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Structural transitions of ordered kesterite-type Cu,ZnSnS, under pressure
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We have investigated the high-pressure structural and vibrational behavior of the ordered
kesterite-type Cu,ZnSnS, compound. Our investigations have revealed two structural transitions: a
kesterite-to-disordered kesterite transition was observed between 7 and 9 GPa, which involves a
Zn/Cu disorder within the respective cationic sublattice, whereas a rocksalt-type structure was
realized at ~15GPa. The latter transition is accompanied by a cationic coordination increase from
fourfold-to-sixfold with respect to the sulfur anions. The predicted kesterite-to-stannite transition was
not detected. Furthermore, our high-pressure Raman studies have shown that the aforementioned
Zn/Cu cationic disorder will always be present in Cu,ZnSnS, under relatively moderate compression.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4974941]

The quaternary semiconductor Cu,ZnSnS, has attracted
considerable attention in recent years due to its potential utili-
zation in photovoltaic devices.' The suitability of this mate-
rial for solar cell applications stems from its almost optimal
band gap (E, ~ 1.5€V), its high absorption coefficient in the
visible range (~104cm71), and its earth-abundant, low-cost,
and non-toxic constituents.”> The current record of the
Cu,ZnSnS, thin films’ power conversion efficiency is ~9%.°
still far away from the theoretical limit of ~30%.” Hence, it
becomes imperative to explore the physical properties of this
material further, as a means of improving its photovoltaic
performance.

At ambient conditions, Cu,ZnSnS, crystallizes in the kes-
terite (KS) structure (SG 14, Z=2, Fig. 1).* This phase is
structurally derived from the sphalerite-type structure by a
doubling of the respective c-axis, resulting from alternating
cationic (Cu/Sn or Cu/Zn) layers separated by sulfur anions.'”
Consequently, all of the cations are tetrahedrally coordinated
with respect to the anions. Even though the KS phase repre-
sents an ordered cationic arrangement, i.e., each cation occu-
pies a unique Wyckoff site, cationic disorder is quite common
in this material.*''~'* Such a disorder can affect the photovol-
taic properties of this system. For example, a mixed occu-
pancy between Cu and Zn in the z = 1/4 and z = 3/4 cationic
layers results in a disordered kesterite configuration (DKS,
SGI42m,Z=2, Fig. 1) and a subsequent reduction of Eg.s’15

The layered arrangement of the KS structure implies the
anisotropic susceptibility of its physical properties to strain.
Indeed, two separate theoretical works have investigated the
effect of strain on the electronic properties of Cu,ZnSnS,.'®!”
In particular, an application of compressive strain is found to
increase E,, whereas a KS-to-stannite'® (ST) structural transi-
tion was predicted at about 32 GPa.'” Partly motivated by the
aforementioned studies, and given that there are no experi-
mental high-pressure studies on this system to date, we have
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investigated the pressure-induced structural and vibrational
behavior of the ordered Cu,ZnSnS,; compound by means of
X-ray diffraction (XRD) and Raman spectroscopy. The latter
is a well-established method for detecting the various types of
structural disorder in this material.'*'*~** Even though we
have not detected the proposed KS-to-ST transition, we have
clearly identified a KS-to-DKS transition between 7 and
9GPa, whereas another rocksalt-type (RS) structure was
observed at about 15 GPa.

Details of the Cu,ZnSnS, powder sample synthesis can be
found in Ref. 23. Pressure was generated with a symmetric dia-
mond anvil cell (DAC) with 400 um culet diamonds. Drilled
pre-indented steel or rhenium gaskets with hole diameters of
150-200 pum served as sample chambers in separate runs. The
ruby luminescence method was used for measuring pressure.>*
Angle-resolved high-pressure powder XRD measurements
were performed at the Extreme Conditions Beamline P02.2 of
PETRA III (Hamburg, Germany)® with an incident X-ray
wavelength 4=0.289A and a beam size of 2pum X 2 pm.
Two-dimensional XRD patterns were collected with a fast flat
panel detector XRD1621 from PerkinElmer (2048 pixels
x 2048 pixels, 200 x 200 um? pixel size) and processed with
the FIT2D software.’® Refinements were performed using the

FIG. 1. Unit cell of kesterite (KS, SG 14, Z=2, left), disordered-KS (SG 14
2m, Z=2, middle), and the high-pressure NaCl-type phase (RS, SG Fm3m,
Z =4, right) phases. The brown, green, gray, and yellow spheres represent
Cu, Zn, Sn, and S ions, respectively.

Published by AIP Publishing.
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GSAS+EXPGUI software packages.”” The high-pressure
Raman measurements were conducted with a Horiba Jobin
Yvon LabRam HR800 VIS spectrometer, equipped with a blue
(A=473nm) diode-pumped solid-state laser. The incident
laser power was kept sufficiently low, in order to avoid any
heating-induced order-disorder transition.”>*® Argon served as
a pressure transmitting medium (PTM) in all high-pressure
experiments. We note that Ar becomes solid at 1.4 GPa,”
whereas we used its equation of state (EoS) for additional pres-
sure calibration.>**' In order to ensure the quasi-hydrostatic
conditions, we followed the instruction of Wittlinger et al >
and annealed the DAC at 8 GPa to 120°C for 30 min.*?

In Figs. 2(a) and 2(b), we summarize our high-pressure
Raman spectroscopic results on Cu,ZnSnS,. For the KS
phase, we expect a sum of 15 Raman-active modes>*

I'=3A 4 6B + 6E. (1)

At ambient conditions, we could resolve 12 Raman modes
(Table S1 in supplementary material). We note that only 4-5
Raman-active modes are clearly visualized in our Raman spec-
tra (Fig. 2); the remaining Raman features arise from the care-
ful inspection of the low-intensity part of the measured spectra
(Figs. 2 and S2 in supplementary material). The ambient-
pressure Cu,ZnSnS; Raman response is consistent with the
reported Raman spectra collected either with green or blue
laser light excitation,'*'***3 with the strongest KS Raman
features lying at 291 cm™" and 338 cm ™" (sulfur-related vibra-
tions).* Upon applying relatively moderate pressure, we
noticed a change in the Raman spectrum of Cu,ZnSnS, [Fig.
2(a)]. In particular, we observed the development of a broad
sideband at 335 cm ™! [denoted as “D” in Fig. 2(a)]; this effect
was reproducible in separate runs. Even though this D-band
has been attributed to the disordered KS modification,'*!1%?>3*
a phonon confinement effect has been also suggested behind
its origin.”® Since our sample is bulk polycrystalline powder
and not a thin film, and considering that the as-synthesized
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DKS powder sample shows its most intense band at
~335cm ™! (supplementary material), we attribute this D-band
to the existence of a partially disordered kesterite arrangement
under moderate compression. This observation seems quite
plausible, if we take into account the low formation energy of
this particular type of cationic disorder.'""'?

In Fig. 2(b), we plot the Raman spectra of Cu,ZnSnS, at
selected pressures. The respective Raman mode frequencies’
evolution as a function of pressure is provided in Fig. S1 in
the supplementary material. Upon increasing pressure, all the
Raman-active modes shift to higher frequencies as expected.
In addition, the D-band becomes more enhanced upon com-
pression, at the expense of the KS-related 338cm ™' mode.
Following Ref. 14, and by assuming that both KS and DKS
phases have similar Raman cross-sections, we estimated the
degree of disorder by the area peak ratio of the 338cm ™'
(KS) to the 335 cm ! mode (DKYS) [inset of Fig. 2(a)]. Our
results indicate that the DKS modification becomes the domi-
nant phase at about 9 GPa.

Increasing pressure further results in another change of
the Cu,ZnSnS,; Raman response close to 15GPa, with the
vanishing of the KS/DKS-related Raman features and the
appearance of a broad band at ~350cm™'. We interpret this
Raman-related change as a second transition of Cu,ZnSnS,.
Upon decompression, we recover a Raman signal reminiscent
of the original phase, yet with a substantial disorder as indi-
cated by the broad Raman features. We tentatively term this
recovered phase as DKS-II, as it appears to correspond to a
different disordered Cu,ZnSnS, modification. Interestingly,
similar metastable disordered modifications have been
observed for several defect chalcopyrites upon decompres-
sion.””* The structural identification of this DKS-II phase is
left for future experiments.

Following our Raman results, we have performed the
in situ high-pressure XRD investigations on Cu,ZnSnS, in
order to identify the structural changes under compression.
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FIG. 3. Refined XRD patterns for the KS (4.1 GPa, top) and the RS-type
(18.1 GPa, bottom) phases of Cu,ZnSnS,. Dots correspond to the measured
spectra and the red solid lines represent the best Rietveld refinements. The
difference spectra between the measured and the refined patterns are
depicted too (blue curves). Vertical ticks mark the Bragg peak positions.
Asterisks mark the strongest Bragg peaks of the Cu,S impurity phase.

Generally, the quality of the obtained XRD patterns allowed
us to perform full Rietveld refinements (Fig. 3). Here, how-
ever, we focus only on the pressure-induced behavior of the
lattice parameters (Fig. 4); a more extensive discussion and
comparison with relevant compounds (e.g., in Refs. 40 and
41) will be provided elsewhere. We should state that minor
traces of Cu,S were detected at ambient conditions (Fig. S3
in supplementary material), a well-known secondary phase
formed during synthesis of Cu,ZnSnS4."* We could observe
two structural transitions of this Cu,S impurity phase up to
~20 GPa, in agreement with an earlier study.

Upon increasing pressure, the lattice of Cu,ZnSnS,
shrinks anisotropically, with the c-axis being more compress-
ible than g-axis up to ~7 GPa. Beyond that pressure, a “kink”
in the pressure-induced evolution of the c-axis and a com-
pressibility change of the a-axis is detected between 7 and
9 GPa (Figs. 4 and S5 in supplementary material). In order to
identify whether this ‘“anomaly” originates from (subtle)
structural effects, we have plotted the normalized stress F' as a
function of the Eulerian strain f** (Fig. S6 in supplementary
material). Generally, the F-fg parameters should exhibit a lin-
ear correlation, with potential divergence from a linear trend
implying structural changes.** Plotting of the F-fi; parameters
reveals a break between 7 and 9 GPa, thus pointing to a struc-
tural transition of Cu,ZnSnS, occurring at that pressure.
Considering (a) our Raman observations, where a disordered
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FIG. 4. (a) Lattice constants and (b) unit cell volume per formula unit as a
function of pressure for the various phases of Cu,ZnSnS,. Error bars lie within
the symbols. The shaded area and the vertical dashed line mark the range and
the onset pressure of the KS-to-DKS and DKS-to-RS structural transitions,
respectively. The solid lines represent the fitted Birch-Murnaghan EoS
functions.

kesterite phase was estimated to become dominant at about 9
GPa [inset in Fig. 2(a)], and (b) the fact that Cu/Zn disorder is
expected to cause such “anomaly” in the c-axis (as observed
experimentally upon increasing temperature®), we attribute
the kink in the compression curve of the c-axis to a KS-to-
DKS order-disorder transition taking place within the
7-9 GPa pressure range. Close examination of the unit cell
volume reveals a drop of ~0.5% (as estimated by extrapola-
tion), thus classifying the KS-to-DKS transition as of first-
order. We note that the KS-to-DKS transition in our XRD
study appears rather abrupt, contrary to its gradual character
determined from our Raman study [inset in Fig. 2(a)]. A plau-
sible reason behind this discrepancy is that, the XRD study is
not able to clearly differentiate between the KS and DKS
phases, since the latter results from the KS structure by the
anti-site exchange of the isoelectronic Cu™ and Zn>" cations
(Fig. 1), which in turn hinders the detailed monitoring of the
KS-to-DKS transition in our XRD investigation.

Further compression leads to another structural transi-
tion towards a rocksalt-type (RS) structure at ~15 GPa (Figs.
3 and S4 in supplementary material), in excellent agreement
with our Raman observations [Fig. 2(b)]. The DKS-to-RS
transition is accompanied by a ~13% volume drop at the
transition point [Fig. 4(b)], due to the coordination increase
of the metal cations with respect to sulfur anions from four-
fold to sixfold. Given that the kesterite phase is structurally
related to the sphalerite- and chalcopyrite-type structures,'’
the pressure-induced transition towards a RS-type phase is
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consistent with the general trend of the latter structures upon
compression.%’47 As for the observation of Raman signal in
the stability range of the Raman-inactive NaCl-type phase
[inset in Fig. 2(b)], we should bear in mind that the RS-type
phase in our case is composed of different metal cations sit-
ting at the Na site, which may lead to disorder-induced scat-
tering.48 Finally, we mention that this two-stage pressure-
induced disorder process, i.e., from ordered to disordered
kesterite, and then to disordered rocksalt-type resembles the
behavior of several defect chalcopyrites under pressure.49’50

Turning to the equation of state (EoS) for all of the
observed Cu,ZnSnS, phases, we have fitted the extracted
P-V data with third-order (KS) and second-order (DKS and
RS) Birch-Murnaghan EoS functions®" [Fig. 4(b)]. The
respective results are summarized in Table S1 of the supple-
mentary material. The most interesting observation is the
large value of the KS bulk modulus derivative B’y = 14.4(4).
Attempts to fit the KS P-V data fixing the value of B,
between 4 and 8, a common range for various classes of
materials,’” resulted in poor fits (Fig. S5 in supplementary
material). This large B’ value stems from the anisotropic
compressibility of the KS phase, which most likely leads to
the increased repulsion between neighboring ions (for more
details, see Refs. 53 and 54). Such high B’ values appear to
be the norm for layered systems.44’55

Regarding now, the mechanism of the observed
pressure-induced structural transitions, it is clear that the
KS-to-DKS transition results from the anti-site occupancy of
the Zn and Cu cations located at the z=1/4 and z =3/4
layers (Fig. 1). As we mentioned already, this type of disor-
der has a relatively low formation energy,’ 12 thus making it
favorable even under moderate perturbations.?' On the other
hand, the transition towards the RS-type phase is most likely
triggered by steric effects, i.e., the tendency of materials
towards higher cationic coordinations upon compression.
Since these transitions can be accompanied by significant
electronic changes such as insulator-to-metal transitions,”®
we have additionally performed infrared (IR) reflectance
investigations for exploring this scenario; our preliminary
experiments, however, did not provide a conclusive answer
(Fig. S7 in supplementary material). Future experiments are
scheduled to clarify this issue.

In conclusion, we have investigated the high-pressure
structural and vibrational behavior of the ordered Cu,ZnSnS,
compound. Our investigations revealed two pressure-induced
structural transitions: a kesterite-to-disordered kesterite transi-
tion taking place between 7 and 9 GPa, which involves Zn/Cu
cationic disorder, whereas a rocksalt-type structure was pro-
duced at ~15GPa. The predicted pressure-induced kesterite-
to-stannite transition'” was not detected in our investigation.
Since the difference between the KS and ST structures arises
from a different type of cationic ordering,18 i.e., the cations
retain their tetrahedral coordination, the adoption of the RS-
type structure at ~15 GPa with sixfold cationic coordination
excludes the stannite phase as a high-pressure Cu,ZnSnS,
polymorph at room temperature. Furthermore, our high-
pressure Raman study has additionally shown that the afore-
mentioned Zn/Cu cationic disorder will always be present in
Cu,ZnSnS, under moderate compression. This may be the
reason why a full cationic order has been observed exclusively
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in kesterite powders and not in thin films, a particularly
important result for Cu,ZnSnS, thin film applications where
the size mismatch between the film and its underlying sub-
strate may result in compressive strains.

See supplementary material for additional Raman- and
XRD-related data, the F-fg plots, and the high-pressure IR
reflectance spectra.
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