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ABSTRACT

Quaternary kesterite-type (KS) compounds have attracted worldwide attention from the scientific community as promising materials for
solar cells. On the route to optimizing their performance, the effect of stress and strain constitutes a critical factor when it comes to thin
film applications. Following a recent theoretical study, we report here joint experimental and computational high-pressure investigations on
the KS Ag,ZnSnSs and wurtz-kesterite (WZ-KS)-type Ag,CdSnS, compounds. Our results reveal that both materials undergo successive
transformations, first into a GeSb-type and then toward a CrN-type modification at ambient temperature. Our theoretical calculations predict
a metallic character for all Ag,ZnSnS4 and Ag>CdSnS, high-pressure phases. In addition, structural disorder is observed in KS Ag,ZnSnS,
upon moderate compression, prior to its KS — GeSb-type transition. Decompression leads to the recovery of a disordered zinc blende-
type structure in the latter, whereas Ag,CdSnSy retains the disordered GeSb-type modification. The similarities and deviations from the
archetypical KS Cu;ZnSnS, are discussed.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0161366

0%°2S'S0 €202 489000 LE

I. INTRODUCTION

The series of quaternary semiconducting A,'B"C'" X, chalco-
genides (X = S, Se, Te) has attracted significant attention recently,
driven mainly by their potential use as photoabsorbing thin films
in solar cells.' ° The “lion’s share” of the conducted investigations
belongs to the Cu'*-bearing materials, as they exhibit the most
promising photovoltaic properties due to their high absorption coef-
ficients in the visible range (~10* cm™") and almost optimal band
gaps (Eg ~ 1.5€V).”” A detrimental factor for applications, however,
is the presence of various intrinsic defects (e.g., cationic disorder and
vacancies) and/or secondary phases arising from the preparation
methods of these compounds.”

One of the commonly used practices to circumvent these short-
comings is isovalent cationic substitution, with the versatility of the

structure allowing for a multitude of options."'”** For example, it
has been shown that exchanging Cu'* with the larger Ag'* (A site)
or Zn*" with the larger Cd*" cations (B site) leads to a consider-
able suppression of the formation of intrinsic defects, thus pointing
toward an effective way to enhance the photovoltaic efficiency of
these compounds.'"*"*°*

Another key factor influencing the application-oriented prop-
erties of these materials is the response to stress and strain conditions
induced, for instance, by the lattice mismatch between the thin film
and the underlying substrate.”’ ** The only known experimental
high-pressure studies conducted on these systems are on kesterite-
type (KS) CuzZnSnS,s.”” * In these investigations, it has been estab-
lished that pressure leads first to a disordering of the KS structure
(DKS), followed by a transformation toward a disordered GeSb-type
phase. These structural transitions are accompanied by concomitant
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changes in the respective electronic properties, i.e., an insulator-to-
metal transition, which is expected to affect in turn the photovoltaic
performance.”” *' A similar pressure-induced transition sequence
was recently predicted for two more relevant materials, namely
Ag,ZnSnS, and Ag,CdSnS,.*

Regarding the former compound, except for the aforemen-
tioned benefits of the Cu'*/Ag'* substitution suppressing intrinsic
defects, the Ag,ZnSnS4 end-member has also shown promising pho-
tocatalytic properties.”’ ** The structure of Ag,ZnSnS, at ambient
conditions has been debated in the literature, as both a KS (Fig. 1)
and a stannite-type (ST) modification have been proposed.”"***’
The two structures differ in the cationic layer ordering motif
(KS: alternating Ag/Sn and Ag/Zn; ST: Ag and Zn/Sn)* and lie
energetically close to each other from a computational perspec-
tive. Nevertheless, the majority of investigations tend to favor
the KS phase as the stable Ag,ZnSnSs modification at ambient
conditions.”***’

On the other hand, Ag,CdSnS, appears to be a promising
candidate for optoelectronic applications, with a bandgap close to
~1.9 eV.* This material adopts the wurtz-kesterite (WZ-KS) type
structure at ambient conditions (Fig. 1).°" The structure of this phase
bears some resemblance to that of KS in that it is composed of
alternating Ag/Cd and Ag/Sn layers; however, the hexagonal close
packed arrangement of the sulfur anions results in a wurtzite-like
honeycomb set-up. It is worth mentioning here that KS origi-
nates from the cubic diamond structure, whereas WZ-KS comes
from the hexagonal diamond polymorph.”’ Heating above 470 K
transforms Ag,CdSnS,; into a (quenchable) wurtz-stannite-type
structure.”

Given that the P-T phase diagram for this class of mate-
rials remains largely unexplored, an experimental verification
of the predicted structural transformations* of Ag,ZnSnS; and
Ag,CdSnS, is important for understanding the structural system-
atics in this material family under compression. Our results point
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to a more complex phase diagram under pressure than origi-
nally envisioned for these materials, including the investigated
CupZnSnS,.”” 7+

Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The Ag,ZnSnS, and Ag,CdSnS, samples were available in pow-
dered polycrystalline form. Synthesis details for Ag,CdSnS, can be
found in Ref. 50. For the preparation of Ag,ZnSnSy, the starting
materials Ag,S, SnS, ZnS, and S were mixed in a stoichiometric
ratio and milled in a planetary mono mill operating at 400 rpm
for 3 h. An annealing step at 600 °C in an H,S atmosphere for 2 h
inside a silica glass tube furnace after milling served to improve
the crystallinity of the material. The final Ag,ZnSnS, product was
characterized with X-ray diffraction (XRD), Energy-dispersive X-ray
(EDX) spectroscopy, Ultraviolet-Visible (UV-VIS) absorbance, and
Raman spectroscopic methods (Figs. S1 and S2 and Tables S1-S6
in supplementary material). Even though our characterization
methods do not allow for a definite assignment of the synthetic
Ag,ZnSnSy to either the KS or the ST phase, we favor the KS
structure based mainly on literature consensus.””"*"’

Pressure was generated with symmetric diamond anvil cells
(DACs) equipped with diamonds of 300-400 ym culet diame-
ters. Drilled pre-indented rhenium gaskets with hole diameters
of 150-200 ym served as sample chambers in separate runs.
Cryogenically loaded argon served as a pressure transmitting
medium (PTM) in all experiments. The ruby luminescence method
was used for measuring pressure.”!

The high-pressure Raman measurements were conducted with
a Horiba Jobin Yvon LabRam HR800 UV-VIS single-stage Raman
spectrometer equipped with a HeNe laser (A = 633 nm), a 10x long-
working distance objective lens, an 1800 1/mm diffraction grating,
and a Peltier-cooled charge-coupled device (CCD) detector

WZ-KS

reer
weeE

FIG. 1. Crystal structures for the _starting phases of Ag,ZnSnS, (KS, SG /4, Z = 2, left) and Ag,CdSnS, (WZ-KS, SG Pn, Z = 2, right). The KS and WZ-KS structures are
projected along the [010] and [100] directions for better viewing of the alternating cation/anion layers. The Ag, Zn, Cd, Sn, and S atoms are represented by gray, orange,

purple, green, and yellow spheres, respectively.
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(1024 x 256 pixels). The measured frequency range was
100-500 cm™, with the spectra being collected with varying
times, ranging from 60 s (lower pressure) to 240 s (higher pressure),
averaged over three accumulations each. The incident laser power
was kept below 1 mW in order to avoid any laser-induced damage
to the sample.”> The Raman-relevant parameters were obtained
from the fitting of the Raman spectra with Lorentzian functions,
accompanied by linear background correction/subtraction using
the Fityk 1.3.1 software.”

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 wave-
length A = 0.2903 A and a beam size of 2 x 2 um®. 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 GSAS + EXPGUI software packages.”® The
Birch-Murnaghan equation of state (B-M EOS) function””* was
fitted to the obtained pressure-volume (P-V) data of each phase.
Given that the Ar PTM becomes solid at 1.4 GPa after crystallizing
in a fcc-structured phase,” we used the fcc-Ar EOS as an additional
pressure calibrant.””"!

Density functional theory (DFT) calculations based on
plane-wave basis sets of 700 eV cutoff energy were performed
with the Vienna ab initio simulation package (VASP).*”* The
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional®
was employed. The electron—ion interaction was described within
the projector augmented wave (PAW) method® with Ag (4d, 5s),
Zn (3d, 4s), Cd (44, 5s), S (2s, 2p), and Sn (44, 5s, 5p) states treated
as valence states. The Brillouin-zone integration was performed
on I'-centered symmetry reduced Monkhorst-Pack meshes using a
Gaussian smearing with o = 0.01 eV, except for the calculation of
total energies and densities of states (DOSs). For those calculations,
the tetrahedron method with Blochl corrections®® was employed. An
8 x 8 x 4 k-mesh was used. The convergence criteria for energy were
set equal to 107> eV. The pressure dependence was determined by
selecting volume points in a range of about 40 A® above and below
the minima and a step size of 4 A3, At each constant volume, we
optimized the ionic positions and cell shape until forces became
smaller than 0.01 eV A™'. We fitted the total energy vs volume to
a Birch-Murnaghan equation of state,”

s s " {[(59) () ]
><|:6—4(“//0)§:|}, 0

where E denotes the energy per unit cell at zero pressure, Vy is the
reference volume at zero pressure, By is the bulk modulus at zero
pressure, and By isits pressure derivative. Then, the pressure at each
volume was obtained according to the formula

-2 [() (3]
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Ill. RESULTS AND DISCUSSION
A. High-pressure behavior of Ag,ZnSnS,

Our high-pressure Raman investigations on Ag>ZnSnS, are
summarized in Fig. 2. In the KS phase, a total of 15 Raman-active
modes are predicted,®’

I' = 3A+ 6B+ 6E (3)

At ambient conditions, the measured Ag,ZnSnS; Raman spec-
trum is composed mainly of two intense Raman modes (272
and 347 cm™') and three weaker features, in agreement with
earlier reports.””***” Even though the vibrational properties of
KS Ag,ZnSnS; have not been investigated, we can assign all of
the observed Raman bands following the relevant results on KS
CupZnSnSy (Table S6 in supplementary material).””’” For exam-
ple, the two most intense Raman bands at 272 and 347 cm ™" should
correspond to A-symmetry sulfur vibrations along the ab-plane
and the c-axis, respectively. In addition, we detected a “shoulder”
band at 343 cm™', not reported before for Ag,ZnSnSy; the origin
of this feature is unclear, yet its behavior under pressure hints at
a close connection to a similar Raman sideband observed in KS
CupZnSnS4.”**” We return to this point later.

Upon pressure increase, all of the Raman-active vibrations shift
to higher frequencies with similar pressure rates [Fig. 2(b) and Table
S6 in the supplementary material]. Interestingly, the pressure slopes
determined for KS Ag,ZnSnS, are very close to the respective pres-
sure rates of the Raman-active modes of KS Cu,ZnSnSy,” indicating
a similar compression mechanism for both compounds.

The most notable observation in our Raman studies, however,
is the behavior of the unassigned 343 cm™" sideband. Upon pres-
sure increase, this sideband enhances progressively intensity-wise
at the expense of its adjacent 347 cm™' peak, surpassing it after
~3 GPa [Figs. 2(c) and S3 in supplementary material]. The effect
strongly resembles the pressure-induced behavior reported for KS
Cu2ZnSnSy, where the progressive intensity enhancement of a sim-
ilar sideband at the expense of its adjacent (and initially intense)
A mode was found.”” In KS Cu,ZnSnS,, this sideband has been
associated with the presence of cationic exchange/local structural
disorder.””*”* From this similarity alone, we can reasonably infer
that the 343 cm™ sideband in Ag,ZnSnS, arises due to similar
reasons, with pressure promoting it further, as in Cu,ZnSnSs.”’

An overall Raman intensity drop is detected at 5.8-6.9 GPa,
followed by an irreversible loss of Raman signal at 8.3 GPa. The
loss of the Raman signal points to a pressure-induced phase tran-
sition in Ag>,ZnSnS,. Possible reasons explaining the drastic reduc-
tion/vanishing of the Raman intensity include structural disorder,
adoption of a high-symmetry (i.e., Raman-inactive) phase, and/or
enhancement of conductivity (metallization).

The first two scenarios concern the structural properties of the
material and can be resolved by high-pressure XRD investigations.
In Fig. 3(a), we show the XRD patterns of Ag,ZnSnS, collected
at various pressures. We find that the KS phase reproduces the
experimental XRD patterns up to 7.1 GPa, although not perfectly
[Fig. 3(b)]. The reason is the splitting of the most intense XRD fea-
ture close to 20 ~ 5°, assigned to the KS 112 Bragg peak (Fig. S4
in supplementary material); due to the relatively low intensity and
broadness of the remaining XRD features, no further “structural
inconsistencies” with the KS phase could be identified.
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FIG. 2. (a) Raman spectra of Ag,ZnSnS; at various pressures (A = 633 nm, T = 300 K). The black, red, and green colors stand for the starting KS-type, the high-pressure
GeSb-type, and the recovered zinc-blende (ZB-type) phases, respectively. (b) Raman mode frequencies of Ag,ZnSnS, as a function of pressure. The red solid lines passing
through the data indicate the least square fittings (Table S6 in the supplementary material). (c) Pressure dependence of the integrated Raman intensity ratio of the Ag,ZnSnS,
Raman bands with frequencies of 347 and 343 cm~" (ambient pressure values). The vertical dashed line denotes the KS — GeSb-type structural transition. Fitting examples

are shown in Fig. S3 in the supplementary material.
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FIG. 3. (a) Selected XRD patterns of Ag,ZnSnS, at various pressures (T = 300 K,
A =0.2903 A). The various phases are indicated by black (KS), red (GeSb-type),
and blue (CrN-type) colors. (b) Refined XRD patterns for the KS (5.2 GPa, Le Bail,
bottom), the GeSb-type (9 GPa, Rietveld, middle), and the CrN-type (21.8 GPa,
Rietveld, top) phases of Ag,ZnSnS,. Dots correspond to the experimental data,
and the red solid lines represent the best refinements. The difference spectra
between the measured and simulated patterns are depicted as blue curves. Verti-
cal ticks mark the respective Bragg peak positions of the AgZnSnS,4 polymorphs.
The strongest Bragg features of the rhenium gasket material (asterisks) and the
argon PTM (#) are also noted.

One might attribute this splitting to the presence of an impu-
rity, but due to the absence of a secondary phase from the starting
XRD pattern (Fig. S1 in the supplementary material), we find this
scenario unlikely. On the contrary, considering our Raman study
[Fig. 2(c)], we tend to assign this Bragg peak splitting as a sign of
structural disorder. Actually, a close inspection of the EDX results
(Table S5 in the supplementary material) hints to the potential pres-
ence of an L-type (or J-type) disorder in Ag,ZnSnS, at ambient
conditions, i.e., the partial exchange of Ag" cations from a mixture
of Zn** and Sn** (or Sn** and Ag" vacancies).””

Taken together, a plausible scenario might be that such a disor-
der has escaped detection in the Ag,ZnSnS4 XRD pattern at ambient
conditions (Fig. SI in the supplementary material), but is identi-
fied by Raman spectroscopy, a more local structural probe, and its
fingerprint being the 343 cm™! sideband [Fig. 2(a)]. An increase
in pressure results in the progressive promotion of the structural
disorder at the expense of the KS phase, as revealed by the respec-
tive Raman intensity ratio [Fig. 2(c)]. According to the latter, the
disordered phase should become more favorable above 3 GPa, con-
sequently large enough volume-wise to be detected in the 5.2 GPa
XRD pattern via the Bragg peak splitting [Fig. 3(a)].

Another interesting aspect is that the two Bragg peak con-
stituents show different pressure rates, with the high-angle compo-
nent exhibiting an almost doubled pressure slope compared to its
adjacent low-angle Bragg feature (termed d, and di, respectively;
Fig. $4 in the supplementary material). Furthermore, the d, peak
appears to enhance intensity-wise under pressure with respect to d;
(Fig. $4 in the supplementary material). Considering also that none
of the disordered structures described for Cu,ZnSnS; alone can
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reproduce the splitting of this particular Bragg peak in Ag,ZnSnS,,””
a plausible scenario might be that the d; and d, Bragg peaks belong
actually to two separate phases. This means that from 5.2 GPa
and onwards, two distinct yet structurally similar phases coexist in
Ag>7nSnSy: the starting KS modification and a variant of the latter
(e.g., a stannite-type phase component). Such a scenario has already
been discussed for Cu,ZnSnS, at ambient conditions.'”'* Another
possibility might be that Ag,ZnSnS, has adopted a low-symmetry
phase (e.g., orthorhombic), which nevertheless lies structurally close
to the starting KS modification. For example, recent calculations
on Ag,ZnSnS, have shown that the WZ-KS phase lies energetically
close to the KS modification for an extended pressure range,** hint-
ing that a possible pressure-induced connection between the two
structures might exist under certain prerequisites; the adoption of a
WZ-KS-like variant in Ag,ZnSnS4 may be further advocated by the
close resemblance of the Ag,ZnSnS4 and Ag,CdSnS4 Raman spectra
[Figs. 2(a) and 5(a)]. Unfortunately, the measured data do not allow
for a particular and definite identification of the disorder motif at
this stage, and the aforementioned discussion remains rather spec-
ulative at this stage. Consequently, we fitted the XRD patterns up
to 7.1 GPa, assuming a KS tetragonal cell [Fig. 3(b)]. This admis-
sion from our side led to satisfactory Le Bail refinements, yet with
relatively large errors in structural parameters, as we discuss later
below.

At 9 GPa, the Ag,ZnSnS4 XRD patterns change significantly,
indicating a structural transition [Fig. 3(a)]. The transition pressure
coincides roughly with the vanishing of the Raman signal [Fig. 2(a)].
The new phase could be indexed to a GeSb-type structure [Fig. 3(b)],
a tetragonally distorted variant of the NaCl-type phase, in agreement
with theoretical expectations.” In this phase, the involved Ag, Zn,
and Sn cations occupy a single Wyckoff site, i.e., it is actually a dis-
ordered phase, whereas the coordination with respect to the sulfur
anions has now increased from fourfold to sixfold.

Above 12.5 GPa, however, the GeSb-type structural model
could no longer accurately reproduce the XRD patterns. Careful
inspection of the XRD patterns indicated that a further distortion
of the tetragonal unit cell should be used for properly reproducing
the experimental XRD diffractograms, i.e., an orthorhombic phase
(Fig. S5 in supplementary material). Examination of the possible
GeSb-type orthorhombic subgroups resulted in using a CrN-type
phase as a structural model. The latter represents an orthorhom-
bically distorted variant of the NaCl-type phase’® and provides
reliable refinements up to the highest experimental pressure
[Fig. 3(b)].

It should be pointed out that both Ag,ZnSnS, high-pressure
modifications are expected to show Raman activity;’” hence,
the vanishing of the Raman signal is most likely originating
from a change in the electronic properties of Ag,ZnSnS, aris-
ing from the aforementioned structural alterations. This aspect is
supported by calculations, as we show later.

Experimental unit-cell parameters are plotted as a function of
pressure in Figs. 4(a) and 4(b). We can readily observe that the
KS — GeSb-type transformation displays a ~11% volume drop at the
transition point, associated with the cationic coordination increase
from fourfold to sixfold.”” " On the other hand, the GeSb- — CrN-
type transition does not show any visible volume difference at the
transition point, i.e., the two phases can be described by the same
EoS function [Fig. 4(b) and Table I].
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a function of pressure for the various polymorphs of Ag,ZnSnS;. Closed and
open symbols correspond to experimental and DFT-calculated data (Tables S7
and S8 in the supplementary material). Error bars lie within the symbols. The
vertical dashed lines mark the onset pressures of the successive KS — GeSb-
type and GeSb- — CrN-type structural transitions. Solid red lines represent fitted
Birch-Murnaghan EoS functions. (c) Calculated enthalpy difference AH between
the high-pressure phases (GeSb-type in red, CrN-type in blue) and the starting
KS (black line) modification of AgoZnSnSy. (d) Enthalpy difference between the
GeSb-type and CrN-type modifications of Ag,ZnSnSy. A phase is stable if it has
a lower value of H (KS and GeSb-type data from Ref. 42). The respective total
energy values per unit cell are listed in Table S8 in the supplementary material.

Turning now to our calculations, Fig. 4(c) shows the enthalpy
difference plots as a function of pressure for all of the afore-
mentioned Ag,ZnSnS, polymorphs, i.e., the KS, GeSb-type, and
CrN-type structures. The GeSb-type and CrN-type modifications
become energetically favorable at 8.2 GPa compared to the start-
ing KS phase, as indicated by the lower enthalpies. Even though, at
first glance, the GeSb-type and CrN-type enthalpies appear almost
identical, plotting the relative enthalpy difference between these
two high-pressure Ag,ZnSnS, structures clearly shows that the
CrN-type phase becomes the stable modification above 11.2 GPa
compared to the GeSb-type. In summary, our calculations reveal
the following sequence of pressure-induced structural transitions
for Ag,ZnSnS,, fully supporting our experimental observations: the
KS — GeSb-type transition takes place at 8.2 GPa, and the following
GeSb- — CrN-type transition occurs at 11.2 GPa. The calculated
transition pressure values are in very good agreement with the
experimental observations (Fig. 4).

Finally, we compare the experimental and calculated structural
parameters for the various Ag>ZnSnS, phases [Figs. 4(a) and 4(b)].
In the KS structure, we can readily observe that despite the very
good agreement of the g-axis, the experimental and computational
c-axis (and volume) exhibit visible differences in their values. Except
for the deviations arising from the approximations within DFT,”
another plausible reason might be the choice of a single KS struc-
tural model for refining the Ag;ZnSnS; XRD patterns (Figs. 3 and
S4 in supplementary material). Indeed, this admission leads to a
range of c-axis (and volume) values that can be acquired from Le
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TABLE I. Volume per formula unit V/f.u., bulk modulus By, and its pressure derivative By for the various polymorphs of
Ag,ZnSnS, and Ag,CdSnS, compounds at the respective reference pressures Pg, as obtained by fitting Birch-Murnaghan’s
function®”° to our measured (P-V) and computed (E-V) data. The term “fixed” means that the corresponding parameter

was not allowed to vary during the EoS fitting.

Compound Phase Pg (GPa) Vifu. (A% By (GPa) B Method
Ag,ZnSnS, KS 107 182.3 41.9(9) 4 (fixed) Exp.
KS 107 188.8 54.61 45 Cale.
GeSb 9 139.9 105(6) 5.8(8) Exp.
GeSb 107 154.03 76.21 4.65 Calc.
CrN 107 153.9 74.63 4.92 Calc.
Ag,CdSnS, WZ-KS 107 202.06 49.5 5.1 Calc.
GeSb 48 151.3 71.4(8) 10.8(5) Exp.
GeSb 10 161.89 71.72 483 Cale.
CrN 12.3 140.6 259(8) 4 (fixed) Exp.
CrN 10 161.68 71.41 4.97 Cale.
CuZnSnS, "7 KS 10 160.1 74(2) 4.4(4) Exp.
KS 107 163.75 68.64 4.64 Calc.
GeSb 15.8 1194 213(4) 4 (fixed) Exp.
GeSb 107 120.75 82.16 4.57 Calc.

Bail refinements. Such a value range leads in turn to relatively large
error bars in the respective experimental lattice parameters (Table
S7 in the supplementary material), accounting for the noticeable dis-
crepancy in the volume compressibility behavior [Fig. 4(b)]. On the
contrary, the experimental and calculated parameters for the high-
pressure GeSb-type and CrN-type modifications of Ag;ZnSnS, show
excellent agreement [Figs. 4(a) and 4(b)].

B. Pressure-induced evolution of Ag,CdSnS,

Having established the pressure-induced structural behavior of
Ag>7ZnSnS,, we move now to Ag,CdSnS,. In Fig. 5(a), we present our
high-pressure Raman spectroscopic results. In the starting WZ-KS
phase, a total of 48 Raman-active modes are predicted at the center
of the Brillouin zone,””

[ =24A" +24A". (4)

The Raman spectrum of Ag,CdSnSs at ambient conditions
has not been reported before; hence, a unique assignment of the
observed Raman features to specific mode symmetries is not pos-
sible at this stage. Interestingly, the Ag,CdSnSs Raman response
resembles closely that of Ag,ZnSnS, [Figs. 2(a), S6 and Table S6
in supplementary material], comprising mainly two intense Raman
features located at 251 and 344 cm ™', with the latter displaying
a sideband at 340 cm™ [Fig. 5(a)]. Despite the different starting
phases for the two compounds (Fig. 1), the similarity in Raman
activity could be rationalized if we consider that WZ-KS and KS
are structurally derived from the zinc-blende (ZB)-type and wurtzite
(WZ)-type structures.”*”’ The latter, common polytypes for several
binary materials (with Zn$ constituting the most typical example),
exhibit similar Raman activities.”” "'

Upon pressure increase, the only observed change in the
Ag,CdSnS, Raman response is the shift of all the detected Raman
features to higher frequencies (Fig. S6 in supplementary material).
Unlike Ag,ZnSnS,, the relative intensity ratio of the prominent
344 cm™' peak and its 340 cm™' sideband does not vary upon
compression [Fig. 5(a)]. On the other hand, the pressure slopes of
the WZ-KS Ag,CdSnS,; Raman modes are very close to the respec-
tive KS Ag,ZnSnS4 ones (Table S6 in the supplementary material).
This is again not surprising if we take into account the close
proximity of the respective pressure slopes in the “parent” ZB and
WZ polytypes.*”™

An overall Raman intensity drop initiates at 4.1 GPa, followed
by a complete loss of Raman signal [Fig. 5(a)]. Upon full decom-
pression, a weak and broad feature is observed in the Raman spec-
trum. Overall, Ag,CdSnS, exhibits a similar high-pressure Raman
response to Ag;ZnSnS, (Fig. 2), implying a common high-pressure
behavior of the two compounds.

The results of our XRD investigations are summarized in
Fig. 5(b). The Ag,CdSnSs XRD patterns collected at 4.8 GPa (the
lowest pressure point in our dataset) can be indexed with a GeSb-
type structure, confirming that the structural transformation of
Ag,CdSnS, from WZ-KS to GeSb-type is already completed at this
pressure. Furthermore, compression leads to a subsequent struc-
tural transition of the GeSb-type modification toward a CrN-type
phase at 12.3 GPa, persisting up to 25.4 GPa. Therefore, Ag,CdSnS,4
exhibits a similar sequence of high-pressure structural transitions as
Ag,ZnSnS, (Fig. 3).

In Figs. 6(a) and 6(b), we plot the extracted Ag,CdSnSy struc-
tural parameters for both the GeSb- and CrN-type high-pressure
modifications. As revealed by the measured P-V data, there is no
detectable volume drop at the GeSb- — CrN-type transition point.
Unlike Ag,ZnSnS,, however, the GeSb- — CrN-type transition in
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FIG. 5. (a) Raman spectra of Ag,CdSnS; at various pressures (A = 633 nm, T = 300 K). The black, red, and green colors stand for the starting WZ—KS, the high-pressure
GeSb-type, and the recovered GeSb-type phases, respectively; the orange color indicates the potential phase coexistence regime. The Raman mode frequencies of the
strongest Raman-active features at ambient pressure are reported. (b) XRD patterns of Ago,CdSnS; at various pressures (T = 300 K, A = 0.2903 A). The various phases
are indicated by the red (GeSb-type) and blue (CrN-type) colors. Asterisks mark the strongest Bragg peaks of the Ar PTM. An example of a Rietveld refinement at 4.8 GPa
is additionally presented (lower panel). Dots correspond to the measured pattern, and the red solid lines represent the best refinement. The difference curve between the
measured and simulated patterns is depicted too (blue curves). Vertical ticks mark Bragg peak positions of the GeSb-type Ag,CdSnS, phase.
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FIG. 6. (a) Lattice constants and (b) unit cell volume as a function of pressure
for the high-pressure polymorphs of Ag,CdSnSy. Closed and open symbols cor-
respond to experimental and DFT-calculated data (Tables S9 and S10 in the
supplementary material). Error bars lie within the symbols. The vertical dashed line
marks the onset pressure of the GeSb- — CrN-type structural transition. The solid
lines represent fitted Birch-Murnaghan EoS functions. (c) Calculated enthalpy dif-
ference AH between the high-pressure polymorphs (GeSb-type: red; CrN-type:
blue) and the starting WZ—KS (black line) of Ag,CdSnS; as a function of pressure.
(d) Enthalpy difference between the two high-pressure GeSb-type and CrN-type
modifications. A phase is stable if it has a lower value of H (KS and GeSb-type
data from Ref. 42). The respective total energy values per unit cell are listed in
Table S$10 in the supplementary material.

Ag,CdSnS, is accompanied by a change in volume compressibil-
ity, i.e., the P-V data for the two phases can only be described by
different sets of EoS coefficients [Fig. 6(b)]. Whether the volume
compressibility change originates from inherent or extrinsic effects
(e.g., the non-hydrostatic conditions imposed by the argon PTM
at these pressures)™ is not immediately obvious. Our calculations
point to a relatively smooth GeSb- — CrN-type transition without a
substantial compressibility change across the transition [open sym-
bols in Fig. 6(b)], indicating non-hydrostatic conditions imposed
by the argon PTM at these pressures’ as the cause behind the
experimental GeSb- — CrN-type volume compressibility change.
On a follow-up reasoning, one might speculate that non-hydrostatic
conditions are actually responsible for the displacive GeSb- — CrN-
type transitions in both Ag,ZnSnSs and Ag,CdSnSs compounds.
Even though we cannot totally exclude this possibility based on
our experimental observations alone, the reproducibility of the
transitions from our DFT calculations, as well as the good agree-
ment between the theoretical and experimental transition pressures
demonstrate that the GeSb- — CrN-type transitions are indeed
inherent pressure-induced transitions for both materials.

Finally, in Fig. 6(c), we show the calculated enthalpy difference
for the relevant Ag,CdSnS, phases as a function of pressure. The
high-pressure GeSb- and CrN-type modifications become energeti-
cally stable at 4.7 GPa compared to the starting WZ-KS phase, and
the CrN-type phase becomes the stable modification above 12.8 GPa
compared to the GeSb-type structure [Fig. 6(d)]. In addition, the
calculated structural parameters are consistent with our experimen-
tal observations [open symbols in Figs. 6(a) and 6(b)]. Collectively,
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our calculations fully endorse the experimental findings for
AngdSnS4.

IV. DISCUSSION

In the family of the A,BCX4 compounds, the only known
high-pressure studies concern the ordered and disordered (D)KS
CuZnSnSs.””* In these investigations, it has been established that
pressure transforms (D)KS to a GeSb-type structure close to 15 GPa.
Regarding the structural evolution, both the (initially) tetrahedrally
coordinated Ag,ZnSnS, and Ag,CdSnSs compounds transform first
to a disordered and octahedrally coordinated GeSb-type phase,
with further compression leading to a CrN-type modification (an
orthorhombically distorted GeSb-type phase). The latter phase was
not reported in the case of compressed Cu,ZnSnSs. The absence of
such a transition in CuZnSnS4 might be derived from either the
substitution of Cu® with the larger Ag* cation in Ag,ZnSnSs or
Ag,CdSnSy, hinting that higher pressures might be needed to detect
a similar transition in Cu,ZnSnSy, as expected from the empirical
pressure-homolog rule.*

Even though we cannot provide any information on the exact
transition mechanism for either Ag,ZnSnSs or Ag,CdSnSs, mainly
due to the absence of the relevant structural parameters for the
starting KS and WZ-KS phases, we can nevertheless gain some
insight by considering the relevant literature. In particular, our
observations are consistent within the framework of the relevant
binary ZB, WZ,"*® and ternary chalcopyrite-type materials,” "
where sufficient compression leads to the transformation of the
(initially) fourfold structures toward sixfold coordinated phases.
An interesting aspect of the relevant transition mechanism in
these materials is that they involve an intermediate metastable
phase with fourfold coordination,’”**”* accompanied by pressure-
induced softening in the respective zone-edge TA phonons (see
Refs. 86 and 95 and the references therein for more details). Con-
sequently, this intermediate phase facilitating the KS — GeSb-
type transition may possibly be the pressure-induced disordering
inferred for both Ag,ZnSnSs and Cu;ZnSnSs compounds prior
to the GeSb-type transformation. For the WZ-KS Ag,CdSnS,
system, on the other hand, no sign of an intermediate phase can
be evidenced in our Raman study [Fig. 5(a)]. More investigations
will be needed to uncover the exact transition mechanism in these
systems.

Upon decompression, a disordered ZB structure is adopted
by Ag:ZnSnS, (Fig. 7), similar to Cu;ZnSnSs.””"* On the con-
trary, the recovered Ag,CdSnS4 could be indexed with a GeSb-type
phase, indicating the irreversibility of the sixfold coordinated metal-
lic phase in the latter compound. A possible explanation behind this
diversity might involve the presence of the larger Cd** cation, which
is apparently shifting the most favorable packing scheme, leading
to different local arrangements, i.e., to sixfold cationic coordina-
tion compared to the fourfold one in ZB Ag,ZnSnS4/Cu,ZnSnS,
containing the smaller Zn** cations.

An auxiliary aspect of the aforementioned pressure-induced
structural transitions in Ag>ZnSnS, and Ag,CdSnSy is the potential
effect on their electronic structures. Earlier theoretical investiga-
tions* have predicted that the respective high-pressure GeSb-type
modifications for both Ag,ZnSnSs; and Ag,CdSnS; compounds
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FIG. 7. Rietveld refinements for the recovered XRD patterns for Ag,ZnSnS, (zinc
blende/ZB-type structure, bottom) and Ag,CdSnS, (GeSb-type, top). Dots cor-
respond to the experimental data, and the red solid lines represent the best
refinements. The difference spectra between the measured and simulated pat-
terns are depicted as blue curves. Vertical ticks mark the respective Bragg peak
positions.

exhibit metallic conductivity, i.e., both materials undergo concomi-
tant structural and insulator-to-metal transitions. This trend is
again in accordance with the behavior of the binary ZB and WZ
compounds.”” Even though we do not have direct experimental
evidence of the predicted pressure-induced electronic changes, the
loss of Raman signal in the vicinity of the KS/WZ-KS — GeSb-type
structural transitions [Figs. 2(a) and 5(a)] can be attributed to the
metallic character of the latter phases.”” For the sake of complete-
ness, we have additionally calculated the electronic density of states
(DOS) for the CrN-type structures, which clearly reveal a metallic
character for the latter high-pressure Ag,ZnSnS, and Ag,CdSnS,
modifications as well (Fig. 8).

A structural aspect that may be essential for technological appli-
cations is that compressive stress induces an apparent structural
disorder in KS Ag,ZnSnS4 at moderate pressures [Figs. 2(c) and
$4 in supplementary material]. This observation resembles that of
ordered KS Cu,ZnSnS, under moderate compression.”” Given that
(a) disorder in these systems is inherently coupled with their elec-
tronic properties””*” and (b) compressive stresses/strains may
arise from the underlying substrates, which may in turn lead to the
formation of metastable phases,”’ ** one must consider these aspects
carefully for technical thin film applications. Interestingly, certain
structural disorder patterns were theoretically tested for Ag,ZnSnS,
both at ambient’” and high pressure,”” and the stability of the
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FIG. 8. Site-projected electronic density of states (DOS) calculated for the high-
pressure CrN-type modifications of Ag,ZnSnSy (top) and Ag,CdSnSy (bottom).

starting KS structure was shown. Nevertheless, as the nature of the
specific disorder process cannot be fully identified, we are not able
to discuss this aspect further at this stage.

V. CONCLUSIONS

Our high-pressure Raman and structural investigations on
the Ag,ZnSnS,; and Ag,CdSnS; compounds revealed that KS
Ag,7ZnSnS, transforms first into a GeSb-type structure close to
9 GPa, with a subsequent CrN-type modification adopted at
12.5 GPa. In a similar fashion, WZ-KS Ag>CdSnS4 undergoes two
successive structural transitions toward a GeSb-type and CrN-type
phase at ~4 and ~12 GPa, respectively. Our experimental results are
fully supported by former*” and current computations, which addi-
tionally predict a metallic character for all of the aforementioned
high-pressure modifications.

Except for the follow-up transition to a CrN-type phase, the
high-pressure behavior of Ag,ZnSnSs closely resembles that of
CuzZnSnSs.”*" Prior to the KS — GeSb-type transition, structural
disordering is apparently taking place upon moderate compres-
sion. Moreover, Ag,ZnSnS, adopts a disordered zinc blende-type
structure upon full decompression. On the contrary, Ag,CdSnS,
retains the high-pressure disordered GeSb-type modification upon
full pressure release. This deviating behavior may, in turn, inspire
a new class of materials synthesized at ambient temperatures upon
moderate compression.

SUPPLEMENTARY MATERIAL

See the supplementary material for the characterization of the
Ag,7ZnSnS4 sample investigated here, as well as for additional exper-
imental and calculated data for both Ag,ZnSnSs and Ag,CdSnS,
compounds.
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