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ABSTRACT

The synthesis, structure, and temperature dependent thermal and electrical properties of off-stoichiometric polycrystalline modified zinc blende quaternary chalco-
genides Cuj 33,xZn1 33.xIN7.335€4, where x = 0, 0.1, 0.2 and 0.3, are investigated. Temperature-dependent electrical properties reveal these compositions to be
semiconductors with alteration of the carrier concentration and electrical transport via stoichiometric variation. The thermal conductivity is low for all specimens and
intrinsic to these materials. First principles calculations are also reported in establishing a fundamental investigation that illustrates the large variation in stoichi-
ometry that is possible in these materials. This stoichiometric variation results in the observed variation of the transport properties. The results presented reveal
fundamental structure-property relationships in these quaternary chalcogenides, and provides a basis for further research into the viability for large stoichiometric

variation in other materials that are of interest for technological applications.

1. Introduction

Quaternary chalcogenides can be composed of nontoxic, earth
abundant elements and form in a variety of structure types [1-4]. For
certain compositions and crystal structures tunable properties can be
realized through stoichiometric changes leading to unique transport
properties [5,6], and optimization for photovoltaic [4,7,8] or thermo-
electric [9-12] applications. One class of quaternary chalcogenides can
be represented as I-1I,-111-VI4, where I = Cu or Ag, Il = Zn, Cd or Hg, Il =
Al, Ga, In or Tl and VI = S, Se, or Te. This family of compounds is much
less explored [13-16] than other quaternary chalcogenides. The forma-
tion of these stoichiometric multi-component systems can be considered
as a result of atomic cross substitutions accompanied by lattice mutations
in which the overall valence state is preserved, with charge neutrality in
the periodic crystal [17,18].

Herein we report on the synthesis, crystal structure including first-
principles calculations, and temperature dependent transport properties
of modified zinc blende Cuy 33.xZn; 334In7.338e4 (x = 0, 0.1, 0.2, 0.3)
quaternary chalcogenides for the first time. We investigate the effect of
stoichiometric variations on the transport properties that, as described
herein, can be exploited to dramatically vary the electrical properties. In
addition, first principles calculations of the structural properties and
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formation energy of these quaternary chalcogenides are reported using
density functional theory (DFT). This fundamental study is intended to
provide an understanding of the effect of stochiometric variation on the
transport properties of these materials, and gauge their suitability as
materials for potential energy-related applications such as thermoelec-
trics or photovoltaics.

2. Experimental section

Modified zinc blende, or sphalerite-like, Cuj 33Znj 33In; 33Ses with
space group F43m was obtained when attempting to synthesize CuZ-
ninSes (P42c). In fact, we were unable to synthesize this latter compo-
sition that was reported to form in a chalcopyrite-like crystal structure
[19]. It is clear that this chalcopyrite-like phase does not form by reaction
of the elements as described herein. As described below, the crystal
structure of Cuy 33Zn; 33In 33Se4 is similar to that of CuZnyInSe4 [16],
however, with excess Cu and In together with a deficiency in Zn. From
this observation, we concluded that extreme off-stoichiometric compo-
sitions can be realized in these quaternary chalcogenides. We subse-
quently synthesized a series of compositions with increasing (decreasing)
Cu (Zn) content, Cuj 331xZn; 33.xIn7 338e4 with x = 0.0, 0.1, 0.2 and 0.3,
by elemental reaction of Cu powder (99.9%, Alfa Aesar), Zn powder
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Fig. 1. Powder XRD data for Cu; 33Zn; 33In; 33Se4, including the profile fit and
difference from Rietveld refinement.

Table 1
Rietveld refinement parameters for Cu; 33Zn; 33ln; 335e4.

Cuy 33Zn7 33107 335€4
Cuy.33Zn1 33101 335€4

Nominal Composition
Refined Composition

Space group F43m (No. 216)
Z 1
a(h) 5.7503(1)
-3
V@A) 190.14(1)
Radiation Graphite Monochromator CukK, (1.54056 A)
Deaic. (g/cm®) 5.596
20 range (deg.) 16-120
Step width (deg) 0.025
WR,, R, 0.048, 0.037
Reduced y? 2.528
Table 2
Atomic coordinates and displacement parameters for Cu; 33Zn; 33In; 335€es4.
atoms x (A) y @A z (A) Uiso (A% occupancy
Cu 0.25 0.25 0.25 0.013(1) 1/3
Zn 0.25 0.25 0.25 0.013(1) 1/3
In 0.25 0.25 0.25 0.013(1) 1/3
Se 0 0 0 0.021(1) 1

(99.9%, Alfa Aesar), In chunks (99.9995%, Alfa Aesar) and Se powder
(99.999%, Alfa Aesar) [20]. The elements were loaded into silica

(a)

Journal of Solid State Chemistry 297 (2021) 122058

Table 3
Formation energy, lattice constants, and average cation-anion distances calcu-
lated for the CuZnInSes (P42c) and CuZn,InSe, (F43m) structure types.

Nominal Composition CuZnInSe3 CuZn,InSey
Es(eV) —0.518 —-0.570
a(A) 5.831 5.804

b (A) 5.829 5.804

¢ (A) 11.682 11.624
douse (A> 2.441 2.436
dpnse <A) 2.503 2.498
nse (A) 2.647 2.634

ampoules that were put into a quartz tube and evacuated to 0.13 Pa
(1073 Torr) before sealing. The elements were heated at a rate of 333 K
per hour then reacted at 1363 K for 4 h before cooling to 848 K at a rate of
323 K per hour, and subsequently held at this temperature for 5 days.
Following this reaction profile, the reaction tubes were allowed to
naturally cool to room temperature. The specimens were then ground
into fine powders (325 mesh: 44 pm), cold pressed into pellets, and
sealed under vacuum for annealing at 673 K for 7 days. After annealing,
the pellets were again ground into fine powders and sieved to 325 mesh
before loading into a custom-designed tungsten carbide (WC) punch and
die assembly for densification by spark plasma sintering (SPS) at 600 K
and 400 MPa for 20 min under vacuum, resulting in dense pellets of
>98% theoretical density. The high densities were obtained due to our
WC tooling as higher pressures than typical for graphite tooling were
realized. The WC die was lined with graphite foil to prevent reaction with
the surrounding material.

The phase purity and structure were investigated by Rietveld
refinement of powder x-ray diffraction (XRD) data collected by a Bruker
D8 Focus Diffractometer in Bragg-Brentano geometry with Cu Ko radia-
tion and a graphite monochromator. The stoichiometry and homogeneity
were analyzed by Rietveld refinement using the Jana2006 software [21].
Energy dispersive X-ray spectroscopy (EDS) after SPS was performed on
well-polished surfaces with an Oxford INCA X-Sight 7582 M (INCA
software) equipped scanning electron microscope (SEM, JEOL
JSM-6390LV), with data obtained from several random positions of the
SPS pellet for each specimen.

The densified specimens were cut into 2 mm x 2 mm x 10 mm par-
allelepipeds using an abrasive slurry wire saw for high temperature
Seebeck coefficient, S, and resistivity, p, measurements using an ULVAC
ZEM-3 system with experimental uncertainty (2u, where u is the com-
bined standard uncertainty component and 2 is the coverage factor) of
+5% and +8% for S and p, respectively. High temperature thermal
conductivity, x, was determined using the equation x = D-a-Cp, where D
is the measured density, a is the measured thermal diffusivity, and Cp is

e o oo
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Fig. 2. Crystal structure for (a) CuZnInSes in the modified chalcopyrite P42c structure showing the standard unit cell as well as construction of the supercell consisting
of three unit cells, as described in the text, and (b) CuZn,InSe, in the modified zinc blende F43m structure.
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Fig. 3. Powder XRD data for (top) Cuj43Zn; a3ln; 33Se4, (middle) Cuy s3Z-

n;.13ln; 33Se4 and (bottom) Cuj g3Zn; o3In; 33Sey4, including the profile fit and
difference from Rietveld refinement.

the specific heat. Thermal diffusivity was measured using the laser flash
method in a flowing He environment with a NETZSCH LFA 457. The
uncertainty (2u) in the thermal diffusivity measurements were +5%.
High temperature heat capacity Cp (~Cv) was estimated with the
Dulong-Petit limit (Cv = 3 nR, where n is the number of atoms per for-
mula unit and R is the ideal gas constant). At high temperature, this may
underestimate Cp; however, it is a good method for comparing the effect
of doping and compositional changes since it eliminates the measure-
ment uncertainties associated with heat capacity measurements [22].
Room temperature four-probe Hall measurements were collected in a
magnetic field of up to 1 T, with the field alternating polarity to eliminate
errors from voltage probe misalignment. The maximum experimental
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uncertainty (2u) in the Hall measurements were +13%. A commercial
Quantum Design Physical Property Measurement System was used for C,
measurements from 3 K to 250 K, where the experimental uncertainty
(2u) of the measurement is less than + 5% in the entire temperature
range.

DFT calculations were performed with the Vienna Ab initio Simulations
Package (VASP) based on the projector-augmented wave method that
utilizes a plane wave basis set within periodic boundary conditions [23,
24]. The exchange correlation energy was included through the gener-
alized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) functional. The convergence criteria for the relaxation process
were 107> eV for total energy and 10~* eVfor the force criteria. The
energy cutoff was 384 eV and the tetrahedron integration methods with
Bloechl corrections was utilized with 12 x 12 x 12 k-point mesh.

3. Results and Discussion

The Rietveld refinement results for Cuy 33Zn; 33In; 335€4 are shown in
Fig. 1 and Tables 1 and 2. The crystal structure of Cuj 33Zn; 33Ing 335€4
resembles a sphalerite-like structure with an equally-mixed cation site and
Se on the anion site. Rietveld refinement of this structure was first per-
formed with a chalcopyrite-like structure, as reported for CuMnMSe3 (M =
Al, Ga, In) [25] with space group P42¢ and mixed cation sites. However,
this model was rejected since additional reflections that should be present
were not observed. Models based on related compounds, such as CulnSe;
or CuNiInSes that show idealized chalcopyrite structures with space group
I42d or P42c, respectively, would also require additional reflections [26,
27] that were non-compatible with our XRD results and were thus also
rejected (note Figures S1 — S3 in the Supplemental Information). It is
instructive to note K. Takei et al. [28] that report I42d CulnSe; transitions
to F43m with addition of Zn. Therefore, in evaluating our data with these
structure types we concluded that a statistically ordered cubic model with
the metals equally occupying the cation site optimally described our data.
This sphalerite-like structure contains a tetrahedral coordination of the
metal cations by Se, with M-Se (M = Cu, Zn, In) distances of 2.4899(1) A
and a near ideal tetrahedral angle of 109.47(1)°.

In order to further study the properties of these materials, including
the phase stability of the sphalerite-like structure as compared with other
structure types, we performed DFT simulations to theoretically investi-
gate the two main structure types described above, chalcopyrite CuZ-
nInSes and the modified zinc blende Cu; 33Zn1 33In7 335€4. We note that
because of computational limitations, calculations for Cuj 33Z-
nj 33ln; 33Se4 are not possible since a very large supercell is needed to
achieve the partial cation occupancy as obtained by our experiments,
therefore, as a close prototype to the synthesized material we consider
stoichiometric modified zinc blende CuZnyInSe4 theoretically [16]. In
Fig. 2a we show the standard unit cell for CuZnInSes in the chalcopyrite
(P42c) crystal structure that includes 8 sites for the cations and 8 sites for
the chalcogen anions. One of the atomic sites, the 2f Wyckoff position, is
randomly occupied by the Cu, Zn, and In cations, therefore, in order to
accommodate the three cations and achieve the correct elemental
composition for CuZnInSes a supercell of three unit cells (denoted as (1),
(2) (3) in Fig. 2a), was constructed. We note that there are 24 cations to
be accommodated in 24 atomic sites, however, the occupation ambiguity
of the 2f Wyckoff position creates several possibilities for atomic ar-
rangements. We explored several different possible arrangements and
found that the lowest energy structure is achieved when the 2f Wyckoff
positions in cell (1) is occupied by Cu and In, the 2f Wyckoff positions in
cell (2) is occupied by Zn, and 2f Wyckoff positions in cell (3) is occupied
by In and Cu, as shown in Fig. 2a. For the case of the F43m space group,
we again note that in order to accommodate the three types of cations in
the 4a Wychoff positions, the atomic cell is constructed by placing
vertically two-unit cells for the standard zinc blende structure, as shown
in Fig. 2b. These two types of lattice structures were simulated using
VASP within these relaxation criteria described in the previous section.
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Table 4

Rietveld refinement parameters for the three additional compositions prepared for this study.
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Nominal Composition

Cuy.433Zn1 233IN1.3335€4

Cuy 5332n1.133IN1 3335€4

Cuy 633201033101 3335€4

Refined Composition
Space group

Cuy.433Z01 23311 3335€4
F43m (No. 216)

Cuy 533Zn1.133IN1.3335€4
FA43m (No. 216)

Cuy 633Zn1,033IN1.3335€4
F43m (No. 216)

Z 1 1 1
a([\) 5.7545(3) 5.7564 (1) 5.7551(3)
v (A3) 190.55(2) 190.74 (1) 190.61 (2)
Radiation Graphite Monochromator CuK, (1.54056 A)
Deale. (g/cm®) 5.5821 5.5749 5.5771
26 range (deg.) 20-100 20-100 20-100
Step width (deg.) 0.025 0.025 0.025
WR,, R, 0.068, 0.053 0.069, 0.054 0.074, 0.057
Reduced > 2.016 2.496 2.958
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Fig. 4. Temperature-dependent C; data for Cuy 33Zn; 33In; 335e4, with the inset 300 400 500 600 700
showing C,/T vs T? at low temperatures and the solid line is a fit of the form C,/ T (K)
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Fig. 5. Temperature dependent p for Cuj43Znjslng33Ses (red triangle),
Cuy.53Zn; 1310 338e4 (green diamond) and Cuj g3Zn; g3In; 33Se4 (purple circle).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

The lattice constants a, b, c calculated for both systems after relaxa-
tion are given in Table 3, where we find that a < b < ¢ for the chalco-
pyrite structure and a = b ~ ¢/2 for the modified zinc blende material.

Fig. 6. Temperature dependent S for Cuj43Zn; 3lng 33Ses (red triangle),
Cu; 53Zn; 13In; 33Se4 (green diamond) and Cu; ¢3Zn; o3ln; 33Se4 (purple circle).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

The average cation-anion distances in both phases are also shown in
Table 3. Both lattice parameters and average atomic distances are smaller
for CuZnaInSe4 (F43m) as compared to CuZnInSes (P42c), indicating
better structural stability for the former compound. Moreover, the
calculated lattice parameters and bond lengths are closer to our measured
and refined values for the F43m structure, whereas the model for P42c
has a larger deviation with our experimental data. To further shed light
on the structural phase stability, we also calculated the average forma-

tion energy of both structure types according to Ef = (Es - Znﬂ) / n,
i

where Eg is the total energy of the formed structure, n is the number of
atoms in the unit cell, n; is the number of ith type of atom in each cell, and
E; is the average energy of ith atom in its pure atomic phase. Our results
show that Ef for the CuZn,InSe4 has a lower energy compared to CuZ-
ninSes, giving strong corroborating evidence in support of our experi-
mental findings for the assigned structure type.

Based on all these results, we synthesized compositions with
increasing stoichiometric variation. Fig. 3 shows the Rietveld refinement
results for the three additional compositions synthesized in order to
investigate the change in transport properties with stoichiometric vari-
ation, with the refinement results shown in Table 4. The stoichiometries
were confirmed by our EDS data.

The C;, data from 3 to 250 K for Cuj 33Zn; 33In7 335€4 are shown in
Fig. 4. The inset in Fig. 4 shows Cp,/T versus T2 data below 6 K. The solid
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Fig. 7. Temperature dependent x for Cuj33Zn;33In; 33Ses (blue squares),
Cu;j 437Zn; »3In; 33Se4 (red triangle), Cuy 53Zn; 13 Ing 33Se4 (green diamond) and
Cuy 63Zn; o3In; 33Se4 (purple circle). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

line in the inset is a fit to the data of the form Cp/T = y+BT2, where y is
the Sommerfeld coefficient of the electronic contribution to the specific
heat and f is the coefficient of the lattice contribution. Using this fit and
employing the relation [29].

4 13
0p = (12’;;"“> &)

where R is the molar gas constant and n, is the number of atoms per
formula unit, we estimate the Debye temperature, dp, to be 223 K and y
= —0.001 J mol™! K2 The Sommerfeld coefficient, basically a null
value, indicates a very low density of states at the Fermi level, which is
reasonable given the very high resistivity for this composition.

Temperature dependent p measurements for Cuj 33 xZnj 33xIn1 335€4
for x=0.1, 0.2 and 0.3 are shown in Fig. 5. The high electrical resistance
for Cuj 33Znj 33Ing 33Ses prevented p and S measurements on this
composition. As shown in Fig. 5, p decreases with increasing stoichio-
metric variation. This is directly related to the change in carrier con-
centration that increases (decreases) with increasing (decreasing) Cu
(Zn) content. Furthermore, p increases slightly with increasing temper-
ature, indicative of degenerate semiconductor behavior. From our Hall
measurements, holes are the majority carriers, with room temperature
hole concentrations, p, of 1.1 x 10%%/cm?®, 4.7 x 10%°/cm® and 8.2 x
10%°/em® for the x = 0.1, 0.2 and 0.3 specimens, respectively. Fig. 6
shows the measured S values for the three specimens. The S values
correspond with the p data shown in Fig. 5, decreasing with increasing
(decreasing) Cu (Zn) content and carrier concentration. The positive S
values for all specimens implies p-type conduction and corroborates the
Hall data.

For a single parabolic band model, S and p are given by Ref. [30].

sl (@a0nn )

Te \ (1+1)F(n) @

and

Ax(2m ks T (m+\*?
P:(h—f)(;) Fl/z('l) 3
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where r is the exponent of the energy dependence of the electron mean
free path, n (= Ep/kgT) is the reduced Fermi energy, Er is the Fermi en-
ergy, F; is the Fermi integral of order r [31,32], m* is the hole effective
mass, m, is the free electron mass, and h is the Planck constant. For
ionized impurity scattering r = 2 and for lattice vibrations r = 0. In this
study we used the intermediate value r = 1. From our room temperature S
and p values, we obtain m* = 0.2 m, for Cu; 43Zn; »3In; 33Se4 and m* =
0.4 me for Cu14532n1_13ln1_335e4 and CU1_6321'11_0311'11_33564. These m*
values are in agreement with previous reports on other quaternary
chalcogenide material systems [14,16,33].

Fig. 7 shows the « values for all four compositions. These k values are
primarily due to the lattice contribution, i, of « as estimated using the
Wiedemann-Franz relation k = kg + ki, where kg = LoT/p (with Lorenz
number, Lo, taken to be 2.44 x 1078 VZ/K?). Accordingly, « = i, for all
specimens with a small increase with increasing Cu content. The « values
for all specimens are relatively low, with x decreasing with increasing
temperature, and in the same range as current and potential new mate-
rials optimized for thermoelectric applications [34-38].

4. Conclusion

The crystal structure, electrical transport and thermal properties of p-
type off-stoichiometric zinc-blende-type quaternary chalcogenides are
reported. The high resistivity of Cuj 33Zn; 33In; 33Se4 is on par with that
of CuZnyInSe,4 [16], however, the electrical properties can be dramati-
cally altered with stoichiometric change. In fact, our results point to an
insulating to semiconducting changeover in electronic transport with
stoichiometry. Hole concentration and the electrical properties are varied
with stoichiometric variation, while x remains low. Although the ther-
moelectric figure of merit [34], ZT = (Sz/pK)T, is low for these unopti-
mized compositions, our findings illustrate the extent and degree of
stoichiometric variation that can be realized in these quaternary chal-
cogenides. Similar variation in stoichiometry may be attainable in other
quaternary chalcogenides with different structure types, and can pre-
sumably also result in large variation in their electrical properties. This
would be an interesting avenue to explore for other chalcogenide mate-
rial systems.
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