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ABSTRACT: We report a more than 30% increase in the thermoelectric figure of merit of Ni-doped tetrahedrite
(Cu,,Sb,S,;) by the addition of Zn. We show that this enhancement is due to the combination of two effects: 1) a tuning of
the Fermi energy to optimize the Seebeck coefficient and thermoelectric power factor; and 2) a reduction in thermal con-
ductivity due to decreases in both the electronic and lattice thermal conductivities. Unlike tetrahedrites doped solely
with Zn, which can become electrically insulating at high Zn concentrations, Ni doped samples remain conducting due to
the existence of an additional valence band from spin-split Ni states. By adding Zn to these Ni-doped materials, electrons
can fill the holes in the valence band, allowing for tuning of the thermoelectric properties. Tetrahedrites optimally doped
with both Ni and Zn have thermal conductivity approaching theoretical minimum values, which helps boost the thermoe-

lectric figure of merit zT in these compounds above unity.

INTRODUCTION

Thermoelectric (TE) materials with low cost and high
performance are currently under intensive study due to
their potential large-scale application in waste heat re-
covery in the power-producing, processing, and automo-
bile industries. TE materials function by converting ther-
mal energy to electrical energy using the Seebeck effect.
The performance of TE materials is evaluated by the fig-
ure of merit zT=S’0T/k, where S is the Seebeck coefficient,
o the electrical conductivity, T the absolute temperature,
and x thermal conductivity. Commercial TE materials
typically display maximum values of zT on the order of
unity. A major obstacle in the development of TE materi-
als with high zT is the “contra-indicated” nature of the
combination of properties entering the figure of merit;
achieving, for instance, high electrical conductivity and
low thermal conductivity, or high electrical conductivity
and large Seebeck coefficient, in a single material. Many
new approaches have been implemented recently to over-
come this contra-indicated nature, most notably the con-

cept of phonon-glass/electron-crystal”, and, more recent-

ly, the careful design of hierarchically-structured nano-
composites'®’. While such approaches have met with con-
siderable success in raising the value of zT significantly
above unity, often the compounds created are comprised
of rare or toxic elements, calling into question their use in
large scale waste heat recovery applications. Recently,
binary copper semiconductors Cu,S and Cu,Se have been
revisited as potential highly efficient thermoelectric mate-
rials, and have been claimed to have zT values as high as
1.5, a value partly ascribed to the liquid-like substructure
of the copper ions®, although they suffer from well
known issues related to copper ion diffusion'.

An earth-abundant natural mineral-based compound
family, tetrahedrites of nominal composition Cu,, (Zn,
Fe, Ni, Mn),Sb,S,;, has recently been found to display high
performance thermoelectric properties®®). The highest zT
values reported for Zn and Ni doped tetrahedrites are 0.9
and o.7, respectively. Tetrahedrites are semiconductors’
with electronic band gap of approximately 1.2 eV and



large Seebeck coefficient. The complex crystal structure®!

(Figure 1, left panel) features two distinct Cu sites: Cu (I),

in which copper atoms are tetrahedrally coordinated by S;

and, more unusually, Cu(2), with copper atoms trigonally-

coordinated by S (Figure 1, center panel). In this latter

arrangement the Cu atoms have been shown to undergo
O s

Mg -

Figure 1. The tetrahedrite crystal structure (left). Two
prominent features thought to play a role in strong an-
harmonicity and low lattice thermal conductivity are the
trigonal-planar Cu atoms, which exhibit large dynamic
displacement (top right), and the trigonally-coordinated
Sb atoms, which harbor lone pair electrons (indicated
here with small black dots).

large dynamic displacement'®. Additionally, Sb atoms are
trigonally-coordinated with S and harbor s* lone pairs
(Figure 1, right panel). The atomically displaced Cu(2)
atoms and the Sb lone pair arrangement have both re-
cently been identified®” as favoring strong lattice an-
harmonicity and low lattice thermal conductivity. In addi-
tion, TE materials of this family synthesized directly from
the natural mineral itself display both high figure of mer-
it"" and good mechanical properties™, showing promise
for large-scale applications. Here, we report our efforts to
improve the thermoelectric properties of tetrahedrite
compounds by Ni and Zn co-doping.

Both experimental and theoretical results’® show that Zn

and Ni doping have different effects on the electronic
structure of these compounds. Since undoped Cu,,Sb,S,; is
a metal-like heavily doped p-type semiconductor with the
Fermi level below the top of the valence bands, Zn doping
provides extra electrons to fill the holes in the valence
band, moving the Fermi level into the energy gap. Since
undoped Cu,,Sb,S,; has two empty hole states per formula
unit, Cu,,Zn,Sb,S,; is almost insulating, but for Zn substi-
tutions < 2 the properties may be tuned to provide for
large zT. On the other hand, Ni doped tetrahedrites are
still conducting at x = 2 and achieve their highest zT at x
= 1.5. In this work, we further tune the properties of this
optimally Ni-doped tetrahedrite by the addition of Zn. In
a series of compounds of compositions Cu,sNi,s
«Zn,Sb,S;; (x = 0, 0.2, 0.5, 1) we demonstrate that the pow-
er factor (PF=S’c) remains unchanged for light Zn doping
(x=0.2 and o.5), but the lattice thermal conductivity is
reduced by 25% for x = 0.5 at 723 K, and approaches the
theoretical minimum lattice thermal conductivity. As a
result, the zT values for these compounds rise above uni-
ty, a greater than 30% enhancement over that of the best
pure Ni-doped samples.

EXPERIMENTAL AND COMPUTATIONAL SECTION

Materials synthesis. Cu,Ni,;Zn,Sb,S; samples were
synthesized by a direct melting method. The starting el-
ements- Cu shots (99.99 %, Alfa-Aesar), Sb and Zn shots
(99.9999 %, Alfa-Aesar), and S and Ni pieces (99.999%,
Alfa-Aesar) - were weighed out in stoichiometric propor-
tions and then placed into quartz ampoules. The am-
poules were evacuated by a turbo molecular pump to a
pressure of <10® Torr and then sealed by an oxy-
gen/methane torch. The sealed ampoules were suspended
in a vertical tube furnace, heated at the rate of 0.3 K min™
to 923 K and kept at that temperature for 12 hours. Final-
ly, the furnace was slowly cooled at the rate of 0.4 K min™
to room temperature.

Sample preparation. The crushed ingots were placed
into a stainless jar for 5 minutes of ball milling in a SPEX
Sample Prep 800ooM machine. The product powders were
cold pressed and put back to ampoules in a box furnace
for annealing for one week at 723 K. The annealed pellets
were ball milled for another 30 minutes with the ball mill-
ing jar back-filled with argon. The fine powders were then
loaded under argon into a graphite die with diameter of 10
mm and hot-pressed for 30 minutes at 723 K and 8o MPa.
All the hot pressed pellets were single phase tetrahedrite
and in excess of 98 % of theoretical density. X-ray diffrac-
tion patterns and lattice parameter information for select
samples are shown in Figures S1 and Sz of the Electronic
Supplementary Information (ESI). It has been established
in literature!® that metal substitutions for Cu occupy the
Cu(1) site. The pellets were then cut using a diamond saw
into 3 mm*3 mm*8 mm bars and 10 mm diameter*1.5 mm
thickness disks for electrical transport and thermal con-
ductivity measurements, respectively.

Thermoelectric measurements. Electrical transport
properties were measured using an Ulvac ZEM-3 system
from room temperature to 723 K. The thermal conductivi-
ty was calculated from the product of the thermal diffu-
sivity (measured using a Netzsch LFA 457 laser flash sys-
tem), heat capacity, (measured using a Netzsch DSC200F3
differential scanning calorimeter) and density (measured
using the Archimedes method). We estimate that the
uncertainties in our electrical and thermal transport
measurements are 5 % and 10 %, respectively.

Density-functional theory (DFT) calculations. The
projector-augmented wave (PAW) method as implement-
ed in the highly efficient Vienna Ab Initio Simulation
Package (VASP)"" was used to perform structural relax-
ations and to calculate electronic band structures and
densities of states. Self-consistent spin-polarized calcula-
tions were performed using the Perdew-Becke-Ernzerhof
(PBE)""! generalized gradient approximation (GGA) for
the exchange-correlation (xc) functional and plane wave
basis with the cutoff energy of 450 eV. Calculations were
performed using the primitive cell of Cu,,Sb,S,; and elec-
tronic Bloch functions were calculated on regular Monk-
horst-pack k point meshes of 1oxiox10. Structures for
Cu,NiSb,S,; and Cu,Ni,Sb,S,; were obtained via picking
the lowest-energy configuration among all symmetry-



inequivalent substitutions on Cu sites after fully relaxing
all structural degrees of freedom. Relaxation was stopped
when all forces were below 0.02 eV/A and stresses below
0.5 kbar.

RESULTS AND DISCUSSION

Band Structure of Ni-doped tetrahedrite. The elec-
tronic band structures and densities-of-states (DOS) of
pure Cu,,Sb,S,; and Zn-doped Cu,,Zn,Sb,S,; were calculat-
ed previously.?S] Atom-decomposed electronic density-of-
states (eDOS) of pristine Cu,,Sb,S,, is shown in Figure S3
of the ESI. Its main feature relevant for the thermoelectric
properties is a valence band complex that is formed by
hybridizing S 3p and Cu 3d orbitals. The pure compound
has a well-developed energy gap separating the p-d hy-
bridized valence bands from the conduction bands of
predominantly S and Sb p character (see Figure S3 of ESI).
Since the Fermi level resides below the top of the valence
band complex, the material can be best described as an
almost metallic heavily doped p-type semiconductor. It
has two unfilled holes per formula unit due to the pres-
ence of an "extra" S* ion in the octahedral 2a site; sulfur
here is energetically stabilized by strong covalent bonding
with the s and d orbitals of the surrounding three-fold
coordinated Cu” ions on the 12e sites. These hybridized
states show up as sharp peaks in the S p and Cu s and d
partial eDOS curves at the bottom of the valence band
complex in Figure S3 of ESI. With substitution of two Zn
atoms for Cu, the extra Zn 4s electrons fill the valence
band holes, the Fermi level moves into the band gap, and
the material becomes insulating; this has been confirmed
previously by experiments.”

The behavior with Ni doping, however, is quite different.
Using DFT calculations, we find that Ni prefers to substi-
tute for Cu on the tetrahedral 12d sites. Our DFT band
structure results for the Ni-doped compound Cu,Ni,Sb,S,;
are shown in Figure 2; similar plots are shown for the
double-substituted compound Cu,,Ni,Sb,S,; in Figure S4
of the ESI. In our study we assume a ferromagnetic (FM)
configuration of the magnetic moments since our calcula-
tions for Cu,,Ni,Sb,S,; predict that the antiferromagnetic
(AF) spin alignment is 0.1 eV higher in energy than FM.
Since the Ni 3d states are only slightly higher in energy
than the Cu 3d states, it can be expected that they will
strongly hybridize with the valence bands of the host. The
majority spin e, and t,, states of nickel indeed lie in the
same energy range as the Cu 3d states and are fully occu-
pied (upper panel of Figure 2). In the minority spin
channel, however, three partially empty acceptor-like
bands exist above the Fermi level (lower panel of Figure
2), but these bands overlap with the filled valence bands
of the host and there is a finite eDOS at the Fermi level.
The total spin is found to be 3/2 per formula unit of
Cu,Ni,Sb,S,, giving S(S+1)=3.75 in good agreement with
the effective magnetization values of 3.6 deduced from
magnetic susceptibility measurements by Suekuni et
al.®®). Our results for the double-substituted Cu,,Ni,Sb,S,,
compound in Figure S4 of the ESI show that the band

structures of Cu,Ni,Sb,S; and Cu,Ni,Sb,S,; differ by the
existence of an additional partially empty minority spin
band at the Fermi level, giving a total spin S=2.
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Figure 2. Electronic band structure of Cu,NiSb,S,;. While
the majority spin states are fully occupied (upper panel),
three partially occupied bands exist at the Fermi level in
the minority spin channel (lower panel).

Analysis of the partial eDOS curves of the Ni-substituted
compounds (see Figure 3 and Figure Ss of the ESI) shows
that the partially empty bands are formed by hybridizing
Ni 3d states with the p-d hybridized valence bands of the
host. Since the number of holes per formula unit varies
from 2 for the pure compound (x=0), to 3 for x=1, and to 4
for x=2, this suggests that each substitutional Ni intro-
duces an additional hole state into the VB of the host. At
all Ni concentrations considered, the resulting band
structure remains metallic, in agreement with the exper-
imental results of Suekuni et al. ®” on Ni-doped tetrahe-
drite. For comparison, Fe in tetrahedrite acts like a regu-
lar dopant whose main effect is to shift the Fermi level, in
agreement with experimental measurements.”” We found
earlier™ that iron impurities in tetrahedrite are in the
high-spin Fe*" & configuration (total spin S=5/2) because
strong exchange splitting pushes the minority e, and t,,
orbitals above the Fermi level and into the band gap. At
Fe concentrations x=1, all VB holes are filled and the com-
pound becomes electrically insulating, while optimal
thermoelectric performance is achieved near x=0.5"°' Here
we hypothesize that further optimization of Ni-doped
tetrahedrite may be achieved by re-adjusting the Fermi
level close to the top edge of the valence band by addition
of Zn and filling the holes introduced by Ni substitution.
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Figure 3. The partial electron density of states of
Cu,NiSb,S,;. The bands above the Fermi level (shown as a
dotted vertical line) are formed by hybridizing Ni 3d, Cu
3d, and S 3p orbitals.

Before describing our experimental results on Zn codop-
ing, we address the question of the valence state of the
dopant nickel ions. While one could expect the Ni ions to
be in the Ni** valence state and the electronic d® configu-
ration, our calculations are consistent with the interpreta-
tion that nickel adopts a monovalent Ni** d? configuration
with a local spin of S=1/2. This interpretation is supported
by several facts. First, the Ni 3d states are only slightly
higher in energy than the Cu 3d states. Since the latter
form the top of the tetrahedrite VB, on general grounds
one should not expect a strong charge transfer from the
Ni 3d orbitals to the VB of the host. Second, the appear-
ance of a hole for each substitutional Ni (see above) is
consistent with the d° valence configuration. Third, the
change in the total spin from S=3/2 in Cu,NiSb,S,; to S=2
in Cu,Ni,Sb,S,; shows that the second nickel ion has a
local spin moment of S=1/2, which is only compatible with
the d° configuration. The higher total spin value of S=3/2
value in Cu,NiSb,S, can be attributed to induced magnet-
ic moments on the neighboring sulfur and copper atoms
due to band hybridization and ferromagnetic exchange
coupling with the Ni dopant. Fourth, integration of the
spin density in an atomic sphere of radius 0.1286 nm
around Ni gives a local moment value of S=1/2; this result
is also supported by the analysis of the eigenvalues and
eigenvectors of the PAW density matrix. Finally, the re-
sults of the Bader charge analysis, which does not depend
on the somewhat arbitrary choice of the ionic radii and
PAW augmentation spheres, are given in Table S1 of the
ESI. It is seen that the Bader charge of nickel in
Cu,NiSb,S,; is 9.43, while that of the tetrahedrally coordi-
nated Cu is 10.5. Since the copper ions are in the closed
shell dio configuration, this provides strong support that
nickel ions are in the monovalent Ni** d° state.

In order to shed further light on this issue, we have also
calculated the band structure of Cu,,ZnNiSb,S,; (Figures
S6 and S7 of the ESI) and measured the magnetic suscep-
tibility of Cu,,Zn,Sb,S,;, Cu,,ZnNiSb,S,;, and Cu,(Ni,Sb,S,;
(Figures S8 and Sg of the ESI). For Cu,,ZnNiSb,S,; we find
from band structure calculation a total spin of S =1 per Ni
ion; again the Ni itself has a local moment of S = % with
the remainder induced on the neighboring Cu and S at-
oms. Our susceptibility measurements show that the
Cu,,Zn,Sb,S,; compound is diamagnetic over most of the

temperature range, as expected for an undoped semicon-
ductor, while for both Cu,,ZnNiSb,S,; and Cu,,Ni,Sb,S,; we
find a total spin of S = 1 per Ni ion. While at first glance
this value is consistent of a valence of Ni**, in fact, we can
only reconcile this observation with the band structure
calculations as well as the observation that both
Cu,,ZnNiSb,S,; and Cu,,Ni,Sb,S,; are metallic and not in-
sulating if we have a valence state Ni"" with a local mo-
ment of S = % on each Ni ion, with the remaining spin %
moment induced on the neighboring Cu and S. While
Ni" may be an unusual charge state for Ni in molecules
and ionic crystals, one must use caution when assigning
valence to impurities in partially covalently bonded solids
where impurity orbitals can easily hybridize with the elec-
tronic states of the host. In fact, the Ni" state is known
to occur for Ni in tetrahedral coordination as a dopant in
[1-VI and I1I-V semiconductors such as ZnS®, GaP"?, and
GaAs™!, chemical environments very similar to that of Ni
in tetrahedrite. The question of magnetism in tetrahe-
drites is a very interesting one that is beyond the scope of
this paper, but is deserving of a deeper investigation using
more sensitive local probes such as electron paramagnetic
resonance or x-ray absorption, which will be the subject
of a future study.

Electrical Properties. In order to test our hypothesis, we
begin with a Ni doping level yielding the highest zT,
Cu,,5Ni,Sb,S,;, and progressively substitute Zn for Cu.
Figure 4 shows the temperature dependence of the elec-
trical transport properties of Cu,,sNi,5Zn,Sb,S; (x = o,
0.2 0.5, and 1). As shown in the upper panel, the electrical

0.020

——x=0

-=-x=0.2

0.015 ——x=0.5
-o-x=1

0.010

%\\E.:'—.:f;

0.000 . .

Resistivity (ohm cm)

=%
=)
S
a

T(K)

o

300

N
o
o

100

Seebeck Coefficient (Vv K1)

300 400 500 600 700 800
T(K)



10

Power Factor (W cm1 K2)
H

0 . . . .
300 400 500 600 700 800
T(K)

Figure 4. Electrical transport properties of Cu,sNi, s
«Zn,Sb,S,; tetrahedrites. The electrical resistivity (upper)
and Seebeck coefficient (center), both increase with Zn
addition as electrons fill empty holes in the valence band.
Although the resistivity is increased with Zn doping, the
thermoelectric power factor (lower) remains unchanged
up to x = 0.5.

resistivity of these samples decreases weakly until the
mid-temperature region, and then rises at higher temper-
ature. This behavior is consistent with a highly degener-
ate semiconductor or weakly metallic system with low
carrier mobility. The same behavior has been observed in
Zn-doped samples. For the x = o sample (Cu,,Ni, ;Sb,S,;),
the resistivity at 723 K is 4.1 X 10> ohm cm, much lower
than that of Cu,, sZn,Sb,S,;, which has a resistivity of 1.2 x
10”7 ohm cm. This can be explained by the spin splitting of
the Ni t,, states as discussed above for Figure 1. After add-
ing a small amount of Zn (x = 0.2 and o.5) into
Cu,,5Ni,;Sb,S,;, the resistivities are increased by 6% and
30%, respectively. At x = 1, the resistivity becomes two
times larger than that of the x = o sample. The additional
electrons from Zn fill the holes in the valence band, mov-
ing the Fermi level closer to the top of the valence band
and decreasing the carrier density. In order to tune the
Seebeck coefficient, the optimum position of the Fermi
level should be close to the band edge where a large ener-
gy dependence of the electronic DOS can be obtained.
The center panel of Figure 4 displays the temperature
dependence of Seebeck coefficients: for the three co-
doped samples, the Seebeck coefficients are all increased,
as we expect.

In order to determine the optimal position of the Fermi
level, we estimated the reduced Fermi energy by using a
single parabolic band model with acoustic phonon scat-

tering as the predominant scattering mechanism.
Then™:

_ 4 ke (5Fim
S=E <2 Foen 77); ®

where kg, e, n are the Boltzmann constant, electron
charge, and the reduced Fermi energy, respectively, and
F, is a Fermi integral of order n. The Fermi energy moves
closer to the top of the valence band with increasing Zn
content, and at high temperatures even moves slightly
into the gap. The power factor for all samples is displayed
in lower panel of Figure 4. Due to the enhancement in

Seebeck coefficients, the power factors of the x = 0.2 and x
= 0.5 samples are changed hardly at all although their
resistivities increase during Zn co-doping.

Thermal conductivity and figure of merit. Figure 5
(top panel) shows the total thermal conductivity as a
function of temperature for all Cu,,sNi,,Zn,Sb,S,; sam-
ples (x = o, 0.2 0.5, 1) together with pure Cu,,Sb,S,; and
Cu,,Zn,Sb,S; for comparison. The total thermal conduc-
tivity of all samples increases with increasing temperature
due to an increased electronic contribution - with the
exception of Cu,,Zn,Sb,S,;, which is almost insulating and
thus has a negligible electronic contribution. Pure
Cu,,Sb,S,; has a total thermal conductivity in the range of
1.2 W/(m K) to 1.5 W/m K from room temperature to high
temperature, while the total thermal conductivities of all
the other samples are below 0.8 W/(m K) due to reduc-
tion in both electronic and lattice contributions. In order
to clarify the effect of Ni and Zn co-doping on the lattice
thermal conductivity, we subtract the electronic thermal
conductivity obtained by applying Wiedemann-Franz law
from total thermal conductivity:

Ke = LT/p, (2‘)
where L is the Lorenz number and p is electrical resistivi-

ty. The Lorenz numbers are calculated” using the fol-
lowing expression:
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Figure 5. Total (upper) and lattice (center) thermal con-
ductivity of Cu,sNi,sZn,Sb,S,; tetrahedrites. The open
circles are for pure Cu,Sb,S; the open squares for
Cu,,Zn,Sb,S;;, and the dashed line represents the minimal
thermal conductivity of tetrahedrites, calculated from the
kinetic formula assuming a phonon mean free path equal
to the interatomic distance. In the co-doped samples, the
lattice thermal conductivity approaches this minimum
value. This, combined with the near constant power fac-
tor, gives rise to an increase in thermoelectric figure of
merit (lower).

and employing the reduced Fermi energy values found
previously from the Seebeck data. The calculated Lorenz
numbers for all co-doped samples are in the range of 1.8 x
10° to 1.6 x 10° W Q /K* from room temperature to high
temperature, significantly lower than the metallic limit of
2.45 X 10° W Q /K’. Using these calculated Lorenz num-
bers, we determine the lattice thermal conductivity by
subtracting the electronic contribution from the total: the
results are shown in the middle panel of Figure 5. The
theoretical minimum lattice thermal conductivity esti-

mated by formula k,,;,, = %val , where [ is the minimum

phonon mean free path, is also shown as dashed line. For
the latter estimate we use the specific heat C, data ob-
tained from our experiments and a mean sound velocity
v = 2500 m/s estimated from elastic properties meas-
urements™. The minimum phonon mean free path is on
the order of one phonon wavelength, which is approxi-
mately the interatomic distance™' [ = 0.226 nm". The
lattice thermal conductivity of pure Cu,,Sb,S,; decreases
from 1.0 W/m K to 0.6 W/m K with increasing tempera-
ture, following a T" law, where the phonon mean free
path exceeds the interatomic distance. Therefore, the lat-
tice thermal conductivity of pure Cu,,Sb,S,; is close to but
still above the theoretical minimum value of about 0.4
W/(m K). As we have pointed out previously’®, the an-
harmonicity in the tetrahedrite structure leads to the in-
trinsic low thermal conductivity. Here, we find that the
dopant atoms (Ni and Zn) replacing Cu atoms in tetrahe-
drites further decrease the lattice thermal conductivity
through solid solution point defect phonon scattering,
pushing the lattice thermal conductivity down close to
theoretical minimum. The lattice thermal conductivity of
all the doped samples is temperature independent

throughout the measured temperature range. The single
element doped sample, Cu,,Zn,Sb,S,; in which both of the
two available Cu atoms are replaced by Zn atoms, exhibits
a lattice thermal conductivity of 0.45 W/(m K).

By combining the electronic transport and thermal con-
ductivity data, the overall figure of merit (zT) values are
computed, and the results are shown in the lower panel of
Figure 5. By addition of Zn to Cu,,sNi,;Sb,S;;, zT can be
enhanced from 0.81 to 0.99 and 1.03 for x = 0.2 and x = 0.5,
respectively.

CONCLUSION

In summary, with optimum Fermi energy level and mini-
mum lattice thermal conductivity, the zT value of tetra-
hedrite co-doped with Ni and Zn rises to above unity at
723 K, making this material one of the best p-type TE ma-
terials in this temperature region. Considering the low
cost and earth abundant nature of tetrahedrites, this class
of materials should be a good candidate for large scale
thermoelectric applications.
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