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Synthesis, structure, electronic and thermal properties of 
sphalerite CuZn2InS4 
Oluwagbemiga P. Ojoa, Wilarachchige D. C. B. Gunatillekea, Hagen Poddigb, Hsin Wangc, Joshua 
Martind, Dylan J. Kirschd,e and George S. Nolasa*

Quaternary chalcogenides continue to be of interest due to the variety of physical properties they possess, as well as their 
potential for different applications of interest. Investigations on materials with the sphalerite crystal structure have only 
recently begun. In this study we have synthesized sulfur-based sphalerite quaternary chalcogenides, including off-
stoichiometric compositions, and investigated the temperature-dependent electronic, thermal and structural properties of 
these materials. Insulating to semiconducting transport is observed with stochiometric variation, and analyses of heat 
capacity and thermal expansion revealed lattice anharmonicity that contributes to the low thermal conductivity these 
materials possess. We include similar analyses for CuZn2InSe4 and compare these sphalerite quaternary chalcogenides to 
that of zinc-blende binaries in order to fully understand the origin of the low thermal conductivity these quaternary 
chalcogenides possess. 

Introduction
Chalcogenides continue to be of interest for a variety of 
applications due to the unique physical properties that are 
directly related to specific bonding schemes and attributes, 
including optoelectronics and photovoltaics,1–7 topological 
insulators,8,9 thermoelectrics,10,11 superconductivity12–14 and 
magneto-ferroics.15,16 New chalcogenide compositions expand 
our library of materials, and provide potential new discoveries 
through modification of the physical properties, transport 
mechanisms and processing conditions. Quaternary 
chalcogenides have recently been intensely investigated due to 
their promising potential for energy conversion applications. 
Many compositions have been explored taking into 
consideration environmental implications, while atypical 
transport properties for certain materials have also been 
reported.17–24 Some quaternary chalcogenides are known 
copper rich compositions,25–28 while others are derivatives of II-
VI binaries that can be thought of as being formed by specific 
cation sublattice substitution.29–31 For this latter case, 
compositions with the well-known kesterite crystal structure 
(I2-II-IV-VI4, where I=Cu or Ag, II=Zn or Cd, IV=Si, Ge or Sn, and 
VI=S, Se or Te) are an example.32 Another family of quaternary 

chalcogenides, I-II2-III-VI4 with III=Ga or In, can be understood 
as derivatives from the II-VI binary zinc-blende structure by 
cation substitutions, with four Zn2+

 replaced by three cations 
I1+(II2+)2III3+ such that the overall valence and charge neutrality 
is preserved from that of the “parent” II-VI composition.32 These 
materials are semiconductors, the selenides and tellurides 
having 1 to 1.5 eV bandgaps that can be tuned via doping to 
optimize their desired properties.33–36 Thus far only selenide 
and telluride compositions have been investigated. Herein we 
report the synthesis and temperature-dependent structural, 
thermal and electrical properties of Cu1+xZn2−xInS4, with x = 0, 
0.15, and 0.3. The approach to doping via variation in 
composition resulted in dramatic changes in the electronic 
transport. Furthermore, the temperature-dependent structural 
and thermal properties of CuZn2InSe4 were also investigated in 
this study and the Grüneisen parameters for both CuZn2InS4 and 
CuZn2InSe4 were evaluated in order to quantify the 
anharmonicity in these materials. Our findings are compared 
with thermal properties of zinc-blende binaries in order to 
undertake a more comprehensive investigation of the 
structure-property relationships of these materials and present 
a study that contributes to the fundamental understanding of 
the physical properties of these quaternary chalcogenides.

Experimental
The quaternary chalcogenides Cu1+xZn2-xInS4 (x = 0, 0.15, and 
0.3) were prepared by direct reaction of commercially available 
high purity elements. Copper powder (99.9 %, Alfa Aesar), Zn 
powder (99.9999 %, Alfa Aesar), In shot (99.99 %, Alfa Aesar) 
and S pieces (99.999 %, Alfa Aesar) were loaded into silica 
ampoules in the nominal compositions CuZn2InS4, 
Cu1.15Zn1.85InS4 and Cu1.3Zn1.7InS4.37 Each reaction ampoule was 
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inserted in a quartz tube and evacuated before sealing. 
CuZn2InS4 was reacted at 973 K for 4 days while the off-
stochiometric compositions were reacted at 1073 K for 4 days, 
all with a heating rate of 20 K/h. The furnaces were 
subsequently turned off allowing the specimens to cool down 
to room temperature. The specimens were then ground, cold 
pressed into pellets and sealed in a quartz tube under vacuum 
for annealing at 873 K for 7 days. Densification of the finely 
ground and sieved (325 mesh; 45 µm) specimens was 
accomplished by spark plasma sintering (SPS, Thermal 
Technology model #10-3). Each specimen was loaded into a 
custom-designed WC punch-die assembly and densified at 400 
MPa and 723 K. The temperature ramp rate was 25 K/min. The 
pressure and current were maintained for 30 minutes once this 
temperature was reached resulting in dense polycrystalline 
materials > 95 % of theoretical density for all specimens. 

Crystal structure analyses of Cu1+xZn2-xInS4 (x = 0, 0.15, and 0.3) 
were done by Rietveld structure refinement of X-ray diffraction 
(XRD) measurements and the stoichiometries were 
corroborated by energy dispersive spectroscopy (EDS). Powder 
XRD data were collected with a Bruker-AXS D8 Focus 
diffractometer in Bragg-Brentano geometry with Cu Kα 
radiation and a graphite monochromator. Rietveld refinement 
was performed using GSAS II software.38 The initial parameters 
for structure refinement were based on structural data 
previously reported for selenide and telluride materials.33,35 EDS 
of the sintered specimens were performed using an Oxford 
INCA X-Sight 7852M equipped scanning electron microscope 
(SEM JEOL JSM-6390LV). Before SPS densification, differential 
thermal analysis (DTA) and thermogravimetric analysis (TGA) 
under nitrogen gas flow were performed using a TA Instruments 
Q600 apparatus and showed that these sphalerite quaternary 
chalcogenides are stable up to 823 K. Temperature dependent 
electrical resistivity, ρ, and Seebeck coefficient, S, were 
measured on parallelepipeds (2 mm x 2 mm x 10 mm) using a 
ULVAC ZEM-3 system. The experimental uncertainty was 
estimated to be ± 5% and ± 8% for ρ and S, respectively. All 
stated uncertainties are 1 standard deviation (no expansion). 
Thermal diffusivity, α, was measured employing the laser flash 
diffusivity method (NETZSCH LFA457 system) under Ar flow. The 
experimental uncertainty in α measurements were estimated 
to be ± 5%. Temperature dependent thermal conductivity, , 𝜅
was calculated using the equation κ = DαCp, where D and Cp are 
the measured density from geometry and specific heat capacity, 
respectively.  Specific heat capacity Cp (Cv) was estimated from 
the Dulong-Petit limit 39, Cv =3nR, where n and R are the number 
of atoms per formula unit and the ideal gas constant, 
respectively. At high temperature this may sometimes result in 
an underestimation of Cp, thus affecting , however for 𝜅
CuZn2InS4 we estimate Cp–Cv to be less than 1% at room 
temperature and smaller at lower temperatures. Room 
temperature four-probe Hall measurements (0.5 mm x 2 mm x 
5 mm) were collected in magnetic fields up to 1.2 T. Alternating 
the polarity of the field eliminated voltage probe misalignment 
effects. Isobaric heat capacity, Cp, measurements from 300 K to 
2 K were performed using a commercial Quantum Design 

Physical Property Measurement System using thermal N-grease 
and appropriate addenda. The uncertainty across the entire 
measured temperature range was within ±5%.

The low temperature XRD data was obtained using a specialized 
Empyrean powder X-ray diffractometer (parallel beam, hybrid 
220-Ge Monochromator, Cu-Kα1 radiation) and Pixcel3D 
detector with a customized sample holder in an ARS DE-102 
closed-cycle helium cryostat with beryllium windows, assuring 
isothermal conditions in the temperature range of 50 K to 
300(1) K. The powder specimens were prepared between 
amorphous tapes and fixed in the measurement position. The 
XRD patterns were measured in transmission geometry in the 
2θ range of 10° to 90°. Rietveld refinement was carried out 
using TOPAS Academic (version 5)40 with peak profiles modeled 
with the fundamental parameter approach implemented in 
TOPAS. The geometry employed can produce a systematic 
deviation as compared to our room temperature 
measurements. The instrumental resolution function was 
therefore determined using NIST SRM 640d silicon powder as a 
standard to reduce such effects.

Results and Discussion
Figure 1 shows the room temperature experimentally observed, 
calculated and difference patterns from our Rietveld 
refinement results of the three compositions investigated for 
this study. CuZn2InS4 was phase-pure while trace amounts of 
CuS was refined to be ≈ 2 % for Cu1.15Zn1.85InS4 and 
Cu1.3Zn1.7InS4. Our refinement results indicated compositions 
very close to that of the nominal compositions. The small 
broadening in the XRD peaks is due to disorder on the cation 
sublattice. These quaternary chalcogenides compounds 
crystallize in the sphalerite structure with space group F m. 43
There are two crystallographic sites, with the metal cations (Cu, 
Zn, In) and S occupying the 4a (0, 0, 0) and 4c (¼, ¼, ¼) 
crystallographic sites, respectively. Each S atom is surrounded 
by four cation atoms in a tetrahedral geometry, as shown in 
Figure 2. Cation-S bond distances are 2.3920(6) Å, 2.3788(4) Å 
and 2.3788(4) Å, for CuZn2InS4, Cu1.15Zn1.85InS4 and 
Cu1.3Zn1.7InS4, respectively. The decrease in bond distance and 
lattice constant are directly associated with the different ionic 
radii of Cu and Zn. The results of our structure refinements are 
summarized in Table 1. 

Temperature dependent S and ρ data are shown in Figures 3(a) 
and (b), respectively. The high electrical resistance of CuZn2InS4 
prevented ρ and S measurements for this composition. The ρ 
and S values decrease with increasing (decreasing) Cu (Zn) 
content for the off-stoichiometric compositions. The decrease 
in ρ with stoichiometric variation, shown in Figure 3(a), is 
directly related to the increase in carrier concentration with 
increasing Cu content (i.e., increasing ratio of Cu-to-Zn content). 
Our Hall measurements indicated room temperature hole 
concentrations, p, of 1.5 x 1018/cm3 and 2.0 x 1020/cm3 for 
Cu1.15ZnInS4 and Cu1.3ZnInS4, respectively. This relatively low 
doping efficiency, estimated to be approximately 25% assuming 
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one carrier per excess Cu, is typical for such inorganic materials. 
As shown in the inset in Figure 3(a), a fit of the form  𝜌 = 𝜌𝑜

 where Ea is the activation energy and  is the 𝑒
𝐸𝑎 𝑘𝐵𝑇

, 𝑘𝐵

Boltzmann constant, result in    Ea = 0.24 and 0.10 eV for 
Cu1.15Zn1.85InS4 and Cu1.3Zn1.7InS4, respectively, and indicates a 
shift of the Fermi level towards the valence band with 
increasing Cu content. The effective mass, m*, may be 
estimated assuming a single parabolic band model, where 
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Figure 1. XRD data for (a) CuZn2InS4, (b) Cu1.15Zn1.85InS4 and (c) Cu1.3Zn1.7InS4, 
including the profile fit and profile difference from Rietveld refinement.

Figure 2. The crystal structure of sphalerite CuZnInS4 illustrating the cation atoms 
(Cu/Zn/In) and the S atoms occupying the 4a (0, 0, 0) and 4c (¼, ¼, ¼) Wyckoff 
positions, respectively.

 , (1)𝑆 =  
𝑘𝐵

𝑒  ((2 + 𝑟)𝐹𝑟 + 1(𝜂)
(1 + 𝑟)𝐹𝑟(𝜂) ―  𝜂)

 (2)𝑝 =  
4𝜋(2𝑚 ∗ 𝑘𝐵𝑇)

3
2

ℎ3  𝐹1/2(𝜂)

and

 . (3)𝐹𝑟(𝜂) =  ∫∞
0

𝐸 ∗ 𝑟

𝑒(𝐸 ∗ ― 𝜂) + 1
𝑑𝐸 ∗

Here E* (=E/kBT) is the reduced energy,  (=EF/kBT) is the 𝜂
reduced Fermi energy, Fr is the Fermi integral of order r, h is the 
Planck constant and r is the scattering parameter with values of 
r = 0 for acoustic phonon scattering and r = 2 for ionized 
impurity scattering. The intermediate value of r = 1 was used for 
estimations of m*. Utilizing the room temperatures p values 
from our Hall measurements, m* values (0.1 me) for 
Cu1.15Zn1.85InS4 and Cu1.3Zn1.7InS4 are over an order of 
magnitude smaller than that reported for tellurium-based 
sphalerite quaternary chalcogenides,33–35 indicating relatively 
steep curvature of the valence band for the sulfur-based 
materials. In addition, these compositions have relatively low 
room temperature Hall mobilities, µ, of  and 1.5 cm2V ―1s ―1 0.1 

 for Cu1.15Zn1.85InS4 and Cu1.3Zn1.7InS4, respectively. cm2V ―1s ―1

These µ values are smaller compared to that of CuZn2InTe4 and 
CuCd2InTe ,33 and may indicate shorter carrier relaxation times 
as compared to the telluride compositions. In addition, our 
lower temperature p and S data suggests a second band, with 
lower activation energy, may be involved in the electrical 
transport. Theoretical investigations of the band structure 
would be useful in elucidating further specifics of these findings. 

Figure 4 shows the temperature dependent  data for the three 𝜅
specimens prepared for this investigation. An excess of Cu 
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Table 1: Rietveld refinement results for Cu1+xZn2-xInS4 (x = 0, 0.15, and 0.30).

Nominal composition CuZn2InS4 Cu1.15Zn1.85InS4 Cu1.3Zn1.7InS4

Refined composition CuZn2InS4 Cu1.15Zn1.85InS4 Cu1.3Zn1.7InS4

Space group, Z F m (#216), 143
Lattice constant (Å) 5.5240 (12) 5.4937 (8) 5.4912 (4)
V (Å3) 168.56(11) 165.80 (7) 165.58 (4)
Dcal (g/cm3) 4.3086 4.3775 4.3807
Radiation Graphite monochromated Cu Kα (1.54056 Å)
2Ɵ range (deg.) 20-100
Step width (deg.) 0.02
wRp, Rp 0.06322, 0.05053 0.05975, 0.04615 0.04996, 0.03726
Reduced χ2 1.548 1.450 1.336
Uiso (Å2) for Cu/Zn/In 0.0244 0.0247 0.0211
Uiso (Å2) for S 0.0142 0.0236 0.0174
Atomic positions: Cu/Zn/In, 4a (0, 0, 0); S, 4c (¼, ¼, ¼) 
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Figure 3. Temperature-dependent (a) ρ and (b) S for Cu1.15Zn1.85InS4 ( ) and 
Cu1.3Zn1.7InS4 ( ). The inset shows Ln ρ versus 1000/T data where the solid line is a 
fit of the form .𝜌 = 𝜌𝑜𝑒

𝐸𝑎 𝑘𝐵𝑇

resulted in a small increase in , partly due to an increase in the 𝜅
electronic contribution to , implying that low  values are 𝜅 𝜅
intrinsic to these materials. Figure 5 shows the  versus T data 𝐶𝑝
for CuZn2InS4. The  data approaches the Dulong-Petit limit 𝐶𝑝
near room temperature, an indication that the optic and 
acoustic mode frequencies are fully excited at 300 K. The inset 
shows  versus  data with a straight line fit of the form 𝐶𝑝/𝑇 𝑇2 𝐶𝑝

, where  is the Sommerfeld coefficient of the =  𝛼𝑇 +  𝛽𝑇3 𝛼
electronic contribution to  and  is the lattice contribution. A 𝐶𝑝 𝛽
Debye temperature, ,  of 296 K was obtained employing 𝜃𝐷 𝜃𝐷 =

, 41 where  is the molar gas constant,  is the(12𝜋4𝑅𝑛/5𝛽)1/3 𝑅 𝑛

number atoms per formula unit and  𝛽 = 0.6 mJ mol ―1K ―4

obtained from the fit shown in Figure 5. The null  value 𝛼
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Figure 4. Temperature-dependent  for CuZn2InS4 ( NA35
PO16
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Col 15 vs Col 16 
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Col 21 vs Col 22 

), Cu1.15Zn1.85InS4 ( ) and 𝜅
Cu1.3Zn1.7InS4 ( ).

( ) indicates a very small density of states at 0.05 mJ mol ―1K ―2

the Fermi level, consistent with the very high resistance for this 
material.  Figure 6 shows the lattice parameter, ao, as a function 
of temperature for CuZn2InS4. The temperature dependent XRD 
data are summarized in Table 2. As shown in the Figure, ao 
increases with temperature. A least square fit to a second order 
polynomial ao = a0 + a1T + a2T2 was used to model the 
temperature dependence of ao, where the ao fit values are listed 
in Table 3. The linear thermal expansion, CTE, was calculated to 
be 8.7 x 10-6 K-1 at 300 K using the measured lattice parameters 
over the entire temperature region, with CTE = 1/ao (δao/δT)P. 
The Grüneisen parameter, , can then be estimated from the 𝛾
relation  = αVBV/CV, where αV is volume thermal expansion 𝛾
coefficient (αV = 3CTE for cubic materials), B is the bulk modulus, 
V is the unit cell volume and CV is the isochoric heat capacity. 
Using the room temperature value of B for ZnS42 we estimate  𝛾
= 1, in reasonable agreement with the calculated value by Shi et 
al. for sphalerite CuZn2InTe4

43. In order to extend our 
investigation of these sphalerite quaternary chalcogenides, and 
more completely investigate the structure-property 
relationships and low  in these materials we also measured  𝜅
and analyzed the temperature dependent structural data and 
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Cp of CuZn2InSe4 in a similar manner as described above for 
CuZn2InS4. The Cp data is shown in Figure 7, with the inset 
showing ao as a function of temperature from our temperature 
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Figure 5. Temperature-dependent  data for CuZn2InS4 with the inset showing 𝐶𝑝 𝐶𝑝

 versus  data at low temperatures and the solid line is a fit of the form /𝑇 𝑇2 𝐶𝑝 𝑇

.=  𝛼 + 𝛽𝑇2
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Figure 6. Temperature-dependent lattice parameter for CuZn2InS4.

Table 2. Rietveld Refinement Results for CuZn2InS4.

T (K) 298 K 200 K 150 K 100 K 90 K 80 K 70 K 60 K 50 K

a (Å) 5.4782(2) 5.4747(2) 5.4726(2) 5.472(2) 5.4714(2) 5.4717(2) 5.4716(2) 5.4704(2) 5.4701(2)

V (Å3) 164.407(19) 164.094(19) 163.900(19) 163.849(19) 163.792(19) 163.82(2) 163.81(2) 163.70(2) 163.68(2)

Uiso (Å2) for 
Cu/Zn/In

0.046(2) 0.0400(6) 0.0372(6) 0.0367(6) 0.0361(6) 0.0347(6) 0.0343(6) 0.0358(6) 0.0343(6)

Uiso (Å2) for 
S

0.047(3) 0.0432(13) 0.0441(13) 0.0366(12) 0.0401(13) 0.0417(13) 0.0385(13) 0.0389(13) 0.0389(13)

RBragg 4.72 4.08 3.66 3.8 3.63 4.3 3.67 3.71 3.69

GOF 1.264 1.28 1.299 1.323 1.298 1.326 1.326 1.329 1.337

Atomic positions: Cu/Zn/In, 4a (0, 0, 0); S, 4c (¼, ¼, ¼)

dependent XRD data for CuZn2InSe4 summarized in Table 4. 
From our analyses  and  = 259 K for 𝛽 = 0.9 mJ mol ―1K ―4 𝜃𝐷

CuZn2InSe4. The heavier chalcogen (Se) in the sphalerite 
structure results in a decrease in . The CTE of CuZn2InSe4 at 𝜃𝐷

300 K is 9.0 x 10-6 K-1
 resulting in  = 1, and suggests that the 𝛾

crystal lattices of CuZn2InS4 and CuZn2InSe4 display similar 
anharmonicity at high temperatures.

Over four decades ago Slack showed that the lattice 
contribution to κ is  for materials with 𝐵𝑀𝑉1/3𝜃3

𝐷𝑛 ―2/3𝑇 ―1𝛾 ―2

similar crystal structures, where B is a constant,  is the 𝑀
average mass of an atom in a crystal, V is the unit cell volume, n 
is the number of atoms per primitive cell and T is the absolute 
temperature.44 Figure 8 shows room temperature κ versus 𝑀

 for zinc-blende binary semiconductors,42 as well as for 𝑉1/3𝜃3
𝐷

CuZn2InS4 and CuZn2InSe4. We include CuZn2InTe4 for 
completeness of this comparision.34, 43 As shown in the figure, 
the quaternary chalcogenides clearly have lower κ values. 
Although  for the sphalerite quaternary chalcogenides is 𝛾
somewhat larger in comparison to the binary zinc-blende 
compositions, the much lower  values for the quaternary 𝜅
chalcogenides must be related to their similar phonon 
scattering mechanisms. First principles simulations on 

CuZn2InTe4 revealed a suppression of acoustic modes by low 
frequency optical phonons leading to enhanced phonon 
scattering.43 A similar phonon-scattering mechanism is 
presumably the case for all sphalerite quaternary chalcogenides 
(i.e., S, Se and Te-based), and together with a larger  results in 𝛾
the lower κ values for these materials.

Table 3. Parameters for the polynomial function ao = a0 + a1T + a2T2 from the temperature 
dependent lattice parameter data fit.

 a0 (Å) a1 (10-5 Å/K) a2 (10-8 Å/K2)

CuZn2InS4 5.47 0.165 7.68
CuZn2InSe4 5.72 2.39 4.67

Conclusions
Polycrystalline quaternary chalcogenides Cu1+xZn2-xInS4 (x = 0, 
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0.15, and 0.3) were synthesized and their temperature 
dependent structural, electronic, and thermal properties 

Figure 7. Temperature-dependent  for CuZn2InSe4 with data approaching the Dulong-𝑪𝒑

Petit limit near room temperature. The inset shows temperature dependent a0 for 
CuZn2InSe4 together with a fit of the form ao = a0 + a1T + a2T2. 
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Figure 8. Room temperature κ versus  for III-V and II-VI binaries, 𝑀𝑉1/3𝜃3
𝐷

CuZn2InS4, CuZn2InSe4 and CuZn2InTe4. 

Table 4. Rietveld Refinement Results for CuZn2InSe4.

T (K) 298 K 200 K 150 K 100 K 90 K 80 K 70 K 60 K 50 K

a (Å) 5.7337(3) 5.72930(4) 5.72741(4) 5.72499(4) 5.72473(4) 5.72455(4) 5.72462(4) 5.72418(4) 5.72403(4)

V (Å3) 188.50(3) 188.064(4) 187.877(4) 187.640(4) 187.614(4) 187.596(4) 187.603(4) 187.560(4) 187.545(4)

Uiso (Å2) for 
Cu/Zn/In

0.039(3) 0.0337(10) 0.0294(9) 0.0305(8) 0.0263(10) 0.0287(9) 0.0298(9) 0.0303(10) 0.0305(9)

Uiso (Å2) for 
Se

0.025(3) 0.0228(8) 0.0166(7) 0.0154(6) 0.0168(8) 0.0160(6) 0.0189(7) 0.0213(8) 0.0173(6)

RBragg 4.52 5.53 5.97 4.1 4.66 4.83 4.63 5 5.99

GOF 1.291 1.314 1.327 1.329 1.34 1.338 1.321 1.347 1.353

Atomic positions: Cu/Zn/In, 4a (0, 0, 0); Se, 4c (¼, ¼, ¼)

investigated. A transition from insulating to semiconducting 
behavior was revealed with excess Cu, and the intrinsically low 
thermal conductivity did not change substantially with carrier 
concentration. Temperature-dependent structural and thermal 
properties were investigated for CuZn2InS4 as well as  
CuZn2InSe4 in order to investigate and compare the 
anharmonicity of the sphalerites with that of the “parent” zinc-
blende binaries. Similar lattice anharmonicity, together with a 
comparable average atomic mass and unit cell volume for the 
sphalerite quaternary chalcogenides, suggest similar phonon-
scattering mechanisms occurring for CuZn2InS4 and CuZn2InSe4 

as that for CuZn2InTe4 resulting in much lower κ for these 
quaternary chalcogenides as compared to the “parent” binary 
compositions. 
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