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High-Performance Pseudocubic Thermoelectric Materials
from Non-cubic Chalcopyrite Compounds

Jiawei Zhang, Ruiheng Liu, Nian Cheng, Yubo Zhang, Jihui Yang, Ctirad Uher, Xun Shi,*

Lidong Chen,* and Wenqing Zhang*

Energy harvesting requires clean and highly efficient energy-
conversion technologies. Thermoelectricity (TE) is one such
technology that achieves thermal-to-electric conversion, and
vice versa, by purely solid-state means and has a great poten-
tial for applications in waste-heat recovery, air conditioning,
and spot cooling of electronic devices, by the virtue of envi-
ronmental friendliness, the dispensing of moving parts, quiet
operation, and exceptional reliability.!*] In recent years,
major effort world-wide has been directed towards the opti-
mization of current TE materials or the exploration of novel
high-performance compounds.*!!l The performance of a TE
material is characterized by its dimensionless figure of merit,
zT = S?0T/k, where S is the Seebeck coefficient, o is the elec-
trical conductivity, k is the thermal conductivity, and T is the
absolute temperature. To enhance zT requires a simultaneous
realization of excellent electronic transport properties and poor
heat conduction in solid materials. The state-of-the-art mate-
rials with relatively high zT are limited to only a few semicon-
ductors, most of them narrow-gap structures developed in the
1960s.03!

Current TE materials usually possess high-symmetry crystal
structures that support the presence of highly degenerate,
multi-valley electronic bands yielding good electronic properties
characterized by a large power factor S?6.23] As a consequence,
most of the state-of-the-art TE materials have cubic structures
with degenerate band edges and symmetry-related multi-valley
carrier pockets. Typical examples are SiGe alloys,[* PbTe,l'3!
skutterudites,® half-Heusler alloys,'? Mg,Si,['¥l and liquid-like
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Cu,Se.Pl A notable exception is Bi,Te;>? and compounds based
on it that have comparatively high hexagonal symmetry. This
severely restricts the exploration of TE materials to a small per-
centage of semiconductors that possess high-symmetry cubic
structures, and thus excludes a large number of low-symmetry
non-cubic materials even though they might manifest ideal
bandgaps and low thermal conductivities. Directly determined
by the chemical nature of its constituents, the crystal structure
of a given material is rigid and rarely can be turned from low
symmetry to high symmetry short of external stimuli such as
pressure. It remains a key challenge to discover or design novel
high-performance TE compounds among non-cubic materials.
In this work, taking a hint from the recently emerging chalco-
pyrite TE materials with reasonable zT values,'*22 we report
on our successful approach of rationally tuning crystal struc-
tures to design pseudocubic or cubic-like structure blocks in
non-cubic materials that lead directly to cubic-like degenerate
band-edge electronic states and thus high power factors and
enhanced zT values in a few carefully selected chalcopyrites
(see Figure 1).

The pseudocubic structure approach is here understood
as a realization of cubic-like, highly degenerate electronic
bands at band edges of non-cubic materials through a com-
plex architecture containing an inherently long-range, nearly
cubic framework as well as localized short-range non-cubic
lattice distortions (see Figure 1b). Electronic transport pro-
cesses are dominated by the long-range cubic framework dis-
playing cubic-like highly degenerate band edges and prospects
for multi-valley carrier pockets, while the heat conduction
is blocked by the presence of large, locally non-cubic lattice
distortions. Thus, a very special character of the pseudocubic
structure allows the design of high-performance novel TE
materials with the ability to simultaneously optimize electrical
and thermal transport properties. Binary zinc blende mate-
rials have a typical cubic structure with degenerate electron
band edges (see Figure 1a). Starting from non-cubic tetragonal
chalcopyrites, the cation sublattice can be tuned to show cubic
or nearly cubic framework, while the anion sublattice shows
a locally distorted non-cubic framework with two types of
irregular tetrahedra in ternary chalcopyrites, leading to a peri-
odic supercell with a cubic framework (Figure 1b). The high
symmetry cubic supercell results in cubic-like degenerate elec-
tron bands at the gamma point of the folded Brillouin zone
in tetragonal chalcopyrites, representing an ideal pseudocubic
structure (see Figure 1b). Furthermore, through a rationally
designed mixing strategy, the emerging complex solid solu-
tion chalcopyrites might show an increased randomness of the
locally irregular tetrahedra while maintaining the cubic-like
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Figure 1. Pseudocubic approach to realize highly degenerate electronic bands that yield good
electronic-transport properties and a high thermoelectric figure of merit zT in non-cubic chal-
copyrites. a) Crystal structure and electronic bands of cubic zinc blende structure. b) Crystal
structure and electronic bands of ternary chalcopyrites. I'y, is a nondegenerate band and Ts, is
a doubly degenerate band. Ac is the energy split at the top of 'y, and T's, bands. The pseudo-
cubic structure has a cubic cation framework with Acr = 0 as well as non-cubic distorted anion
framework. c) zT values!™*?2 at 700 K in non-cubic tetragonal chalcopyrites with calculated Ac¢
values. Reported chalcopyrite compounds with zT values!'*'”) above unity at high temperature
are marked in red. The blue and green points represent (Ag,Cu)InTe, (this work, see below for
details) and Cu(In,Ga)Te, (ref.?%l) mixtures or solutions, respectively.
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degenerate electronic states at band edge.
Both features bode well for achieving high
TE performance with the zT values much
enhanced (see below for details) in non-
cubic tetragonal chalcopyrites'*?? as shown
in Figure lc and Figure S10 in the Sup-
porting Information.

Chalcopyrite compounds with multiple
elements in the crystal lattice analogous to
the cubic zinc blende structure cover a wide
range of compositions with semiconducting
properties. Chalcopyrites usually possess
non-cubic tetragonal structures with dis-
torted tetrahedra. They have a doubled unit
cell in the z-direction (Figure 1b) due to the
ordered arrangement of different types of
cations.?3] In contrast to the zinc blende lat-
tice, the triply degenerate valence band T'js,
in tetragonal chalcopyrites splits, due to the
crystal field effect,?*?4 into a non-degenerate
band Ty, and a doubly degenerate band T,
(Figure S1, Supporting Information). The
energy difference between I's, and T, is
defined as the crystal field splitting energy,
Acr = E(T's,) —E(T'y,), which is positive when
I's, lies above I'y, and negative when T, lies
below Ty, The absolute value of Acr (|Ack|)
could thus be considered as a parameter
indicating the deviation from pseudocubic
or cubic-like degenerate electronic bands
of tetragonal chalcopyrite compounds.
The degree of deviation decreases as |Acg|
becomes smaller, attaining a pseudocubic
structure with a triply degenerate valence
band when |Ac| equals zero (shown in the
top panel of Figure S1b in the Supporting
Information). Figure S1 also shows the cal-
culated band structures of two types of chal-
copyrites, one subjected to a compression
stress and the other one to tension. The top
of the valence bands shows positive or nega-
tive Acg values, as expected.

The energy-splitting parameter Acp can
actually be considered as the performance
indicator in chalcopyrites including both the
simple ternary and pseudocubic structures.
It also acts as the bridge, linking the perfor-
mance to the structural design, as will be dis-
cussed. For tetragonal chalcopyrites, either
I'y, or I's, bands (Figure S1) dominate p-type
electrical transport. Usually the non-degen-
erate I'y, is a light-hole band and the doubly
degenerate I's, is a heavy-hole band. As
already noted, for the optimal power factor it
is desirable that I'y, and T's, are nearly degen-
erate bands.[>*?>20 By using the Boltzmann
transport theory, the power factors and their
dependence on Acy are calculated for a few
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Figure 2. Thermoelectric power factors!'*22 (¢S?) at 700 K and their
correlation with the crystal field splitting Acf in tetragonal chalcopyrites.
Reported chalcopyrite compounds with zT values above unityl'*'”] at high
temperature are marked in red. The blue and green points are for (Ag,Cu)
InTe, and Cu(In,Ga)Te, mixtures or solutions, respectively.

typical chalcopyrites (see Figure S5, Supporting Information).
The results confirm that the power factors show peak values
when Acg approaches zero, consistent with the above discus-
sion. Figure 2 plots the correlation between the measured
power factors and Acp for all reported TE chalcopyrites, 22
including two samples from the current work. The trend clearly
demonstrates that the peak power factors are achieved around
Acg = 0. It is worthwhile to note that the trend in Figure 2 is
fully consistent with the reported zT dependence on Acg shown
in Figure 1c and Figure S10 in the Supporting Information.
Different from PbTe M, the similar zT variation trends vs.
changing temperatures (Figure lc and Figure S10) indicate
that the band splitting Acr is almost not changed when shifting
temperature, probably due to the fact that I'yy and I'sy bands
of chalcopyrite compounds are located at the same symmetry
point of Brillouin zone. Values of zT increase significantly as
|Acp| approaches zero. In a few systems, mainly those with
nearly zero Acy, the reported maximum zT values reach about
1.2-1.4 at high temperatures,!"*”] comparable to other state-of-
the-art TE materials.

Deviations in tetragonal chalcopyrite from the cubic zinc
blende structure are conveniently described by two parameters
u and 1, where u is the anion displacement from the regular
center position (1/4, 1/4, 1/4) in deformed tetrahedra and n
(=c/2a) is the tetragonal distortion parameter representing
compression (<1) or tension (>1) in the crystal lattice along the
z-axis.l??8] Using density functional theory (DFT) calculations
(see Supporting Information), the effect of parameters u and
N on Acr is analyzed. As shown in Figure 3, Acr changes little
(+0.04 eV at most) as a result of 10% variations in u around the
equilibrium positions of three representative tetragonal chal-
copyrites. In contrast, Acg changes can reach £(0.18-0.49) eV
when n varies 10%, and a strong linear dependence of Acr on
the parameter 7 is shown in Figure 3b. Therefore, it is reason-
able to conclude that Acy correlates strongly with 7 in tetragonal
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Figure 3. Parameters affecting Acr in three representative tetragonal chal-
copyrite compounds I-111-VI, (CuGaTey), I-IV-V, (ZnSnP,), and KS-I,-1I-
IV-Vl4 (CupZnSnS,). a) parameter u. b) parameter 1. KS means kesterite
structure. The relatively enlarged points represent equilibrium positions.
u and 1 vary 10% around their equilibrium positions.

chalcopyrites, that is, the compression or tension stress along
the z-axis (parameter 7),23?% instead of local anion displace-
ments, govern the magnitude of the valence band split Acg.

With the above-established relations among electronic
transport parameters, zT’s, Acy, and the distortion parameter
7, it is possible to evaluate and quantify the TE performance
of a large number of chalcopyrite semiconductors. Figure 4
depicts the calculated Acg as a function of n for tetragonal
chalcopyrites. For brevity, only a few typical systems are
shown. A nice linear correlation is observed, consistent with
the quasicubic model proposed by Hopfield.?% Thus, the rela-
tion between Acr and 7 can be described by Acg = 3b(1 — 1),12%)
where b is a parameter relevant to the structure distortion and
equals to —1.05 eV in I-III-VI,, II-IV-V,, and KS-I,-II-IV-VI,
tetragonal chalcopyrite compounds by fitting the points shown
in Figure 4.
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Figure 4. Calculated Acr vs. 1 correlation in I-11I-VI,, 11-IV-V, and KS-1,-1l-
IV-Vl, tetragonal chalcopyrites. KS means kesterite structure. Reported
chalcopyrite compounds with zT values above unity'"#'”] at high tempera-
ture are marked in red.

Figure 4 suggests that values of Acg = 0 correspond to an
ideal value of 1 = 1. The above results present a simple but
insightful picture that TE transport properties should show
the same trend as a function of n as they do as a function of
Acr, displayed in Figure S5-S6 in the Supporting Informa-
tion. Hence, to be potentially good TE materials, chalcopy-
rites should have a tetragonal distortion parameter around
unity (we could call it the unity-n rule). When 7 is around 1,
the power factors display peak values in complete agreement
with the pseudocubic picture of cubic-like degenerate elec-
tronic bands yielding good electronic transport and thus high
TE performance. Moreover, the quality factor B, assessing the
thermoelectric performance of a material, is proportional to
Uy (m* /me)3 [k, B3U where pyy is the mobility of carriers, m* is
the electronic effective mass, m, is the mass of an electron, and
ki is the lattice thermal conductivity. Values of «; in tetragonal
chalcopyrites are usually low, typically less than 1 W m™ K!
at high temperatures, and very close to each other due to the
large lattice distortion. Thus, the zT is mainly determined by
electrical properties, and the relative performance of a group of
compounds can be evaluated by the parameter py(m*/mc)3/2.
Figure S7 in the Supporting Information shows py(m*/m)3/2
as a function of 1 for many reported chalcopyrites. As expected,
the curve also shows the same trend as the measured power
factors, even using the acoustic phonon scattering and single
parabolic band approximation to evaluate the Hall data. The
similar trend for the quality factors (Figure S7) and the power
factors (Figure 2) suggests that the parameter u has only a
weak effect on the carrier mobility in chalcopyrite compounds.
This again confirms the conclusion of “unity-n rule” for good
thermoelectricity.

The unity-n rule provides a systematic strategy for guiding
the evaluation and optimization of TE chalcopyrites. Because
the parameter 1 can be easily obtained from lattice parameters
a and ¢, the unity-n rule can be straightforwardly applied to the
evaluation of TE performance of all tetragonal chalcopyrites.
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The pink-colored band in Figure 4 marks the region of chal-
copyrite compounds with 1 around unity that are potentially
good TE materials. The big advantage of the rule is its predic-
tive power to dismiss from further considerations chalcopyrite
compounds that show large deviations of the parameter 1 from
unity. On the other hand, the reported TE chalcopyrites with
zT above unity indeed fall within the pink-colored band shown
in Figure 1c, validating this selection rule. Numerous potential
good novel TE compounds based on the calculated 1 values
are listed in Table S1 in the Supporting Information. Here
we use the selection criteria 0.987 < 1 < 1.008 and bandgap
E, < 1.2 eV to search for prospective ternary and quaternary
TE chalcopyrites. Compounds, such as KS-Cu,CdGeSe,, KS-
Cu,ZnSnSe, and KS-Cu,CdSnSe, (KS: Kesterite Structure), are
expected to possess good electronic transport properties as well
as TE performance because of the near-ideal values of 1 and
suitable bandgaps. Actually, the unity-n rule also clarifies the
optimization strategy of chalcopyrites: for compounds with 1
greater than unity, reducing 1 is probably more effective, while
for compounds with 1 smaller than unity, the approach should
focus on increasing 1.

The unity-n rule can also be extended to the design of novel
pseudocubic multinary high-performance TE chalcopyrites.
Figure 5a shows that the cubic-like cation framework can be
maintained in solid solutions or mixed multinary chalcopyrites,
although the simulation indicates that there are a variety of
tetrahedra with arbitrary deformation and different anion dis-
placements due to nearly random distribution of the anions.
Similarly, cubic-like valence band edges are observed as a result
of symmetry operations on the cubic framework in supercells
(see Figure 5b). Taking CuggssAgo125InTe; as an example, the
valence bands at I' point are highly degenerate, showing an
ideal character of pseudocubic structures as shown in Figure
1. Figure 5c maps the n vs. a dependence for chalcopyrite
compounds where a is the lattice constant. Only a few sys-
tems, those with bandgaps < 1.7eV, are shown out of a myriad
of chalcopyrite compounds. The pseudocubic approach with
the aid of the unity-n rule and the n-a map, is very effective
in screening prospective solid solutions and mixtures of chal-
copyrite compounds. As the overall objective is to maintain an
ideal 17 = 1 value, one may select a few compounds with higher
(>1) and lower (<1) n values and reasonable lattice mismatch
and attempt to form a solid solution or mixed state with n = 1
by appropriately varying the molar ratio of the two constituent
compounds.

Density functional calculations for a few selected solid
solution systems, Culn; ,Ga,Te,, Cu;_Ag/lInTe, and
KS-Cu,Cd,Zn;_,GeSe, (x is solubility) shown by the red stars in
Figure 5c, prove that the desired solid solution or mixed ratio is
indeed possible to realize with the ideal n value around 1. The
dependence of n and Acy on molar ratios of constituent com-
pounds is given in Supporting Information. It is gratifying that
the predicted performance of Culn,_,Ga,Te, and Cu;_Ag,InTe,
solid solutions or mixtures is confirmed by experiments
including our own data and the literature values. Figure 5d
shows the temperature dependent zT values. Solid solutions/
mixtures of composition Cuy_Ag,InTe, and Culn, ,Ga,Te,
with ideal n values around 1 show much enhanced zT
values than single chalcopyrite compounds, consistent with
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Figure 5. Crystal structure and electronic bands, 1) vs. a compound map for designing high-performance multinary chalcopyrites, and temperature
dependence of zT for selected multinary chalcopyrite TE materials. a) Calculated projected plane representation of the crystal structure on the (010)
plane for Cugg75Ag0125InTe,. The cation sublattice shows ideally cubic framework while the anion sublattice appears extremely distorted with anion
atoms nearly randomly distributed. b) Electronic bands of Cugg75Ag0.125InTe,. €) Calculated tetragonal distortion parameter 1 as a function of the lat-
tice constant a in chalcopyrites with E; < 1.7eV. The red stars with a trend line represent solid solutions and mixtures between two chalcopyrite com-
pounds with higher (>1) and lower (<1) 1 values. The error bars are also given. ST and KS mean stannite structure and kesterite structure, respectively.
d) Temperature dependent zT values of CulnTe,, CuGaTe,?d (AgInTe,) and their solid solutions. Our own data for (Cu,Ag)InTe, solutions are in red.

calculations and predictions. Details concerning TE properties
of these ideal pseudocubic multinary chalcopyrites are shown
in Supporting Information.

In this work, we demonstrate a new strategy to search for
and design high-performance non-cubic TE materials through
the utilization of a rational pseudocubic structure that sup-
ports cubic-like degenerate electronic bands, via the coexist-
ence of long-range cubic framework with localized short-range
non-cubic lattice distortions. We identify a simple yet powerful
selection rule based on maintaining the distortion parameter
7N near unity that is shown to be equivalent to minimizing the
energy-splitting parameter Acp. With the computed 71 vs. lat-
tice parameter maps, one can easily establish the correct molar
ratio for two or more chalcopyrite compounds to form a solid
solution with the desirable n = 1 value that assures excellent
TE performance. The pseudocubic approach augmented by the
unity-n rule and the n-a map, is a new paradigm that points a
clear direction how to design high-performing tetragonal chal-
copyrite-based TE materials. Using this approach, we predict a
series of novel highly efficient chalcopyrite TE materials and,
on a selected subset of them, we verify experimentally that they
indeed possess significantly enhanced zT values. The approach
can be extended to other tetragonal semiconductors as well as
other non-cubic materials with the aim to realize cubic-like
degenerate electronic bands that support high TE performance.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

This work thus addresses the interest of researchers to broaden
the scope of prospective TE materials especially among non-
cubic semiconductors.

Experimental Section

First-Principles Calculations: Density functional theory calculations
were carried out using the projector-augmented wave (PAW)
method? as implemented in the Vienna ab initio simulation package
(VASP).I23l The crystal structures of chalcopyrite semiconductors were
relaxed using HSEO6 functional.?¥l The plane-wave energy cutoff was
set at 350 eV, and a 4 X 4 X 4 Monkhorst-Pack k mesh was used for
crystal structure optimization. A 9 x 9 x 9 Monkhorst-Pack k mesh
was used for electronic structure calculations. An energy convergence
criterion of 10 eV and a Hellmann-Feynman force convergence
criterion of 0.008 eV A~' were adopted. Band-structure calculations
were implemented by PBE+U approach, and U = 4 eV333¢ was applied
on Cu 3d states, Ag 4d states, Zn 3d states, and Cd 4d states. Details
of electronic-structure calculations for solid solutions and that of the
transport property modeling are given in the Supporting Information.

Experimental Details: Bulk polycrystalline Cu;_,Ag,InTe, were prepared
by a melting and annealing method. Stoichiometric amounts of Cu
(Alfa Aesar, 5N, shot), Ag (Alfa Aesar, 5N, granule), In (Alfa Aesar,
5N, granule), and Te (Alfa Aesar, 5N, shot) were loaded into graphite
crucibles, and then sealed in evacuated silica tubes. The silica tubes
were heated to 1100 °C and kept at this temperature for 12 h, and then
quenched in ice cold water and annealed at 650 °C for 5 d. Finally, the

Adv. Mater. 2014, 26, 3848-3853



ADVANCED
MATERIALS

s
Mot oS
www.MaterialsViews.com

obtained ingots were crushed into a fine powder, followed by spark
plasma sintering under a pressure of 65 MPa at 550 °C for 10 min,
yielding densified bulk samples. High-temperature thermopower and
electrical resistivity were measured using an Ulvac ZEM-3 system
under a sealed chamber with a small amount of helium gas. The
thermal diffusivity (D) and heat capacity (Cp) from 300 K to 1000 K
were measured using the laser flash method (Netzsch, LFA427) and
differential scanning calorimetry (Netzsch DSC 404F3), respectively. The
density (d) was measured using the Archimedes method. The thermal
conductivity was calculated by k=D x Cp x d. Hall effect measurements
were performed using a cryostat equipped with a 5.5 T magnet.

Supporting Information

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