represent energies contributed by the configurational entropy (AS) and by the formation enthalpy (AH), respectively. C) The maximum configurational
entropy (in units of kg per formula unit) as a function of a material’s solubility parameter & for given multicomponent TE materials, where n is the
number of components. D) Maximum TE Figure of merit (zT) as a function of the configurational entropy in Cu,(S/Se/Te)-, (Cu/Ag)(In/Ga)Te,-, and
CugGe(Se/Te)¢-based multicomponent TE materials. The zTs of Pb(S/Se/Te)- and (Ti/Zr/Hf)NiSn-based materials are taken from refs. [8-16].

state. Entropy indeed acts as an overall performance indicator
to evaluate TE properties, just like a virtual but unique “gene”
beyond localized crystal structural blocks in R-space or band
degeneracy at certain K-space points. A particular example is
using multicomponent alloying that specially alters configu-
rational entropy, as shown in Figure 1A,B. Compared with
simple compounds characterized by single-component atoms
located at respective atomic positions, multicomponent mate-
rials have several structural components located at the same
atomic sites, and thus have highly tunable entropy capable of
strongly scattering lattice phonons and potentially enhancing
the crystal structure symmetry to yield good electronic prop-
erties. However, there is currently no effective criterion to
predict and screen high performance multicomponent TE
materials due to the complexity of the crystal structure and
chemical bonds in such materials. Since the solvent atoms are
usually homogeneously distributed in materials, attempts to
form a multicomponent structure, i.e., a solid solution with
multiple components, result in a material that has similar
chemical bonds as the matrix material. This fact prompted us
to develop an elastic model to study the stability of multicom-
ponent TE materials. We found that the maximum entropy
for given multicomponent materials depends on the overall
material's solubility parameter & that is associated with the
material's shear modulus, lattice constants, and mismatch in
the atomic radius (see below). For a multicomponent mate-
rial with given § value, it is very easy to find the maximum
entropy based on Figure 1C. Then, the high-throughput cal-
culation for multicomponent TE materials with the desired
entropy is performed, and several candidate materials with the
zT values significantly higher than in the matrix are identified
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(see Figure 1D). As an example, the maximum zT is up to 1.6
and 2.23 in (Cu/Ag)(In/Ga)Te,- and Cu,(S/Se/Te)-based multi-
component TE materials, respectively (see the Supporting
Information).

In multicomponent materials (see Figure 1A), the sub-
stituted atoms (A, A”...) in equivalent lattice sites definitely
change the material’s total free energy, although they have sim-
ilar chemical bonds and atomic coordination as the framework
atom A. Because the substituted atoms (A’, A”...) have different
atomic size and electronegativity compared to the matrix ele-
ment (A), the enthalpy change (AH,,,) is simply considered
as a combination of the internal strain energy (AHg) due to
atomic size mismatch and fluctuations of the internal ionic
field energy (AHc) arising from the electron cloud redistribu-
tion according to the Hume-Rothery rules.'”] In addition, the
total energy is lowered by the entropy caused by multiple com-
ponents located at the same atomic sites. Formally, the total
free energy change (AE) is given by AE= AHg + AHc — AS x T.
Following Boltzmann's hypothesis, the configurational entropy
(AS) is given by!18l

AS=kBan=—NAsz:l=1xilnxi, z:;lxi:l (1)
where kg is the Boltzmann constant, Q is the number of atomic
occupation probability, n is the number of the substituted com-
ponents, x; is the mole content of the ith component, and N,
is Avogadro's number. In semiconductors, the magnitude of
AHc is very small (at the level of 0.01-0.1 kgzT/f.u. at 300 K,
see Table S1 in the Supporting Information) and thus can
be ignored. Therefore, the change in enthalpy is dominated
by the internal strain energy (AHjs) that is determined by the
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average shear modulus and the mismatch in the unit cell (see
Equation (S7) in the Supporting Information).

For a two-component TE semiconducting solid solu-
tion (1 — x)AB + xA’'B — A; _ ,A’,B, the calculated change
in enthalpy and atomic solubility reasonably agree with the
ab initio calculations and experimental observations (see in
Figure S1 in the Supporting Information and Figure 2A).
We then define a parameter §=GR*(AR*)?/Z with units of
GPa A as a criterion for judging the atomic solubility. Here G
is the average shear modulus, R* is the effective lattice constant

2 2 2
(defined by R* = J% for an orthorhombic structure

(2a)* + ¢

and for a hexagonal structure, where a, b, and ¢ are

the parameters of a unit cell, or the parameters of a supercell
that is built close to a sphere), R* is the average effective lattice
constant and AR* is the difference in the effective lattice con-

stant between AB and A’B (AR* = |R*,p — R*4p|), and Z is the
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Figure 2. Energies in multiconﬂaonent TE materials. A) Average shear
modulus (G) as a function of R*(AR")?/Z in two-component solutions.
The red and black lines represent the curves with the solubility of 0.5 and
0.01, respectively. B) Internal strain energy as a function of the number
of components (n). The black solid line represents the energy contrib-
uted by configurational entropy. The dashed lines illustrate the relation in
particularly useful TE materials.
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number of formula units in one unit cell or the corresponding
supercell. For example, a supercell with lattice parameters of
(4a* x 4b* x c¢*) is required to run such calculations for hexa-
gonal Bi,Te;-based materials, where a*, b*, and c* are the lattice
parameters of a conversional unit cell. With the above defini-
tions, a low 6 value means a low internal strain energy and high
atomic solubility, and vice versa. As shown in Figure 2A, two-
component solutions with & below 2.08 GPa A% can form com-
plete solid solutions, such as (Cd/Hg)Te, Pb(S/Se), (Rh/Ir)Sbs,
Cu,(S/Se), Cuy(Se/Te), (Bi/Sb),Tes, (Cu/Ag)InTe,, and (Cu/Ag)
GaTe,, while systems with 6 larger than 2.08 GPa A3 can only
result in partial solid solutions, such as (Co/Ir)Sbs;, (Co/Rh)
Sbs, Biy(Se/Te);, and Pb(Se/Te). The systems with very large
6 values, such as Pb(S/Te), have very low atomic solubility.

Ternary or multicomponent solid solution systems can be
regarded as being derived from a quasibinary reaction of the
type (1 — x)A; _,A”,B + xA’; _ ,A",B = (A _A"), _,A",B,
where A; _,A",B, A’;_ ,A”,B are the quasimatrices dissolving a
third component A”B with an initial content y. Our calculations
show that the component A”B actually relaxes the crystal lat-
tice by reducing the internal strain energy by the magnitude of
the suppressed strain energy determined mainly by y under a
relation (1-y)*° (see Equation (S11) in the Supporting Informa-
tion). By accumulating all the reactions of binary solid solutions
and subreactions of quasibinary solutions, the total free energy
change in an equimolar multicomponent solution is

AE =MN, -6_-[2?2(1—ll)l(i)”]—NAkBTln(n) 2)

1)1 n

where § is the average & value of all separate binary solutions
and M is a dimensionless constant with an approximate value
of 7.34 in semiconductors. The first term in Equation (2) rep-
resents the change in enthalpy, referred to the internal strain
energy, and the second term represents the energy from the
configurational entropy. Figure 2B shows the energy variation
when increasing the number of substituted components. Due
to the rapidly increasing configurational entropy, a complete
solid solution is obtained when the number of substituted
components is large 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
components with far different atomic sizes and electronegativi-
ties leads to a single bcc or foc phase.l'%2% However, the number
of substituted components in TE semiconductors usually does
not exceed 4 or 5. Therefore, in order to form a complete solid
solution, the parameter § should be less than 2.92, 3.58, and
4.12 GPa A3 for the multicomponent materials with 3, 4, and 5
components, respectively.

Our model shown above provides a direct criterion by which
to screen and identify candidate multicomponent TE materials
with high configurational entropy. The current elastic model
works well for materials with identical crystal structures; thus,
high-throughput selection can be performed based on the exper-
imental lattice parameters or atomic sizes, and the materials’
shear moduli. We looked at various typical TE materials with
cubic or cubic-like structures, the physical properties of which
are listed in Tables S2 and S4 (Supporting Information). Our
calculations show that (Ti/Zr/Hf)NiSn and (Ti/Zr/Hf)CoSb

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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can form equimolar ternary solid solutions, which is reason-
ably consistent with the experiments.?!l Furthermore, our
model shows that Cu,(S/Se/Te) can form equimolar ternary
solid solutions, while (Cu/Ag)(In/Ga)Te, and (Mn/Ge/Sn/Pb)
Te can be realized as equimolar quaternary solutions. In con-
trast, Pb(S/Se/Te) has a too large value of § to form equimolar
ternary solid solutions.

Aiming to form solid solutions and test our predictions
experimentally, we selected and synthesized several candi-
date multicomponent TE materials, e.g., (Cu/Ag)(In/Ga)Te,-,
Cuy(S/Se/Te)-, and (Mn/Ge/Sn/Pb)Te-based materials. X-ray
diffraction analysis shows all these materials to be phase pure
without any obvious impurity phases (see Figures S3-S5, Sup-
porting Information). Electron probe microanalysis reveals
that all elements are homogeneously distributed throughout
the entire sample without any obvious agglomeration of ele-
ments (see the Supporting Information). Furthermore, we
have performed a 3D-atom probe tomography analysis to
check the distribution of elements on the atomic-scale. Taking
Cu,(S/Se/Te)-based multicomponent materials as an example,

A)

www.advmat.de

the ionic mass spectrum of Cu,S;;Se;;sTey3 is shown in
Figure 3A. The reconstructed 3D atomic maps based on the
ionic mass spectrum are shown in Figure 3B. No aggregation
of chalcogen atoms is observed. 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 overlapped with
the calculated curves (black curve in Figure 3C) based on the
assumption that all elements are randomly distributed in the
sample. All these results unequivocally demonstrate that all
components are extremely homogeneous on the macroscale,
the nanoscale, and even on the atomic-scale. This is consistent
with our calculations because these multicomponent TE mate-
rials are phase-pure and thermodynamically stable.

Beyond the high-throughput screening and identification of
candidate multicomponent TE materials, TE properties are also
significantly optimized and improved by increasing the mate-
rial's entropy because it is a gene-like performance indicator.
Increasing entropy in a TE material definitely leads to a greater
number of microscopic configurations that may significantly
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Figure 3. 3D-Atomic Probe Tomography detection for Cu,S; 3Se;3Tey 3. A) lonic mass spectrum, B) 3D-atomic maps, and C) nearest-neighbor atomic
distribution histograms of the four elements. The black lines represent the calculated curves assuming all elements are homogeneously and randomly

distributed in the material.
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introduce extra phonon disorder and open a new window to
tune electrons, and thus affect both electrical and thermal trans-
ports. First is a significantly decreased lattice thermal conduc-
tivity. 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 defect scattering
to suppress heat conduction. Especially for the multicompo-
nent materials shown above, there exist strong mass and strain
fluctuations among the various components that significantly
depress the material’'s lattice thermal conductivity.??l With the
continuous enhancement of entropy by increasing the solute
components, the phonon disorder is incessantly increased and
finally may reach a critical state like a glass. Correspondingly,
the lattice thermal conductivity is depressed down to the glass
limit in a solid, i.e., the minimum lattice thermal conductivity.
This is illustrated in Figure 4A. When the number of solid solu-
tion components increases, a huge suppression in the lattice
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Figure 4. Lowered lattice thermal conductivity (k) and improved See-
beck coefficient (¢) in multicomponent TE materials. A) x as a function
of the configurational entropy. The red zone presents the K, and the
dashed lines are guides to the eyes. B) Room temperature « as a func-
tion of the configurational entropy in (Cu/Ag)(In/Ga)Te,- and Cu,(S/Se/
Te)-based multicomponent materials with respective carrier concentra-
tions in the range of (1.0-2.0) X 10" and (1.0-3.0) x 102! cm~3. The data
for (Cu/Ag)(In/Ga)Te,- and Cu,(S/Se/Te)-based materials are listed in
Table S3, Supporting Information.
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thermal conductivity is observed, with the value approaching
the minimum thermal conductivityl® (k) in solids. The
required number of components to reach x,;, varies for dif-
ferent materials. For the systems with high initial thermal con-
ductivity, such as half-Heusler alloys,?? skutterudites,?*! and
chalcopyrites,?* the required number of substituted compo-
nents to reach x,;, at 300 K is at least 5 or 6. For example, the
room temperature k; of around 6-9 W m~' K! in the matrix
of CulnTe, or CuGaTe, is reduced to 2-4 W m™" K~! for the
two-component materials with an entropy of 0.69 ky/f.u., and
down to 1.4 W m™ K7 for the four-component materials
with an entropy of 1.38 kg/f.u. in this study. For matrix com-
pounds with a moderate initial &, such as (Ca/Yb)Zn,Sb,,?’!
Mg,(Si/Ge/Sn),228 Bi,(S/Se/Te);,?)) and Pb(S/Se/Te),>1U
3 or 4 different kinds of substituted components are required
to reach K,;,. For example, the room temperature k; of around
2.5 W m~! K in the PbTe matrix”! is reduced to 1.0 W m™* K~!
(just a little higher than the k;, in PbTe) for three-compo-
nent materials with an entropy of 0.7 kg/fu.''! For matrix
materials having an extremely low ki such as liquid-like
materials Cu,(S/Se/Te) and (Cu/Ag)sGe(Se/Te)s, the ki values
are already nearly equal to the x;,;,, and these values are main-
tained in essentially all multicomponent materials.

The second effect concerns the increasing configurational
entropy that may enhance the crystal structure symmetry and
thus improve electronic transport properties, especially for
matrix materials having low symmetry structures. When the
configurational entropy increases, environmental heat activa-
tions and fluctuations lead to more disordered and homogenous
atomic distributions throughout the crystal lattice in materials
possessing multicomponent-occupied identical atomic sites.
This may increase the material's crystal symmetry. When the
entropy is high enough, all multicomponent materials tend to
possess a high symmetry cubic structure. When the entropy is
not so high, the symmetry of the structure may still be improved
or any structural transition temperature may be reduced. This
has been shown in many experiments,3%3! and is confirmed
here by our studies. For example, single Cu,X (X = Te, Se, or S)
compounds generally crystallize with the monoclinic structure
at room temperature (P2;/c for Cu,SB% and C2/c for Cu,Se),1**!
but the symmetry is increased to hexagonal in Cu,SgsTeys,
Cu,SosSegs, and Cu,Sy3Seq3Te;; when the configuration
entropy is above 0.6 kg/f.u. (see Figure S3, Supporting Infor-
mation). This promotion of the crystal symmetry in multi-
component TE materials definitely changes their electronic
band structure. High symmetry crystal structures tend to form
multiband electronic bands or overlapped bands near the Fermi
level due to the high symmetry inducing more equivalent posi-
tions in both real and reciprocal space. This can significantly
increase the electronic density-of-states and effective mass, and
thus enhance the Seebeck coefficient. For the systems with ini-
tially high crystal symmetry, such as (Cu/Ag)(In/Ga)Te,, there
is no obvious trend in the variation of the Seebeck coefficient
because there is either no structural variation or the struc-
tural variation is very weak (see Figure 4B). However, for the
systems with initially low crystal symmetry, the Seebeck coef-
ficient of multicomponent TE materials is obviously superior
to the matrix compounds. Taking Cu,(S/Se/Te) as an example,
when the carrier concentration is in the range from 1.0 x 10%!

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to 3.0 x 10! cm™3, the Seebeck coefficient at 300 K is merely
2040 puV K7! in the monoclinic structure, but it significantly
improves to 70-130 uV K! in the hexagonal structure having
large entropy (see Figure 4B). Specifically, the carrier concentra-
tions of the matrix compound Cu,_,Se (1.51 x 10! cm™3) and
the multicomponent solid solution compound Cu,S;3Se;,3Tey 3
(1.50 x 102! cm™) are almost the same, but the room tempera-
ture Seebeck coefficient of Cu,S;/;38e;;3Tey 3 (130 UV K™) is
obviously larger than that in Cu,_,Se (40 uV K). According
to the single parabolic band model (see Figure S9, Supporting
Information), the effective mass of monoclinic Cuy(X = Te,
Se, or S) compounds is mostly below 2.0 m,, but it is greatly
enhanced 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 upgrading of the
material's crystal structure symmetry. Although there are other
factors that affect the electronic properties of a material, it is
very clear that the Seebeck coefficient is improved in multicom-
ponent TE materials with increased entropy based on our data.

According to our elastic model, high-throughput predictions
have been made regarding the discovery of multicomponent
thermoelectric material systems, including (Cu/Ag)(In/Ga)
Te,, Cu,(S/Se/Te), and (Mn/Ge/Sn/Pb)Te. Good consistency
between calculations and experiment reveals that the model pre-
sented here is reliable and effective for the screening, design,
and realization of new multicomponent materials. We also
expect this model to work for other materials, beyond thermoe-
lectrics. The enhanced zT values up to 1.6 and 2.23 in respective
(Cu/Ag)(In/Ga)Te,- and Cu,(S/Se/Te)-based multicomponent
TE materials demonstrate that the entropy is a gene-like perfor-
mance indicator that has two significant effects on tuning and
optimizing electronic and thermal transport properties, i.e., to
lower x; by the presence of local mass and strain fluctuations
and to improve the Seebeck coefficient by enhancing the crystal
symmetry. While the magnitude of the two effects 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.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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