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We have performed structural investigations of ordered
Our current X-ray diffraction results clearly
kesterite—disordered kesterite transition reported earlier
specific anomalies connected with the Cu-S bond length
are evidenced close to 6 GPa, indicating subtle structur
Moreover, we have indexed the high-pressure modifigation o

to 30 GPa.
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c

the presence of a

7-9 GPa. Nevertheless,
the starting kesterite-type phase
eﬂ’ec?cg at play in this system.
nSnS, adopted above 16

GPa to a disordered GeSb-type structure, a tetragonally dis‘mﬁljed rocksalt-type modification.

Full decompression leads to the adoption of a di

ture. Our complementary density functional gheory “ealc

experimental observations and indicate the pgssibility o
te-

phase, unlike the starting semiconducting kestexite

.dered sphalerite/zincblende-type struc-

ions reproduce accurately the
metallic high-pressure GeSb-type
@' CuyZnSnS, structure.
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I. INTRODUCTION

The impending exhaustion of fossil fuel
the exploration and exploitation of alternati

investigated for this purpoge;

tor CuyZnSnS, has a:t({;ted
recent years 2. The siitability of this material for solar
cell applications stemisfrom itSsalmost optimal band gap
1 abgorption coefficient in the visible

), and its earth-abundant, low-
1 constituents®®. Given the

far away frém the t&,eoretical limit of ~30%7, it becomes
investigations are needed for improving

X terite (KS) structure (space group SG 14,
Z Kig. 1)89.  This phase, which is structurally
derived from the sphalerite/zincblende (ZB) structure,
and isNtherefore closely related to the chalcopyrite-
and stannite-type phases by altering the metal/cationic
ordering!®, is composed of alternating Cu/Sn and Cu/Zn
layers along the long c-axis interrupted by sulfur anions,

a)Electronic mail: iliefthi@gfz-potsdam.de

with all of the Cu, Zn, and Sn cations tetrahedrally co-
ordinated with respect to the S anions (Fig. 1). Even
though the KS phase represents an ordered cationic ar-
rangement, with each cation occupying a unique Wyck-
off site, cationic disorder is quite common in this
material®!1715 Such cationic disorder may have notable
effects on the photovoltaic properties of CusZnSnSy. For
example, one of the most common types of cationic dis-
order in CuyZnSnS, is the mixed occupancy between the
Cu and Zn sites lying in the z = 1/4 and z = 3/4 cationic
layers, which results in a disordered kesterite configura-
tion (SG I42m, Z = 2, DKS) and a concomitant reduc-
tion of the CusZnSnS, band gap E, by 0.1-0.15 eV316:17,

Both the sensitivity towards cationic disorder, as well
as the inherent anisotropy of the tetragonal CusZnSnSy
KS structure, strongly imply that the physical and chem-
ical properties of this material are susceptible to external
perturbations such as temperature T and pressure P. In-
deed, increasing 7" leads to a KS—DKS transition at ca.
550 K, whereas a DKS—disordered ZB-type structural
transition has been observed above 1300 K%1820  On
the other hand, the effect of compression on CusZnSnSy
has been only recently investigated. Ab initio theoretical
studies showed that application of compressive (tensile)
stress increases (decreases) the band gap E,, whereas
a transition of the KS phase towards a stannite modi-
fication (SG I42m, Z = 2), which exhibits a different
stacking of cationic layers along c-axis compared to the
KS phase with alternating layers of tetrahedrally coor-
dinated Zn/Sn and Cu ions, was predicted to take place
close to 32 GPa?'"23. Subsequent high-pressure X-ray
diffraction (XRD) experimental investigations, however,
contradicted the predicted KS—stannite structural tran-
sition. In particular, compression of CusZnSnS, at ambi-
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FIG. 1: Structural representations of the ordered
ambient-pressure kesterite-type Cu2ZnSnS, phase (SG 4, Z
= 2, left), the high-pressure disordered GeSb-type
modification adopted close to 16 GPa (SG I4/mmm, Z = 2,
middle), and the disordered sphalerite/zincblende-type
polymoph (ZB, SG F43m ,Z = 4, right) adopted upon full
pressure release (R). The brown, purple, green, gray, and
yellow spheres represent Cu(1), Cu(2), Zn, Sn, and S ions,
respectively; the dark spheres in the GeSb-type and ZB-type
phases depict the mixed and random Cu/Zn/Sn cationic
occupancy. The respective KS—GeSb-type transition
pressure is also provided (see also Table I).

ent temperature led to a KS—DKS transition between
9 GPa, whereas the DKS modification transforme
disordered rocksalt-type (RS) structure close to 15
the latter was accompanied by an increase of t

tive cationic coordination from fourfold to gixfold?*,/Amn,

overview of the reported high-pressure Cug nSy

ifications is listed in Table I.

Here we have expanded upon the ir%‘hon of
the pressure-induced structural-response ordered

ving as a pressure
), we considered the
nditions imposing the
ence, we used neon PTM in
GPa. In a nutshell, the neon
id not show the KS—DKS
' thj( result, a second XRD exper-
argon as PTM did not again

sition between 7-9 GPa; g1
study was performed z/g

bye diffraction ring in the first experiment as the ori-
ind thig discrepancy (Fig. S1 and Fig. S2 in the
. Moreover, the high-pressure CusZnSnS,

lly distorted modification of the previously re-
ported RS-type phase?*. Upon full decompression, we
recovered a disordered ZB-type structure. We have addi-
tionally performed density functional theory (DFT) cal-
culations, which reproduced the experimental observa-
tions. In addition, the high-pressure GeSb-type phase
is predicted to exhibit metallic conductivity, unlike the
starting semiconducting KS structure.

%)

a

1. METHODS
A. Experimental details

The investigated ordered CusZnSnS, sample was avail-
able in polycrystalline powder form. Synthesis and char-
acterization details can be found elsewhere?527.

Angle-resolved high-pressure XRD measurements were
performed at the Extréme Conditions Beamline (ECB)
P02.2 of PETRA III nburg, Germany)?® with an in-
cident X-ray wavelength 029 A (E ~ 43 keV) and

e

2 u Two-dimensional XRD

with a fast flat panel detector
Reéfinements were performed using
software packages>’

Imer (2048 pixels x 2048 pix-
ells (DACs) equipped with diamonds

sure-genecration. Rhenium gaskets were preindented to a
thi(ne of ~35 pm, with holes of 150-200 pym diame-

ctl as sample chambers. Neon and argon served
h as.pressure transmitting media (PTM) in separate
runs: in the experiment with neon as PTM, XRD
easured between 4.6-11.4 GPa, whereas in the ex-

XR
as

nm\gﬁrlment with argon as PTM XRD measurements were

rformed within the 2.5-30 GPa pressure range. Ruby
luminescence (XRD with neon PTM)3!, the equation of
state (EoS) of gold (XRD with argon PTM)3233, as well
as the neon E0S3+3% and the argon E0S3%37 in the re-
spective XRD experiments were used for pressure cali-
bration. The Birch-Murnaghan equation of state (B-M
Eo0S)3#:39 was fitted to the pressure-volume P-V data of
each CuzZnSnSy phase.

B. Computational details

The periodic density functional theory (DFT) calcu-
lations were performed with the Vienna Ab initio Simu-
lation Package (VASP) 5.3.5%0°43 at the athermal limit.
A plane wave basis set with an energy cutoff of 550 eV
was used, in order for the total energy to converge to the
sub-milli-Hartree regime. We used projector-augmented
wave (PAW) potentials®*° whereby the 4s and 3d elec-
trons of Cu and Zn, the 5s, 5p, and 4d electrons of Sn,
and the 3s and 3p electrons of S were explicitly con-
sidered. The electronic convergence criteria was set at
least to 107° eV, whereby the Blocked-Davidson algo-
rithm was applied as implemented in VASP. The struc-
tural relaxation of internal and external lattice parame-
ters was set to a force convergence of 4 - 1072 eV/AQ,
performed with the conjugate-gradient algorithm imple-
mented in VASP#. The freedom of spin polarization
was enabled and a Gaussian smearing approach with a
smearing factor o of 0.01 eV was utilized. For all struc-
tures we simulated 16 atoms, which corresponds to the
number of atoms in the kesterite unit cell (Fig. S3 in the
Supplement). For the GeSb-type and RS-type struc-
tures we created 1x1x12 supercells to match the num-
ber of atoms of the other structure models. The cells
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LE I: Overview of the reported high-pressure phases of Cu2ZnSnSs. PTM stands for the pressure transmitting medium
used in each experiment. Literature results are from {: Ref. 24, I: Ref. 22. Data presented here are shown in red color.

Cu24n5SnS, phase Method PTM Pressure stability range AP (GPa)

Kesterite-type (KS, SG 14, Z = 2) Raman and XRDft Argon <7-9 GPa

Disordered kesterite-type (DKS, SG I42m, Z = 2) Raman and XRDf Argon 7-9 GPa<P <15 GPa

Disordered rocksalt-type (RS, SG Fm3m, Z = 4) Raman and XRDf Argon >15 GPa

Stannite-type (ST, SG I42m, Z = 2) DFT-PBE;} - >32 GPa

Kesterite-type (KS, SG 4, Z = 2) XRD Argon and Neon <14-16 GPa

Disordered GeSb-type (SG I4/mmm, Z = 2) XRD Argon >14-16 GPa
DFT-PBE - 16

Disordered zincblende-type (ZB, SG F43m, Z = 4) XRD Argon y_ Full pressure release

were fully optimized with a 8x8x4 k-grid constructed
via the Monkhorst-Pack scheme?” and centered at the
I-point with the Perdew, Burke, and Ernzerhof (PBE)
functional®. The DKS CuyZnSnS, phase was treated in
the same manner as stated before'”. On top of the PBE-
optimized structures, single point calculations for the
band gap E, and the electronic density of state (DOS)
with the Heyd-Scuseria-Ernzerhof HSE06-functional*® 52
were performed with a 4x4x2 k-grid to account for an
accurate electronic structure (Fig. S4 in Supplement ).
For systems with a finite band gap, the tetrahedgon
method with Blochl corrections® was applied for t
band structure evaluation.

The pressure dependence was determined by se
ing volume points in a range of about £100
the minima. This corresponds to a pressure
0-100 GPa. We used a step size of 8 A3
23 (KS and DKS) and 24 (GeSb-type) volum
spectively. At each volume point, we i1
shape and the atomic positions. We fitte
function3®3? to the total energy as-a functio

for each CuyZnSnS, phase. Theén t ressure of each
volume was obtained from t ) formulation of the
same B-M EoS (Fig. S5 in Supple :
£
S10

4

IIl. RESULTS AND Déﬂ\z
A. Structural com SQ of Cu2ZnSnS, up to 14 GPa:

A former 'tig;v{ion showed that KS-type
CuyZnSnSy undergoeés, a structural transition into a
DKS modifigation §9tween 7-9 GPa?*. This transforma-
tion was“evidenced by a kink in the pressure-induced

e c-axis between 7-9 GPa, whereas the
.ame almost incompressible after the transition.
er erify the aforementioned transition, we
perfermed«two separate high-pressure XRD experiments
on and argon serving as PTM up to ~11 GPa
and ~14 GPa, respectively.

In Fig. 2 we show selected XRD patterns collected with
Ne as PTM, as well as the pressure-induced evolution
of the CusZnSnS, tetragonal a and c lattice parameters
from all the different high-pressure XRD experiments.
Before proceeding further, we should note the following:
(a) the CuyZnSnS,; sample contains a small fraction of
CuyS impurity (SG P2 /¢, Z = 48)°%55 estimated close

/ Intpé;m units)

Cu,Znsns, e N A EE:;)%)
Ne PTM 108} + Ne(hero)

104 %

{\f&.

Lattice parameter ¢ (A)
)
o

A)

[¢)] -
~ Q9
o N

!%
:
1

5.20F(c) !

' ' : ' 0 2 4 6 8 1012 14
Pressure (GPa)
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**

Diffraction angle 20 (degrees)

FIG. 2: (a) Enhanced view of the Cu2ZnSnSs XRD
patterns within the 2.5-6.5° 26 diffraction angle range,
collected with Ne as PTM (XA = 0.2910 A). Background has
been subtracted with the help of Chebyshev polynomial
functions. The I4 Miller indices for specific KS Bragg peaks
are shown. Asterisks mark the strongest CusS impurity
Bragg peaks (see text). (b) Plot of the CuzZnSnS4 a and ¢
axes as a function of pressure for the different high-pressure
XRD runs. The vertical dashed line represents the
KS—DKS transition pressure reported before?*. Error bars
are smaller than the symbol size.

to ~3-5% from the relative Bragg peak intensity ratio at
ambient conditions?4; the presence of this CuyS impurity
phase appears to be a common byproduct of CusZnSnS,
synthesis!®. (b) CuyS is known to undergo two structural
transitions at 3.2 GPa and 7.4 GPa towards two different
monoclinic phases (and one additional structural transi-
tion into an unidentified phase at 26 GPa)®%; the 7.4 GPa
CusS transition is also observed in our 7.1 GPa XRD pat-
tern with neon PTM (denoted as asterisks in Fig. 2).
Direct comparison of the pressure-induced evolution
of the CusZnSnS, tetragonal lattice parameters reveals
that in the present experiments, with either argon or
neon serving as PTM, there are no visible anomalies
in the lattice parameters. This observation is in con-
trast to the previous argon PTM XRD data (Fig. 2).
A careful comparison of the measured Debye-Scherrer
rings between the former and current high-pressure XRD
runs with argon PTM reveals that the inconsistency be-
tween the XRD experiments arose due to the incorrect
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k shnont of the Bragg peaks located at 6-6.8° in the
feyious argon PTM XRD experiment. In particular,
ner argon PTM XRD study recorded two sep-
arate bragg peaks within the 6-6.8° 20 region, where
the 200 and 004 KS Bragg peaks are expected. Con-
sequently, these two Bragg features were assigned to the
200 and 004 KS Bragg peaks. Considering the newer
argon and neon PTM XRD experiments presented here,
we could conclude that one of these Bragg peaks was
actually originating from the 111 Bragg peak of the
argon PTM37. This misinterpretation of the collected
XRD data led to the observed incompressibility of the a-
crystallographic axis in the first argon XRD experiment,
and the basic argument behind the KS—DKS transition
in CupZnSnS, (Fig. 2). A direct comparison between
the Debye-Scherrer rings and the respective integrated
XRD diffractograms of the various XRD experiments
at 12 GPa are provided in Fig. S1 and Fig. S2 in the
Supplement.

Despite the apparent absence of a ’clear’ KS—DKS
transition in CusZnSnS,, a more accurate way to iden-
tify subtle anomalies in the structural parameters under
pressure is through the plotting of the normalized stress
F as a function of the Eulerian strain fz®7. Generall

with any divergence from a linear trend hinting pot

the F-fp parameters should exhibit a linear relationsb'{,\
e

tial structural changes
served in the earlier report on the KS—DKS tr
CusZnSnS, between 7-9 GPa?%. The relevant

for the volume V' (Fy-fgyv), as well as for the te nal.

CugZnSnSy a (Fyu-frq) and ¢ (Fe-fg.) latti rameters
obtained from both the argon and neo PT‘%%? X~
periments here are shown in Fig. 3. ‘ﬂh%: lots,
we can immediately observe a break in h F-fg
plots of the a- and c-axes takin 6 GPa;
on the other hand, no effect ca in the respective
F-fr volume plots for either /P

We attribute these F-fg
a subtle pressure-induce

sitio

€ compressibility
5ZnSnS, structure.

taldcations.are located in special Wyck-
1e gd(l), Cu(2), Zn, and Sn cations
, 9, 0), 2¢ (0, 0.5, 0.25), 2d (0, 0.5,
5) sites, respectively?26:60. On the
nion resides in the general Wyckoff
y, 2), with the S-x, S-y, and S-z atomic
to vary upon pressure increase. This
picted in Fig. 4. We can readily observe
a change i, the pressure-slopes of the S-x and S-y coor-
around 6 GPa, in excellent agreement with the
F- fr anomalies (Fig. 3). This is also reflected in the pres-
sure dependence of the Cu(1)-S interatomic bond length
(Fig. 4).

In order to check for a possible pressure-induced
KS—DKS transition in CuyZnSnSy as the origin behind
these anomalies, as speculated earlier?*, we have calcu-
lated the respective enthalpy difference between the KS
and DKS CusZnSnS, phases by means of DFT. The re-

positign 8g (
coordinages fr

100 Fr e
= [ (a)
?5 [ ]
8o ]
2 %’% %§ é‘@hi‘ *
Lo 3 J
60 | ]
001 002 003 004 005

Eulerian strain fEV

120:-4\--

.01\0.\0§‘o.03 0.04 0.05 0.06
< ulerian strain fEC

3 l‘-."""'-r' 7T T —T T
< J00F pe . (C)-;
. 280 b / QQ\ * x * * ]
LLm r ’ . B
Q ")Ao . 6cPa® * a-axis ]
A 0.01 0.02 0.03 0.04

Eulerian strain fEa

(c) a-axes for the KS tetragonal Cu2ZnSnS,s phase. The
argon and neon PTM XRD data are shown in black star and
red rhombic symbols, respectively. The F-fgr quantities for
the volume are calculated from the structural data (Fig. 2)
as follows: frpy = [(Vo/V)?/3-1]/2 and
Fy = P/3fEV(1+2fEV)5/2, where Vj is the
ambient-pressure volume of the KS phase, V' is the volume,
and P is pressure (in GPa)®". For the lattice parameters:
fEa = [(a0/a)*-1]/2, Fu = P(aco/aoe)”/ fra(14+2fpv)*/?
for the a-axis, and fg. = [(co/c)?-1]/2,

F. = P(aoc/aco)® ) fre(14+2fpv)>? for the c-axis®.

58 Quch deviation was e. *\FIG. 3: Plot of the normalized stress F' as a function of
. he Eulerian strain fg for the (a) volume V, (b) the ¢- and
lots

sults are displayed collectively in Fig. 5. As we can
observe, the DKS phase always lies higher than the
KS structure enthalpy-wise for all pressures investigated
here. We remind here that the main structural differ-
ence between the tetragonal KS and DKS structures is
the mixed occupancy between the Cu and Zn sites ly-
ing in the z = 1/4 and z = 3/4 cationic layers of DKS,
which in turn is manifested as an expansion of the long c-
axis'”. Considering that such change is not supported by
the present high-pressure XRD results (Fig. 2), as well as
the finite KS and DKS enthalpy difference, we can safely
conclude at this stage that the experimentally observed
changes in the F-fg (Fig. 3) and interatomic parameters’
pressure-induced evolution (Fig. 4) are most likely not
originating from a KS—DKS transition. Hence, which
effects can account for these anomalies?

Before offering any reasoning, we should remind here
that in the previous high-pressure Raman spectroscopic
measurements on CusZnSnS,; conducted with argon
PTM, the emergence of a new D band at 335 cm ™! was
detected at 1.2 GPa already?*, far below the pressure-


http://dx.doi.org/10.1063/1.5047842

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

AllP | *
240 - : . Y -1
A o Y
> 235F g Ay V! v .
< LS G
% ; e é | A
2 230 [ o, ]
S ; ! o "
2225 4 cu(t)s :
[ e Cu(2)-s !
2.20| 4 zns |
v Sn-S |
AS-z A |
A A
% 0.87 A : :
£ T : ]
T |
o 1 A
8 0.6k ! 1
1) |
E 077f o« | @ . 3
© 0.76F om o 9
(] oSy 9 !
075 C m S-X n : -
074 PURE [TURT ST NN YT WY WA ST WU WY W (U WU NN WU N N W U
0o 2 4 6 8 10 12

Pressure (GPa)
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t

pressure for the KS CuzZnSnS,4 phase, as extract om
XRD measurements. The vertical dashed line depigts q\
xt

related subtle structural effects observe 3 and
Fig. 4). This D band lied ~3 cm™Llower in t&wns of Ra-
man frequency shift compared toffhe niegt intense A band
of the KS phase at 338 cm ™l (Z8gg-presjure value); the
latter is assigned to the sulffir S-S stgetéhing vibrations
along the KS c-axis (the al dations are not involved
in this vibration)®:62. &pon essie increase, this D
Raman feature becom linantsintensity-wise at the
expense of the KS de mythe CusZnSnS; Raman
spectra close to 9 ¢ ‘Hv&ereas their ~3 em ™! frequency
difference persisged threuchout the investigated pressure

onset of the pressure-induced changes (ie\
M

1e presence of a stannite CusZnSnS,
rising due to phonon confinement
Angong these possibilities, we can probably
he raonon confinement scenario due to the
gain of the investigated CusZnSnS, polycrys-
tallige gamples, as this model applies in nanocrystalline
1595, Moreover, the presence of a ST CuyZnSnS,
modification under these pressure conditions can be also
excluded according to our DFT-PBE enthalpy calcula-
tions (Fig. S6 in the Supplement). As for the Cu-Zn
anti-site exchange possibility, given our aforementioned
discussion, we can most likely exclude this scenario as
well. The intensity-wise dominance of the D Raman band
compared to the KS A mode above 9 GPa implies the ex-
istence of an almost fully (or at least partially) disordered

well-docur o&?d Cu-
CuyZnSnSy 120,63’5

(a)
30
—— KS
= -0 - DKS
%
£ —50-
5
3
2 —60 /\
0l LN

00% 4 250 300 350
cell volume (A)
)'\

(b)

~

0 20 40 60 80 100
pressure (GPa)

FIG. 5: (a) Volume-energy V-FE plot for the KS (black
circles) and DKS (red crosses) phases. (b) The calculated
enthalpies of the KS and DKS phases as a function of
pressure, as well as the respective KS and DKS enthalpy
difference AH with respect to pressure. Enthalpy H is
defined as H(P) = E 4+ PV, and a phase is stable if it has a
lower value of H.

CusZnSnSy phase, leading in turn to the adoption of a
DKS phase. Such type of disorder, however, should be
also captured in the interatomic bond lengths to some
extent, since (a) the Cu-S and Zn-S bond distances are
distinctly different in terms of values, and (b) a pressure-
induced averaging of these bond lengths due to the Cu-Zn
anti-site exchange should yield characteristic changes in
the respective interatomic bond distances'”; this picture
cannot be verified unambiguously in our case, mainly due
to the absence of any visible Zn-S bond-related anomalies
(Fig. 4). Our XRD data clearly show that the anoma-
lies are mainly related to the Cu(1)-S bond (Fig. 4). Re-
garding other well-documented intrinsic defect complexes
in CupZnSnSy, none is limited to the Cu(1) sites'®:56.
Hence, we tend to exclude any type of pressure-induced
cationic disorder or vacancy formation triggering either
the presence and intensity enhancement of the Raman D
band, or the F- fr and Cu-S anomalies in KS CusZnSnSy
(Fig. 3 and Fig. 4).
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‘ s L guarding the former, we should remind here that B
nd, E

gymmetry Raman-active modes may be present

Publis, & icinity of the 338 cm~! KS A modeS1 64, The
Yy

exact positions of these Raman-active vibrations may
vary depending on the CuyZnSnS, sample preparation
method® 64, Hence, a simple explanation behind the
presence of the Raman D band (even at low pressures)
might be that it actually corresponds to a different
B/E KS vibration, which becomes detectable in the
CuyZnSnS, Raman spectra upon moderate compression.
The pressure-induced intensity enhancement of the D
band on the other hand?*, may be connected with an in-
creasing electronic polarizability of this mode compared
to its adjacent A KS Raman peak under compression.

Another scenario accounting for both the observed
F-fr and Cu-S anomalies, as well as the intensity en-
hancement of the Raman D band, might be that all of
these effects reflect pressure-induced electronic changes
in CusZnSnSy, e.g. a topological transition of the Cu-
related electronic DOS under moderate compression.
Such pressure-induced electronic topological transitions
constitute a common motif for layered materials, and
are evidenced by distinct compressibility and Raman in-
tensity changes, without any alteration of the (averag
crystalline symmetry58’67’69.

A thorough investigation
of such possibility, however, lies beyond the scope of thi

present paper.

B. Structural compression of Cu2ZnSnS4 up,to 3 } ~

with argon PTM

We turn now to the CuyZnSnSy @nsi—
tion reported close to 15 GPa towards 15erdered
RS-type modification (Table I), where all of he metal
cations exhibit random/mixed of the cationic
site?*. The previous investi
~18 GPa, with argon servi

as :
panded upon the previcigh —g)es?re studies up to 30

GPa, again with argon as PTM%or éonsistency.
The results are presentedyin Fig* 6. We can observe
rsists up t@ ~14 GPa; at this pres-
‘g’j)eaks appear in the XRD pat-

that the KS phase
sure, several new
ural transition. The transition
15.8 GPayuin excellent agreement with
Anglszsis of the measured XRD pat-

is completed
the earlier

s to use a tetragonally-distorted RS-type
oted here as GeSb-type (SG I4/mmm, Z

reason Pehind this unsuccessful RS-type structure index-
ing attempt involves the pressure-induced evolution of
the recorded Bragg peak positions, which do not follow
the cubic RS-type structural trend (for more details, see
Fig. S7 in Supplement).

Therefore, CuyZnSnS, is apparently adopting another
disordered GeSb-type structure above ~18 GPa, again
with a mixed/random occupancy of the cationic site by

(@) ‘Cuznsns, 53 ' 185 GPa |
SG Fm 3m (225)
P (GPa) Le Bail
* ‘\ ! 30
—~
:'U:) * A ! 26 ] KS
= ol . 4
C|RS 'l [ L N O
Sl A 208 5
= o
8 S - , , ,
2 > 18.5 GPa
‘@ 2 SG l4/mmm (139)
o I3 Le Bail
- [
€ IS
Jl [ [N N B B B
1 ‘l 1 1
5 10 15 20

Diffraction angle 26 (degrees)

pressuges with Ar PTM (A = 0.2913 A). The black,

e, and blue patterns indicate the KS, KS/GeSb
oexisten d GeSb-type phases, respectively (see text).
ackgroa&l has been subtracted for clarity with Chebyshev

and the argon PTM3537  respectively. (b) Examples
of Le Bail refinements at 18.5 GPa, using both the RS-type
p) and the tetragonally distorted GeSb-type (bottom)

polynomial functions. Asterisks and exclamation marks
indicate the strongest Bragg peaks of the CuzS impurity
ph

\modiﬁcations. The black circles and the red solid curves

correspond to the measured and the calculated patterns,
whereas their difference is depicted as blue curves. The
starting structural parameters are taken from Ref. 24
(RS-type) and Ref. 70 (GeSb-type). The arrow indicates KS
phase residue, and asterisks mark the strongest Bragg peaks
of the CuzS impurity.

the Cu/Zn/Sn ions. This phase persists up to 30 GPa,
the highest pressure reached here. A reasonable question
which arises, however, is the following: does CusZnSnSy
adopt the RS-type modification within a limited pressure
range, i.e. between 15-18 GPa, or is the GeSb-type phase
adopted from 15 GPa already? Considering the relevant
theoretical results at our disposal, we tend to favor the
second scenario. We will return to this point later below.

In Fig. 7 we plot the extracted structural parame-
ters for the various phases of CusZnSnS, obtained with
argon PTM (this run alone). As we can observe, the
KS—GeSb-type structural transition is accompanied by
a ~15% volume change at the transition point. The lat-
ter volume drop results from the increase in the cationic
coordination with respect to the S~ anions from four to
six (Fig. 1). The B-M EoS fitting results of the P-V data
are listed in Table II.

In order to acquire certain insights on the aforemen-
tioned pressure-induced KS—GeSb-type structural tran-
sition in CusZnSnSy, we have calculated the enthalpies
(H(P) = E + PV) for the starting KS phase and
the disordered GeSb-type modification (Fig. 8). Ad-
ditionally, we have calculated the enthalpies of several
reported CuyZnSnS, polymorphs, such as a modified
wurtzite-type phase (WZ, SG P2;), the aforementioned
DKS modification (SG P4), the stannite-type structure
(ST, SG I42m), and the primitive mixed Cu-Au phase
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¢ s ID’PL] } IT: Volume per formula unit V /f.u., bulk modulus B, and the bulk modulus pressure derivative B’ for the various
Bases of CupZnSnSy at the respective reference pressure P, as obtained by Birch-Murnaghan EoS functions®®3° fitted to our
PUbliShﬂ(ﬂgl ed and computed P-V data. The term 'Fixed’ means that the corresponding parameters were not allowed to vary
during the EoS fitting. Other results are from x: Ref. 61, {: Ref. 22 (N/A: not available).

Cu2ZnSnS, phase Method P (GPa) V/fu. (A®%) B (GPa) B’ (GPa)
T4 (KS) EXP 0.0 160.1 (fixed) 74(2) 1.4(4)
GGA-PBE 0.0 163.75 68.64 4.64
LDA* 0.0 150.7 89.4 N/A
GGA? 0.0 164.61 63.94 N/A
I4/mmm (GeSb-type) EXP 15.8 119.4 (fixed) £ 213(4) 4.0 (fixed)
GGA-PBE 16 120.75 y _ 9 298.53 2.03
} -
211-0 -Qlo CI ' : 'CuzzlnSn'S4' P are listed in e II.
e &0 ! Finally, p(@full ompression, the GeSb-type struc-
glosf @ O o ] iugo a disordered sphalerite-type (ZB-
£ o, io. 1 and Fig. S8 in Supplement
E I ® i ig. 1 and Fig. in Supplement).
S 55F R g .u o gtl(?n 1nd1ca.1tes .tha.t even though the
g 50F %mm E cationic coordination increase from four
§ i:g: E ible in .CUQZHSHS4, the cationic. disorder-
i@ e .‘C°.”a<? f tl:a;tructu.re, i.e. the random occupation f)f the
RRRAE A e T e e ckoff sites by the Cu, Zn, and Sn constituent
—~ 160F %QKS E 1 iCan be quenched back to ambient pressure. This
"i’:_, 150 F : ] \m of metastable structural disorder upon decompres-
2 140F ' ] \ igu appears to be a common trend among the relevant
g 130k g ] ternary chalcopyrite-type compounds”® 7. The adoption
e of g: GeSh ; a disordered ZB-type structure upon decompression is
3 S :igl‘l{-..._El also consistent with the relevant Raman spectra collected
> Mof ! E \ ““« upon decompression in the earlier high-pressure Raman
w0p®) study conducted with argon PTM?*. In particular, the

0 5 10 15 20 25
Pressure (GPa)

3§‘\\
FIG. 7: Pressure-induced variation of the lattice
parameters and (b) volume per fo unit (f. u?) for the
various phases of Cu2ZnSnS, with argon serving as PTM.
The solid curves through the P4V a corrgspond to fitted
B-M EoS functions3®37.
calculated data,

correspond to experimentalia
respectively. The vertical dashe depict the onset of
c

the KS—GeSb-type st al transition. Error bars are
sma, ethan the symbols.

m)( (Fig."86 in Supplement). As we
relg(ive enthalpy difference between

ed alongside their experimental counter-
; im Fig. 7. Generally we can observe a very good
agreement, with the exception of the KS c-axis, which
is overestimated within the DFT-PBE approximation™!.
We note that in our calculations performed up to 100
GPa we could not observe a transition from the KS phase
towards a stannite structure, or any of the other exam-
ined phases (Fig. S6 in Supplement), in contrast to
Zhao et al.?2. The respective calculated volumes, bulk
moduli, and bulk moduli derivatives for the KS and
GeSb-type phases at the respective reference pressures

Raman response of the recovered CusZnSnS, phase indi-
cated strong signs of structural disorder, i.e. broad Ra-
man features, whereas the Raman spectrum was reminis-
cent of the starting tetrahedrally-coordinated KS phase,
with two broad Raman bands located at ~ 270 cm~! and
at 330 cm~! (the KS Raman spectrum is characterized
by two intense Raman peaks at ~ 291 em~! and at 338
cm~! at ambient conditions, see Fig. 2 in Ref. 24. This
frequency downshift of the most significant Raman fea-
tures in the ZB-type phase compared to the KS structure
can be related to the cationic disorder present in the for-
mer phase. All in all, these Raman-related observations
are fully agreeing with the current XRD results.

C. Electronic properties of Cu2ZnSnS, under pressure

We turn now to the calculated electronic DOS for the
KS and GeSb-type CusZnSnS, structures (Fig. 9). As
we can observe, the KS band structure below the Fermi
level Er is mainly dominated by the occupied Cu 3d
and S 2p states, whereas the unoccupied S 3p and Sn
5p levels contribute mainly to the DOS above Er. The
calculated band gap E, of the KS phase is 1.18 eV at
ambient pressure, in very good agreement with previous
calculations®® 7778 and experimental results’7%-80. The
KS E, increases upon compression and reaches a value
close to 2 eV at the KS—GeSb-type (calculated) struc-
tural transition pressure of 16 GPa; this pressure-induced
E, shift is consistent with previous works?*8!.

Upon adopting the GeSb-type phase, the CuzZnSnS,
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respect to pressure,
+ PV, and a phase is
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=

- :
}anges drastically. In particular, the calculated
ic band structure reveals the presence of elec-
tronic states around Ep, thus indicating that the GeSb-
type modification of CuyZnSnS; shows metallic con-
ductivity (Fig. 9). Given that pressure-induced struc-
tural transitions of binary and ternary compounds, which
involve cationic coordination increase from fourfold to
sixfold, tend to exhibit concomitant insulator-to-metal

transitions®?, our finding is in line with the established
pressure-induced structural and electronic trends.
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FIG. 9: DFT-HSE06 calculated density of states (DOS) for
the CuzZnSnS, (a) KS and (b) GeSb-type phases, both at
the transition pressure of 16 GPa. The Fermi level EF is set
at zero.

D. Discussion

The disordered GeSb-type high-pressure modification
of CupZnSnS,; was shown to better index the experi-
mental XRD diffractograms above 18 GPa, compared
to the previously assigned disordered RS-type struc-
ture adopted at ~15 GPa?* (Fig. 6 and Fig. S7 in the
Supplement). Since the Le Bail refinements of the
XRD patterns with either the RS-type or the GeSb-type
structural models yield identical results within the 15-
18 GPa pressure range, a clear conclusion over the exact
pressure-induced structural path of CusZnSnS, cannot
be drawn. For this reason, we turn to our DFT-PBE
results. In Fig. 10 we plot the calculated enthalpy dif-
ference of the RS-type and GeSb-type CuyZnSnS, mod-
ifications as a function of pressure. We can observe that
the RS-type structure lies always higher than the GeSb-
type one in terms of enthalpy for all the investigated pres-
sures. Hence, our DFT-PBE results favor the existence of
the GeSb-type phase as the high-pressure modification of
CuyZnSnS,. Considering also that the high-pressure Ra-
man spectra reported earlier do not show any appreciable
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changes within the 15-18 GPa pressure range?*, we con-
clude that the disordered tetragonal GeSb-type phase
the proper choice for describing the high-pressure struc-
ture of CuzZnSnS, modification above 16 GPa (Fig. 6).
Since the KS phase is structurally related t
chalcopyrite structure, a comparison betweengthe hi
pressure behavior of these relevant chalcopyrite-
tems with CusZnSnS, is in order. Rega
mer, both the ternary chalcopyrite-type AB G M
and defect chalcopyrite AB2Xy (SG 14 OUu
hibit similar structural and electronic t
ular, structural transitions from the starti
phases towards disordered RS-type-structures have been
ased materials of vary-
All of these tran-

ing chemical compositions™ 2

sitions are accompanied b
metallic states. Anoth?fnte ting }tructural aspect is
the fact that decompression doeswnodt lead to the recov-
ery of either the sta tingM)yrlte-type or the high-

ations“in these gr;a;cgrials, but

ZB-type phases
wthe reported high-pressure be-
nSy (i.e. the KS—disordered GeSb-
1eédoption of a disordered ZB-type
upon «lecompression) is in agreement with
i ‘h—pr(Ssure structural and electronic trends
elated chalcopyrite-type compounds.

IV, }gmq.usmNs

We have investigated the high-pressure structural
and electronic properties of kesterite-type CusZnSnSy,
with a combination of XRD and first-principles meth-
ods. Our investigations indicate that the previously re-
ported kesterite—disordered kesterite structural transi-
tion between 7-9 GPa?! originated from the misinter-
pretation of specific XRD features. Nevertheless, subtle
pressure-induced changes of the compressibility mecha-

nism/behavior are indeed taking place in kesterite-type
CueZnSnS, close to 6 GPa, as evidenced by distinct
anomalies in the F-fg plots and in the pressure-induced
evolution of the Cu(1)-S bond length, but without any
change of the average crystalline symmetry; the exact
origin of these subtle changes is unclear at this stage.
Further pressure increase to 16 GPa led to a tran-
sition towards a disordered GeSb-type polymorph with
tetragonal symmetry. 4 The cationic coordination in-
creases from four to (é upon the kesterite—disordered
GeSb-type transition: r DFT-PBE calculations re-
produced the expérimenta servations accurately, as
erite—disordered kesterite transition
kesterite—disordered GeSb-type
to take place at 16 GPa. In
e calculations revealed that the

the available results on structurally simi-
382 Finally, full decompression resulted in

e adopti f a disordered sphalerite/zincblende struc-
tuge; where the tetrahedrally-coordinated cations retain
ixed /random occupancies.
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