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ABSTRACT: Ternary diamond-like semiconductors, such as
CulnTe,, are known to exhibit promising p-type thermoelectric Te
performance. However, the interplay between growth conditions,
native defects, and thermoelectric properties have limited their
realization. First-principles calculations of CulnTe, indicate that
the electronic properties are controlled by three dominant defects:
Vew Cuy, and Ing,. The combination of these low-energy defects
with significant elemental chemical potential phase space for
CulnTe, yields a broad phase width. To validate these calculations,
polycrystalline, bulk samples were prepared and characterized for
their structural and thermoelectric properties as a function of
stoichiometry. Collectively, the off-stoichiometric samples show a
range of carrier concentrations that span 5 orders of magnitude
(10" to 10" h* cm™). Mobility of the off-stoichiometric samples suggests that copper vacancies act as strongly scattering point-
defect sites, while the other native defects scatter less strongly. Such vacancy scattering extends to the thermal conductivity where a
reduction in ki is observed and contributes to enhanced thermoelectric performance. Understanding and controlling the native
defects in CulnTe, provides a route toward n-type dopability as well as rational optimization of the p-type material.
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B INTRODUCTION

Ternary diamond-like semiconductors (DLS) are a broad class
of electronic materials that have recently emerged for
thermoelectric applications. Such materials upend a long-held
presumption that tetrahedrally bonded materials would have
significant thermal conductivity. Instead, these materials have
been found to show simultaneously high mobility and low
thermal conductivity—a desirable combination for thermo-
electric performance. However, the chemical complexity of e eomance
these ternaries presents challenges, some of which are familiar 0.10 7 »eTeiel e Ty g0
to the optoelectronics community. In particular, native defects Ko™ (WmK)

can profoundly affect the dopability and transport properties of
such materials; furthermore, these defects are highly sensitive
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Figure 1. (a) CulnTe, in chalcopyrite-type structure with
tetrahedrally bonded cation and anion atoms. Red, blue, and gray

to growth conditions. In this work, we undertake an in-depth atoms stand for copper, indium, and tellurium atoms, respectively. (b)

study of the native defects in the thermoelectric material Computationally modeled transport properties for electrons and holes

CulnTe, to provide defect engineering strategies. in DLSs. The marker size scales with the semi-empirical thermo-
The use of DLS materials in thermoelectrics dates back to electric quality factor figs.*

the 1970s when diamond-structure Si—Ge solid solutions were
used for power generation on deep space probes (Voyager 1
through New Horizons). The high operating temperature
(~1200 K) and low conversion efficiency of Si—Ge solid
solutions have limited their use to highly specialized
applications. Over the same time period during which Si—Ge
was being used, diamond-like materials with zinc-blend and
chalcopyrite structures (Figure la) were being developed for
photovoltaic and optoelectronic applications. The chalcopyr-
ite-type material Cu(In,Ga)Se, (CIGS) has been extensively
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studied for use in photovoltaics, while zinc-blende-type ZnSe
has found use in LEDs and scintillators."~® CIGS’s low values
of carrier concentration (~10"® cm™) and mobility (~10 cm?/
V:s) along with the high thermal conductivity of ZnSe has
prevented significant efforts to improve thermoelectric
performance.””"" Prior to the 2000s, DLS materials were
largely discounted for use in thermoelectrics; however, over
the last decade, various DLSs have emerged as candidates for
high thermoelectric performance'*™"

In 2012, the I-III-Te, chalcopyrites, CulnTe, (CIT) and
CuGaTe, (CGT), were identified as high-performing thermo-
electric materials because of their higher carrier concentration
and Seebeck coefficients."*~'® In CIT, a peak zT value of 1.18
was found at 850 K, while CGT showed an even higher zT of
1.4 at 950 K.'>'* Since the discovery of these high zT values,
the majority of thermoelectric studies on CIT and CGT have
focused on doping and microstructure engineering to increase
the peak p-type performance. A number of studies has found
that doping with Zn on the group III site is an effective way to
increase the p-type carrier concentration.”*" Carr and
Morelli'® found that CulnTe, can have a minor zT
improvement when doped with zinc, alloyed with CuGaTe,,
or both doped and alloyed simultaneously. Luo et al.'® showed
that simultaneous doping and incorporation of TiO, nano-
fibers was able to reduce the thermal conductivity by 36%.
Later, similar work showed that a combination of antimony
doping and ZnO nanoparticles further reduced the thermal
conductivity, thereby gaining another incremental performance
increase.

To date, prior experimental thermoelectric work on
CulnTe, has been limited to p-type compositions.'>~'**>*
The hole carrier concentration of undoped CulnTe, can be
increased by synthesizing the material with copper deficiency.
It is well established that copper vacancies increase the p-type
carrier concentration as the ne%atively charged vacancy, V¢, ™',
acts as an electron acceptor.”*™*° Copper can only be removed
from the CulnTe, lattice up to a certain amount, at which the
ordered vacancy structure Culn;Te; forms, and the thermo-
electric performance is reduced.”***™*® On the copper-rich
side of ternary CulnTe,, single crystals of copper-rich and both
copper- and indium-rich samples showed higher hole carrier
concentrations in comparison to the on-stoichiometric
compound.” This is interesting because the hole carrier
concentration increases when CulnTe, is made both copper-
poor or copper-rich.

Calculations indicate that the n-type thermoelectric perform-
ance of CulnTe, would far surpass that of the p-type material
(Figure 1b). The calculated effective mass of electrons is an
order of magnitude lower than the effective mass of holes,
leading to electron mobility that is orders of magnitude higher
than the hole mobility.” Outside of thermoelectrics literature,
a few reports indicate n-type behavior in CulnTe,. Wasim and
Albornéz’' showed that annealing bulk CulnTe, in the
presence of indium for 45 days caused n-type conductivity.
It is suggested that excess indium creates an Ing, defect that
acts as an electron donor. Consistent with the predictions
discussed above, the high mobility of the n-type CulnTe,
sample (355 cm?/V:s)’' suggests that n-type CulnTe, could
have higher thermoelectric performance than the well-known
p-type material. The other reports of n-type behavior in
CulnTe, utilize processing techniques that may cause non-
equilibrium behavior that will be difficult to repeat in bulk
samples.**>*
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Extrinsic defects within the DLS space are sufficiently
complex such that doping behavior cannot be explained by
intuition. By taking a look at extrinsic defects in the sulfide and
selenide chalcopyrites, insight into the complexity of extrinsic
doping of CulnTe, can be gained. Extrinsic doping studies of
CuAlS, indicate that group II elements (Zn, Cd, and Mg) can
occupy both the Cu or Al site, thereby allowing the material to
be n-type or p-type. When CuAlSe, is synthesized in a Zn-rich
atmosphere, the material remains p-type; however, the carrier
concentration is reduced as a result of Zn, defects.”> Both of
these are in contrast to CuGaTe, and CulnTe, where the
addition of Zn increases the hole carrier concentration. The
trend suggests that Zn tends to prefer the group III site as the
anion increases in size (S — Se — Te), but the role of Zn in
CulnTe, is actually unclear. Studies on off-stoichiometric
CulnTe, doped with zinc suggest that the defects Zny,~, V¢, ™,
Inc,**, and Zng," can form, but only p-type behavior is
shown."” Addition of Zn to CulnTe, seems to increase the
hole carrier concentration regardless of native stoichiometry.
All other studies on the effects of extrinsic doping of CulnTe,
have only identified p-type thermoelectric behavior.

In other thermoelectric materials that have limited
dopability, the combination of theory and experimental defect
studies has proven valuable in developing improved thermo-
electric materials. In Cu,HgGeTe,, the carrier concentration
was found to be only p-type as a result of V, defects and Cuyy,
antisite defects. Attempts to reduce the V(, concentration
through off-stoichiometric synthesis simply increased the Cuy,
concentration and the p-type behavior persisted.'” This result
suggests that Cu,HgGeTe, will be difficult to synthesize with
electrons as the majority carrier. However, Cu,HgGeTe, can
be contrasted with Mg;Sb,, that has a similar Vyy killer defect.
By synthesizing Mg;Sb, with an excess of Mg, the
concentration of VMgZ_ along with the corresponding hole
carrier concentration is significantly reduced. This reduction in
holes enabled Mg;Sb, to be doped to an n-type regime. This
understanding of the native defects in Mg;Sb, had a two-fold
effect: first, a reliable path to n-type dopability was identified,
and second, the n-type Mg;Sb, was found to have superior
thermoelectric properties in comparison to the p-type
material®® While this Mg;Sb, case is for a binary compound,
it illustrates the importance of understanding native defects
while showing that performance can be significantly improved
before external dopants are utilized.

In this work, we consider the impact of CulnTe,’s native
defects on thermoelectric properties and on n-type dopability.
We begin by presenting defect calculations of CulnTe, to
understand how growth conditions quantitatively impact
intrinsic defect concentrations. Optimal growth regimes for
p-type and n-type performance are then identified. The impact
of these native defects on the electronic structure is then
investigated, with an eye toward perturbations of the band
edge density of states. These theoretical results form the basis
for an experimental campaign of synthesis and high-temper-
ature thermoelectric property measurements. Samples were
prepared with a wide variety of stoichiometries to sample the
broad range of predicted native defect phenomena; the impact
of these defects is seen not only in the carrier concentration
but also in the electronic mobility and lattice thermal
conductivity.

https://dx.doi.org/10.1021/acs.chemmater.0c04041
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B METHODS

Modeling and Simulations. Defect Formation Energy and
Carrier Concentrations: Overview. Accurate and realistic descriptions
of native defects in semiconductors using first-principles calculations
can be performed using the standard supercell approach.*” This
method requires the evaluation of defect formation enthalpies
AH(D,q) of defects D their relevant charge state g, which can be
obtained from total energy density functional theory (DFT)
calculations as®®

AH(D, q) = E(D, q) — E(H) — ). np, + qEg + E.oy 0
; 1

where E(D,q) and E(H) are the total energy of the defect and the host
supercell, respectively. The parameter n; accounts for the number of
atoms of species i and chemical potential y; added (n; > 0) or
removed (n; < 0) from the system to create the defect.

Chemical potentials describe the energy of the reservoirs with
which atoms are being exchanged. For a given compound in
thermodynamic equilibrium, we have ficy,, = Yy or
Z”Cu+”ln+2'uTe (2)
for our system of interest. If referenced to the bulk elemental phases
42, (2) can be expressed as

H CulnTe,

”CuInTeZ = {’u(?u + A'“Cu} + {”I(r)n + A/'tIn} + 2{”'I(?e + AMTe}
3)
with Ag; indicating the deviation of the chemical potentials from the
bulk elemental phases i = Cu, In, Te. The formation enthalpy of
CulnTe, AHcyyre, = McuinTe, — HEo — Uiy — 243 sets the limiting
values of Ay, that must satisfy

AHCuInTe2 = A/’lcu + A/’lln + ZA/"Te;

A”Cu’ AMln’ A'MTe <0 (4)

Full stability conditions are then determined upon the consid-
eration of competing compounds (secondary phases). For CulnTe,,
the competing phases are binary materials besides the elemental bulk
of copper, indium, and tellurium. The range of Apuc,y, 1. values at
which CulnTe, is stable satisfies AHc,re, < AH,, with the latter the

formation enthalpy of the competing compound, defined similarly as
in eq 2. To obtain the stability space of CulnTe,, we calculate AH, of
the binary competing phases with structures reported in the ICSD
database. The full list is presented in the Supporting Information
Table 1.

Finally, the term E_,, estimates corrections arising from finite size
effects, as elastic and electrostatic interactions between neighboring
supercells. Here we use the approach proposed by Lany and Zunger’
to account for potential alignment (AE,,(D,q)) and image charge
(AE;) corrections to the formation energy of the charged defects, as
given by

AEpa(D! q) = q'A‘/pa (5)

2
q O

AE, = —yE

2e®

(6)

where AV, is the potential alignment between the defect and the host
calculation, oy, is the Madelung constant for the supercell geometry, &
is the dielectric constant, and @ is the supercell volume. Please refer to
ref 37 for more details on the approach.

Intrinsic defect chemistry is then assessed by computing AHy, ; for
all native point defects in their relevant charge states. The results are
usually presented in defect diagrams, where AH(D,q) for all native
defects are plotted as a function of the Fermi energy Eg, which varies
from the valence band maximum (VBM) to the conduction band
minimum (CBM). AH(D,q) then depends linearly on the charge state

q.

361

The equilibrium Fermi energy (€}2) is determined by the equilibrium
amongst different defects, satisfying the charge neutrality condition

ZqCD’ —n+p=0
> ()

In relation 7, n and p are the free electron and hole concentrations,
respectively, obtained from the valence band density of states Dy(¢),
conduction band density of states Dg(¢), and the Fermi—Dirac
distribution function f(¢) as

[+
/
E

CB!

c(e)f(e)de
MD()f() ()

r=/ _ Dy(e)l1 = f(e))de )

The defect concentration Cpq is obtained by

—AH(D, 61)

C
P ky T

q = N exp

(10)

where N is the concentration of the corresponding lattice sites, and kg
is the Boltzman constant. Cpg and &f! are then obtained by self-
consistent solution of eqs 7—10.

DFT Calculations. The defect formation energies AH(D,q) were
calculated from total energies of bulk and defect-containing supercells
using DFT,>>*® as implemented in the Vienna ab initio simulation
package (VASP).*' The exchange—correction energy functional was
approximated by using both the generalized gradient approximation of
Perdew—Burke—Ernzerhof (PBE)** and the Heyd-Scuseria-Ernzerhof
(HSE06)* hybrid functional. Despite being of a higher computa-
tional cost than conventional PBE/LDA DFT calculations, hybrid
functional calculations of defects often show considerable improve-
ment in accuracy.

Core and valence electrons are treated with the projector-
augmented wave formalism.** The Kohn—Sham orbitals were
expanded using a plane-wave basis with a cutoff energy of 400 eV.
Lattice parameters and atomic positions were fully relaxed until forces
were lower than 1 meV/A on each atom. For the bulk unit cells, the
Brillouin zone was sampled using a I"-centered 4 X 4 X 4 Monkhorst—
Pack k-points grid.** For the calculations including the point defects, a
64-atom bulk (2 X 2 X 2) supercell was used with a I'-centered 2 X 2
X 2 k-points mesh.

Total and partial density of states were computed using a finer I'-
centered grid of 30 X 30 X 28 k-points and plotted using the Sumo
python toolkit.** Unless otherwise stated, all results are obtained
using the HSE06 hybrid functional.

For the phonon dispersion of CulnTe,, the supercell approach with
the finite displacement method*” was used within VASP in
conjunction with the Phonopy package.”® The atomic positions and
lattice parameters were relaxed with convergence criteria of 107
meV/A. Phonopy was used to determine the force constants, the
phonon dispersions, and the phonon projected density of states using
2 X 2 X 2 supercells and a X X X X X k-point mesh.

Spin—orbit coupling effects were evaluated in a fully relativistic plus
hybrid functional calculation. Band edge positions used to plot the
defect diagrams were then adjusted according to the HSE06 + SOC
calculations.

Synthesis. High purity Cu (99.999%, Alpha Aesar), In (99.999%,
SN Plus), and Te (99.999%, SN Plus) shots were weighed in batches
totaling S g of material. Each batch of material was loaded into a clean
fused silica ampoule and sealed under vacuum. Ampoules were kept as
small as possible to mitigate the evaporation of elements. Ampoules
were individually placed into a furnace at 900 °C for 20 min with
periodic shaking at 5 min intervals. Hot ampoules were then removed
from the furnace and quenched in cold water to reduce phase
separation during solidification. Ingots of solidified material were
removed from ampoules, ground into a powder with an agate mortar
and pestle, and then sieved through a 200-mesh sieve. Approximately
3 g of powder was loaded into graphite foil-lined graphite dies. The
graphite dies were loaded into a vacuum hot press. Samples were

https://dx.doi.org/10.1021/acs.chemmater.0c04041
Chem. Mater. 2021, 33, 359—-369
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pressed at 550 °C for 12 h under 40 MPa of pressure. The pressure on
the die was released, and the die was kept at 550 °C for 1 h as an
annealing treatment before cooling to room temperature. Pellets were
removed from the graphite dies and hand-polished to a parallelness
within +5 pm using a final grit paper of 2000 grit.

Measurement. High-temperature measurement of the Seebeck
coeflicient was performed from 323 to 623 K using custom-built
apparatus.”® All samples underwent a minimum of two heating and
cooling cycles during the measurement to ensure that samples were
not undergoing evolution during measurement. High temperature
resistivity and Hall effect measurements were performed on a custom
built apparatus with a Van der Pauw geometry.”® Thermal diffusivity
measurements were performed under vacuum using a NETZSCH
LFA-467 flash diffusivity system. Density was determined by the mass
and geometry of the samples. Calculation of thermal conductivity was
done using the Dulong-Petit approximation and the values in the
Supporting Information Table S2. SEM imaging with energy-
dispersive system (EDS) were performed using an FEI Quanta 600i
SEM. Grain sizes of the samples were determined from S images at 5
different locations on each sample. For each phase in a sample, EDS
measurements were taken at S different locations on the samples with
the averaged data shown in the Supporting Information Figures S25—
S38.

B RESULTS AND DISCUSSION

Electronic Structure. Computation of the HSE06
electronic band structure shows that CulnTe, is a direct
band gap semiconductor at I' with band gap energy (Eg) of
0.97 eV (the PBE value is 0.20 V). The usual parabolic
dispersion observed at band extrema in semiconductors is also
characteristic of this ternary telluride. The orbital decomposed
band structure shows features similar to other chalcopyrite
materials. The uppermost valence bands are composed mainly
of Cu 3d and Te Sp antibonding orbitals, resulting in the
characteristic double-degenerate heavy-hole and non-degener-
ate light-hole bands of tetrahedrally coordinated semi-
conductors. In CulnTe,, these bands meet at I, resulting in
a three-fold degenerate VBM. The bottom of the conduction
band is composed mainly of In Ss and Te Sp orbitals, forming a
non-degenerate parabolic band. Spin—orbit coupling effects
break the triple degeneracy at I" and the common split-off band
forms (Supporting Information Figure S1).

The predicted superior performance of n-type over p-type
CulnTe, is mostly due to the large difference in electron and
hole density of states effective masses, m¥ and mj*. Our DFT-
hybrid calculations predict mif = 0.37, while m¥ is smaller by 1
order of magnitude: m¥ = 0.016, in the units of electron mass.
These values are in agreement with previous works’’ and with
our experimental data, as discussed in the Native Defects
section. The large difference in effective mass leads to a
predicted electron mobility which is orders of magnitude
higher than the hole mobility (#, = 3 X 10° and g, = 2 X 10’
em? V7! s71) (Figure 2).%°

Phase Stability. The phase stability region of CulnTe,,
limited by the gray area in Figure 3b, spans a large portion of
the chemical potential space, plotted here as a function of the
chemical potentials of copper and indium. The boundaries of
Ap; (Ap[poorest-i, richest-i]) for the three elemental phases i
= Cu, In, and Te are Auc,[—0.75, 0.00] eV, Auy,[—141,
—0.14] eV, and Apur,[—0.67, 0.00] eV. Such differences in
atomic chemical potentials lead to distinct formation energies
for different sets of Ay; (eq 1), resulting in largely controllable
carrier concentrations.

Our first-principles calculations predict eight regions where
CulnTe, forms three-phase equilibria with other compounds.
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Total DOS
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Energy (eV)

Figure 2. Electronic band structure and total and partial density of
states of CulnTe, according to hybrid (HSE06) DFT calculations
(the results including SOC are shown in the Supporting Information
Figure S1). The usual parabolic dispersion of semiconductors with a
diamond-like structure is observed here. The bottom of the
conduction band is composed mainly of In Ss and Te Sp orbitals,
forming a non-degenerate parabolic band. The top of the valence
band is mostly formed by hybridized Cu 3d and Te Sp states, resulting
in the characteristic light-hole and heavy-hole parabolic bands, triple-
degenerate at I in CulnTe,.
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Figure 3. Phase stability diagrams of CulnTe, in (a) compositional
and (b) chemical potential spaces. The boundaries of Ay,
[Ap;(poorest-i, richest-i]) for the three elemental phases i = Cu, In,
and Te are Apc,[—0.75, 0.00], Ay;,[—1.41, —0.14], and Apr,[—0.67,
0.00]. The color code indicates the direct link between compositional
and chemical potential spaces, where three-phase equilibrium regions
in (a) are directly linked to points in (b). Computational predictions
combined with phase boundary mapping can then be used to guide
the preparation of samples under synthetic control of chemical
potentials, leading to high control and reproducibility of native carrier
concentrations.

Besides pure Cu and Te phases, these regions are defined by
six competing binaries: CuTe, Cuy,Iny, InTe, In,Tes, In;Te,,
and In,Te;. We acknowledge that several phases are missing in
our calculations, as their structures have not yet been
characterized. Some examples are In;Te;, Culn;Tes,
Cu,In,Te,;, and Cu31n7Telz.2 27352 e may then expect
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some level of inaccuracy at the phase boundaries calculated
here, with a direct impact on our predicted carrier
concentrations. Additional sources of inaccuracy can arise
depending on the method used to compute formation
enthalpies of the main compound and competing phases
(Supporting Information Figure S2).

Samples can then be prepared under synthetic control of
chemical potentials, as areas representing three-phase equilibria
in compositional space correspond to well-defined points in
chemical potential space. As an example, the light blue
triangular area 1 in Figure 3a denotes a three-phase
equilibrium region between CulnTe,, the elemental phase of
copper, and Cuy;Ing. This corresponds to point P, in Figure
3b, defined by the intersection between the stability lines of Cu
and CuyIng with CulnTe,. Preparation of multiphase samples
that incorporate trace impurities of Cu and CujIny with
CulnTe, fix the y; to those of P, and thus the defect formation
energies and equilibrium concentrations. The same approach
can be applied to explore the diverse thermodynamic space
over the whole boundary of the host material, resulting in high
control of dominant native defects and carrier concentrations.

Native Defects. Figure 4a—d shows the defect formation
energies AH(D,q) of intrinsic defects D in their relevant charge
states q plotted as a function of the Fermi energy E under four
different sets of chemical potentials. Ep ranges between the
VBM and the CBM, that is, within the band gap region. The
equilibrium position of the Fermi energy E! is determined by
the charge neutrality condition eq 7.

As discussed previously, the computed band gap of 0.97 eV
using the HSEO6 hybrid functional is reduced when SOC
effects are taken into account. The resulting band edge shift of
0.24 eV is highlighted by the (vertical) gray area. This shift sets
a band gap energy of 0.73 eV, shown by the white region.

Although the relative formation energies vary across
different regions of the chemical potential space, three defects
always dominate in CulnTe,: V¢, and Cuy, which act as
electron acceptors, thereby promoting p-type behavior, and
Inc,, which donates electrons to the host material, thereby
contributing to decreasing the hole concentration. It is clear
that the persistent p-type behavior of CulnTe, under Cu-poor
conditions is a result of a high concentration of copper
vacancies that increases the hole concentration. This is
commonly observed in CulnTe, and related Cu-containing
DLS materials. To decrease the hole concentration, an
alternative to suppress the formation of V, is to grow the
sample under Cu-rich conditions. Excess of copper, however,
facilitates the formation of Cuy, antisites, maintaining the p-
type character of the system. As expected, Inc, will be mostly
favorable under In-rich and Cu-poor environments.

A favorable scenario for n-type doping requires then a
careful balance between these three low-energy defects: the
concentration of V¢, and Cuy, should be minimized while
maximizing Inc, defects. Our calculated defect diagrams
suggest that Cu- and In-rich conditions (Figure 4ab) are the
ideal place to grow CulnTe, to achieve n-type carriers via
extrinsic dopants. Other sets of chemical potential will result in
Ve, and Cuy, acting as killer native acceptors, strongly
preventing n-type doping (both intrinsically and extrinsically).

The carrier concentrations resulting from the equilibrium
between intrinsic defects in P, P,, Ps, and P, are shown in
Figure 4e. High hole concentrations of the order of 10'® h
cm™ are predicted for a Cu-poor environment (P5) when Cu
vacancies have low formation energy. Under Cu-rich
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Figure 4. Defect formation energy as a function of Fermi energy for
native vacancies and antisites in CulnTe, under four different growth
environments (a) Py, (b) P,, (c) Py, and (d) P, according to Figure
3b. The band edge shift of 0.23 eV when spin-orbit coupling (SOC)
effects are taken into account is highlighted by the (vertical) gray area.
This shift sets a band gap of 0.73 eV, shown in the white region. Over
the whole stability region, three native defects always dominate, that is
Ve, and Cuy, that act as electron acceptors and the donor Ing,. (e)
Predicted carrier concentrations for three-phase equilibrium regions
as marked in Figure 3b. Colored curves can be directly compared to
the experimental results in Figure Sa, as discussed in the Native
Defects and Electronic Properties section.

conditions (P,), the hole concentrations drop to ~ 10" h
cm™®, maintaining a relatively high concentration. Such
predicted concentrations are in good agreement with
experimental measurements, as discussed in the Native Defects
and Electronic Properties section, showing differences by ca. 1
order of magnitude. As mentioned previously, such discrep-
ancy can arise from inaccuracies of the computed phase

boundaries (Supporting Information Figures S2 and S3).
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Synthesis. To test the effects of different stoichiometries
on CulnTe,, samples were prepared both on- and off-
stoichiometry through the melting and hot pressing procedure
described in the Methods section. The procedure yielded
polycrystalline discs with densities >95% of the theoretical
density of CulnTe,. Several on-stoichiometric samples were
synthesized, showing a consistent baseline with minimal
hysteresis for the CulnTe, high-temperature thermoelectric
properties (Supporting Information Figures S4—S9). The off-
stoichiometric CulnTe, samples were made within 5% of the
on-stoichiometric CulnTe,. The nominal sample stoichiome-
tries and densities are listed in the Supporting Information
Table S2 and the experimentally determined sample
compositions are shown in the Supporting Information Figures
S§25—S38. Differences between the nominal and measured
sample compositions can be attributed to as detailed in the
Supporting Information Figure $24.

As intended, X-ray diffraction of the samples shown in the
Supporting Information Figure S11 indicates that samples are
predominately the desired chalcopyrite phase with trace
impurity phases present. Within the phase boundary mapping
approach, achieving trace impurities is desirable as they pin the
elemental chemical potential but are sufficiently dilute as to not
require effective medium theory for transport analysis. While
the full Cu—In—Te phase diagram is not established,
particularly with respect to phase equilibria, the observed
impurity phases follow the expectations created by deliberate
off-stoichiometry (Supporting Information Figures S12—S14).
Elemental tellurium appears in samples that are tellurium-rich;
likewise, samples along the InTe tie-line exhibit InTe as a
secondary phase. Samples on the copper-rich side contain
either pure copper or copper telluride phases, as appropriate.
Phase identification on the indium-rich side is challenging as
the Cu—In binary phase diagram contains several high-
temperature phases that melt incongruently; furthermore, not
all phases have established crystal structures.”> Some trace
peaks appear consistently in all samples, indicating the
presence of an external impurity that is not related to the
ternary phase diagram. Collectively, these syntheses lead to a
broad distribution of chalcopyrite stoichiometries and
associated defect concentrations.

Native Defects and Electronic Properties. We establish
a baseline for the composition-dependent properties using the
nominally on-stoichiometric CulnTe, carrier concentration.
The on-stoichiometric sample shows a carrier concentration of
2 X 10" cm™ at 323 K that is initially temperature-
independent. Carrier activation begins to occur at 473 K,
eventually reaching 8 X 10'® cm™ at 623 K. Duplicate on-
stoichiometric samples (Supporting Information Figure S6)
show behavior that is very similar to the data shown in Figure
S. These repeatable property measurements of different on-
stoichiometric samples give confidence that our synthesis
methods provide good control of sample composition.

Compared to the baseline stoichiometric samples, both Cu-
deficient and strongly copper-rich compositions show a
significant increase in carrier concentration. Cu-deficient
samples were able to reach room-temperature carrier
concentrations of ~3 X 10" h* cm™. These results were
consistent internally across the three samples CuyoInTe,,
Cugggln; g, Te,, and CugygslnggsTe,. Cu deficiency has been
well studied as a route to increasing the carrier concentration
of CulnTe,,'"****72%>* yhile comparatively few works have
demonstrated a carrier concentration increase as a result of
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Figure S. (a) High-temperature carrier concentration of CulnTe,
exhibits nearly 5 orders of magnitude due to variations in
stoichiometry. (b) Temperature-dependent Seebeck coefficients rising
at low temperature and falling at high temperature due to carrier
activation.

excess copper.””>> The most Cu-rich sample has a room-
temperature carrier concentration of ~6 X 10" h* cm™. As the
temperature of these high carrier-concentration samples
increases, the nearly constant carrier concentration 1s evidence
of extrinsic behavior and a substantial band gap.’® Despite
clearly different mechanisms for the creation of h*, the
temperature-dependences of the carrier concentrations are
effectively indistinguishable. With modest Cu richness, the
carrier concentration in fact drops slightly from the on-
stoichiometric CulnTe, sample. The high-temperature proper-
ties likewise show an earlier onset of minority carrier activation
with respect to temperature. These results will be discussed in
the context of the defect calculations after considering In-rich
samples.

The low carrier concentration (<10'™ cm™) samples of
Figure S5 are consistently samples with high indium
concentration. The most indium-rich samples, Culn; Te,
and Culn,;Te,, show the lowest carrier concentrations at 1
X 10" and 1 X 10" cm™, respectively. Adjusting the
stoichiometry perturbation away from elemental indium (i.e.,
Cugggln o3 Te, lies on the tie-line with InTe, Cuyg5ln; osTe,
lies slightly on the tie line of CuyiIng), one finds carrier
concentrations between 6 X 10 to 2 X 10'7 cm™>. These low
carrier concentration samples show significant cross-gap
activation with increasing temperature after an initial extrinsic
regime. Between 400 and 550 K, cross-gap activation can be
identified by the onset of exponential increases in carrier
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concentration. While these low carrier concentration samples
each have differing carrier concentrations, the total change in
carrier concentration with respect to temperature is quite
similar (~10' ¢cm™). The consistency between these low
carrier concentration samples suggests that they share a similar
electronic structure.

In light of these experimental results, we return to the defect
calculations presented above. There are three dominant defects
that affect the carrier concentration in the CulnTe, system.
The most prevalent defect is V(, that acts as an electron
acceptor thereby increasing the hole carrier concentra-
tion, 242628 Figure 4 shows that in all cases, V, has low
formation energy. The low formation energy is consistent with
the p-type behavior and the high carrier concentration of the
copper-deficient samples in Figure 6.
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Figure 6. Heat map of carrier concentration and composition
showing low carrier concentration for indium-rich samples.

Similarly, Cuy, also contributes to an increasing hole carrier
concentration. The higher formation energy of Cuy, compared
to V, explains the lower carrier concentration of Cu, ;InTe, in
comparison to CugygInTe,. As there is a trade-off between the
concentrations of Vg, and Cuy, with Apug,, the carrier
concentration minimum may not be at the nominally
stoichiometric composition; rather, the sample that was
grown slightly Cu-rich showed the lowest carrier concen-
tration.

The last defect is Inc,, which acts as an electron donor and
thus reduces the hole carrier concentration. The donor effects
of Ing, are consistent with the low carrier concentrations of the
indium-rich samples shown in Figure 6. This distribution of
defects about CulnTe, indicates that a map of the carrier
concentration with respect to composition is a nonlinear
surface created by a balance between the V¢, In¢, and Cuy,
defects. To minimize the hole concentration, not only must
one maximize Ing, but also minimize both Cuy, and V; this
delicate balance happens only in a narrow synthetic regime.

The Seebeck coeflicients for all samples are well correlated
with the carrier concentration. At high carrier concentrations,
the Seebeck coefficient is consistent with a heavily doped
semiconductor (<300 uV/K). Extrapolation of the Seebeck
coefficients of these high carrier concentration samples in the
Supporting Information Figure S16 shows an intercept of ~30
#V/K at 0 K, indicating a near-linear temperature dependence
until bipolar effects begin at 450 K. This linear behavior
suggests that a parabolic band approximation will suitably
model the Seebeck coefficient. For the degenerate samples, the
density of states effective mass (mfys) is estimated to be 0.4—
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0.6 m, using a single parabolic band approximation and the
assumption of acoustic phonon scattering, compared to
electronic structure calculations suggesting a valence band
mpos of 0.65 m,. This assumption is supported by the
temperature dependence of the Hall mobility, reported below.

The high Seebeck coefficient values (300—800 xV/K)
observed for the low carrier concentration samples show
significant evidence of bipolar behavior. We note that the band
masses and mobilities of the valence and conduction bands are
expected to be quite distinct, exacerbating the quantitative
analysis of these results.”” It is possible that chemistry within
the sample is slightly changing; at these low carrier densities,
minute changes in stoichiometry will dramatically affect the
magnitude of the Seebeck coefficient. However, the absence of
hysteresis in these measurements suggests that changes in local
chemistry (i.e., the ion mobility of Cu) would have to occur on
a timescale shorter than the measurement cycle.

Resistivity and Mobility. The resistivity of the samples
(Figure 7) finds room-temperature values ranging from 3 to
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Figure 7. High-temperature resistivity of CulnTe, decreasing with
respect to temperature, driven primarily by an increasing carrier
concentration.

10° mQ cm. The highest carrier concentration materials show
nearly constant resistivity with temperature; such behavior is
similar to metals in the regime of strong defect scattering. The
low and moderate carrier density samples show the classic drop
in resistivity found in intrinsic semiconductors; this is driven
primarily by carrier excitation across the band gap leading to
X10—100 increase in carrier density. The magnitude of the
band gap is thus estimated from the temperature-dependence
of the resistivity (Supporting Information Figure S10), under
the approximation of temperature-independent mobility. For
the lowest carrier concentration samples (indium-rich), the
band gap is extrapolated to be between 0.85 and 0.95 eV. This
range of band gaps is quite close to the calculated values.
The combination of Hall effect and resistivity measurements
allows for the Hall mobility (Figure 8) to be extracted.
Typically, this is done within a single carrier-type regime and
the approximation of parabolic bands, leading to the classic
expression Ry = 1/ne. For samples with 1 X 10" cm™ and
above, the carrier concentration is largely constant with
temperature and the above approximations are expected to
hold. In the following, we begin by analyzing the results for
high carrier concentration samples; to address the lower carrier
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Figure 8. Mobility showing different behavior depending on the
defect concentration. Moderate carrier concentrations show high
mobility, while high carrier concentrations show low mobility as a
result of vacancy scattering.

concentration sample mobility, a two-band model is then
employed. Within the high carrier concentration samples, the
magnitude and temperature dependence of the mobility is a
strong function of defect concentration. (Figure 8) shows that
the mobility of the stoichiometric sample is quite high at room
temperature (~130 cm?/Vs) and decays with temperature.
Such behavior is indicative of electron-phonon scattering.
Similar behavior is seen in the Cu, ysIny¢sTe, sample which has
a slightly lower carrier concentration. However, at higher
carrier concentrations, the mobility is significantly reduced (5—
20 cm?/V's) and shows nearly temperature-independent
behavior. This occurs in both Cu-rich and -poor samples and
is indicative of strong point defect scattering.”**® In parallel
with the increased point defect scattering in these high carrier
concentration samples, the scattering rate from acoustic
phonons is expected to scale with 7 & n™"/3 at high carrier
densities.

Within the high carrier concentration samples, there is a
significant mobility difference between the tellurium-rich
(CugesIngesTe,) and copper-deficient (Cuggsln; ,Te, and
CuygInTe,) samples even though they have nearly the same
carrier concentrations (3 X 10" h* cm™) and similar
microstructures (Supporting Information Figures S25, S26,
$29). The copper-deficient samples likely contain a higher
concentration of V¢, that contributes to increased scattering
and thus reduced mobility. However, the tellurium-rich sample
has higher mobility as a result of a balance between V, and
Cuy, acceptor defects.

The increase in hole carrier concentration of the intrinsic
materials shown in Figure 5 must also mean that electrons are
being promoted to the conduction band. Given that the
intrinsic samples already have a very low carrier hole
concentration, such behavior could lead to parallel transport
of electrons and holes at high temperatures. This bipolar
conduction could lead to an incorrect analysis of the high-
temperature Hall coefficient.

Estimating the room-temperature mobility of the low carrier
concentration (<10'® cm™) samples with a single band model
yields values below 60 cm?/V-s. The Ing, defect may act as a
scattering site, as this is a high-concentration defect in all of
these samples (Culn,;Te,, Culn,;Te,, Cugggln,o3Te, and
Cuy osIn; osTe,). Additionally, mobility could be affected by
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microstructural differences as shown in the Supporting
Information Figures S25—S38. At high temperatures, the
single band model approximations shown in (Figure 8) is likely
incorrect; a discussion of multiband mobility analysis is
presented in the Supporting Information.

Phonons. The calculated phonon dispersion curves for
CulnTe, are shown in Figure 9. The acoustic branches’ speed
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Figure 9. Phonon dispersion of bulk CulnTe, in the chalcopyrite
structure shows low-frequency optical modes crossing through the
acoustic branches. The elementally decomposed PDOS highlights the
role that Te plays in these optical modes.

of sound is consistent with experimental measurements of the
longitudinal and transverse speed of sound measurements
(Supporting Information Figures S17—S18) on polycrystalline
samples. There are two high density of state regions, the first
between 1 and 2 THz and the second between 4 and S THz.
The low-frequency optical bands show a high degree of overlap
with the acoustic branches, similar to a phonon dispersion of a
clathrate material with strongly scattering rattlers. However,
these low-frequency optical modes involve all of the
constituent atoms rather than just a rattling atom. These
low-frequency bands provide scattering pathways for high-
velocity acoustic phonons. However, these optical modes still
have significant group velocity (Supporting Information Figure
S15). At high frequencies (4—5 THz), a high density of state
region appears with significantly flatter, lower group velocity
bands. These optical bands remain within the energy range for
acoustic phonon scattering.” >

From the phonon density of states (PDOS), the
contributions of Cu, In, and Te states are shown. Between 1
and 2 THz, there is a significant contribution from tellurium
states, likely driven by its high mass. However, there is still a
high number of copper and indium states that is involved in
these modes as well, suggesting a strong coupling between all
of the atoms, as opposed to an isolated rattler. Similarly, a high
density of tellurium states peak exists between 3 and 4 THz,
and some tellurium states are even higher. Within the
chalcopyrite structure, tetrahedral coordination between all
of the atoms is likely to contribute to mixing in the PDOS.
Specifically, all cations have tellurium as nearest neighbors. In
comparison to our prior work on quaternary DLSs, the PDOS
shown in Figure 9 is nearly indistinguishable from
Cu,CdSnTe, (treating Cd and Sn as nearly equivalent to In).”’

Thermal Properties and zT. High-temperature lattice
thermal conductivity shown in Figure 10 indicates an overall
decline with increasing temperature for all samples. The
electronic component of the thermal conductivity (Supporting
Information Figure S21) is <15% for all samples, leaving a
lattice component (k) that follows the same trend. This T~
temperature dependence is typically ascribed to phonon—
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Figure 10. (a) Lattice thermal conductivity showing a reduction with
temperature as a result of electron—phonon scattering. The copper-
deficient samples have a significantly lower lattice thermal
conductivity, likely as a result of point-defect scattering resulting
from copper vacancies. (b) Thermoelectric figure of merit indicating
the highest performance for the copper-deficient samples. The
samples CuggInTe, and CuygslnggsTe, have differing lattice thermal
conductivities but similar figures of merit.

phonon scattering.” Given that the variation in CulnTe,
stoichiometry is not particularly extreme, there is a significant
spread in k. This is consistent with prior studies of copper-
deficient CulnTe, where copper deficiency led to similar
decreases in thermal conductivity.””*® Here, we have the
opportunity to compare the impact of Inc, and Cuy, defects
along with the already studied V,.

Consistent with prior results, the low thermal conductivity
of copper-deficient samples suggests that copper vacancies
contribute strongly to phonon scattering. The copper-deficient
samples, CugoInTe, and Cuggsln;,Te,, have the highest
concentration of copper vacancies and thus a lower thermal
conductivity. With slightly less copper deficiency, the samples
CuggsIngosTe, and Cuyggln, o3Te, show an intermediate range
of thermal conductivity. The trend of thermal conductivity is
similar to the mobility in that the highest vacancy
concentrations have the lowest mobility. As the compositions
move away from the copper-deficient regions, the thermal
conductivity increases, indicating that the Cuy, and Inc, defects
are comparatively weak scatterers compared to the vacancy.
Further complicating matters, the In—Te-rich side of the phase
diagram is known to contain ternaries that are ordered vacancy
chalcopyrites (e.g, Culn;Teg and CulnTe;Tes) as well as
disordered, cation vacancy-rich zinc blende compounds (e.g,
Cu,In,Te,).”**” In both cases, room-temperature k; values of
1.1-1.3 W m™! K™ are observed. Analysis of the strength of
the V¢, scattering may be additionally complicated by the
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formation of Vi, clusters that are stronger scatterers of the
acoustic phonons.

CulnTe, shows zT values that are primarily dependent on
carrier concentration as shown in Figure 10b. Samples with the
highest zT have carrier concentrations of ~3 X 10" h* em™;
all of these compounds have a copper deficiency. Compared to
the best-performing samples in the prior literature, the highest
2T values herein are equivalent for a given temperature. Such
materials, when measured to higher temperatures, have shown
zT in excess of unity. It is interesting that such prior efforts
have utilized extrinsic dopants and nanostructuring to achieve
similar results.">"® All other samples herein are too resistive to
exhibit significant zT.

B CONCLUSIONS

Thermoelectric research on CulnTe, has previously focused
on optimization of the figure of merit through the use of
external dopants without a baseline understanding of the native
material. Such one-dimensional studies create a gap in the
knowledge of fundamental defect chemistry that could be used
for more effective optimization. In this work, we highlight that
the optimization of the carrier concentration and the figure of
merit for CulnTe, can be tuned solely by the native defects.
Calculations paired with intentionally off-stoichiometric
syntheses were used to identify the dominant defects in
CulnTe, and their impact on transport properties.

First-principles hybrid DFT calculations suggest a relatively
large stability region for this ternary semiconductor, indicating
that native carrier concentrations can be largely controllable
under diverse growth conditions. Calculated defect formation
energies of native defects in the dilute limit reveal that three
point defects dominate in CulnTe,: the acceptors V, and
Cuy, and the donor Ing,. Such a result elucidates the persistent
p-type character of CulnTe,, frequently reported in the
literature, caused by the constant presence of a “killer” native
acceptor (V¢ in Cu-poor and Cuy, in Cu-rich environments).
A precise balance between these dominant defects is then
required to achieve a favorable scenario for n-type dopability.
Our calculations indicate that such a scenario can indeed be
accessed in specific In- and Cu-rich growth conditions.

High density on- and off-stoichiometry samples produced by
traditional methods confirm the presence of the aforemen-
tioned dominant defects. Copper-deficient samples are found
to have a high hole carrier concentration as a result of the V¢,
while indium-rich samples show the lowest hole carrier
concentration as a result of the Ing, antisite defects. A
moderately high carrier concentration is identified in copper-
rich samples as a result of the Cuy, antisite defect. The mobility
of copper-deficient samples suggests that copper vacancies are
stronger scatterers in comparison to the Cuy, and Ing, defects.
Similar vacancy scattering behavior of phonons is identified by
the low lattice thermal conductivity of the copper-deficient
samples. Both the high carrier concentration and low lattice
thermal conductivity of the copper-deficient CulnTe, samples
show that the thermoelectric performance of the p-type
material can be improved without the use of external dopants
and microstructure engineering. The low carrier concentration
samples indicate that n-type dopability will be most successful
when synthesis is performed in an indium-rich environment.
Ultimately, the simple act of native defect engineering yields a
thermoelectric performance equivalent to prior efforts in
heavily engineered p-CulnTe, while providing a path toward

n-type dopability.
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