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First-principles investigation of CZTS Raman spectra
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Cu,ZnSnS, (CZTS) is an earth-abundant photovoltaic absorber material predicted to provide a sustainable
solution for commercial solar applications. However, the efficiency of such solar cells is rather limited, cation
disorder being often designated as the culprit. Raman spectroscopy has been widely used to characterize CZTS.
Nonetheless, the interpretation of the spectra in terms of the atomic-scale disorder is precluded by the lack of
consensus between theoretical and experimental results. In particular, there is a strong discrepancy in the relative
intensities of the two prominent A phonon peaks of the spectra. In the present study, we demonstrate that the
internal parameters characterizing the position of the S atoms strongly influence these intensities. We show that
agreement with experiments can be completely recovered when adopting the geometry computed using a hybrid
exchange-correlation functional. Finally, using special quasirandom structures, we demonstrate that the disorder
only leads to a change of the shape of the Raman peaks (tailing or leading edges, shouldering and splitting). This

could be exploited to assess the quality of the sample in terms of how ordered they are.
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I. INTRODUCTION

In light of climate change due to greenhouse gas emissions,
photovoltaics (PV) is expected to play an important role to
meet the growing energy demand on a sustainable basis [1].
Si solar cells currently dominate the PV market, but the more
versatile thin-film technology [mainly, based on CdTe and
Culn,Ga;_, (S, Se),] has almost matched the former in per-
formance, reaching efficiencies close to 21% [2]. Nonetheless,
almost all of the present commercially available PV technolo-
gies suffer from various drawbacks (be it the amount of energy
needed to fabricate them, the low availability or the toxicity
of one or more constituting elements), which will likely limit
their role in large-scale applications. To counter such draw-
backs, PV devices based on Cu,ZnSnS, (CZTS) with earth
abundant and nontoxic elements have garnered tremendous
interest in the last decade. As a downside, their record effi-
ciency is only about 11% [3], making them commercially not
viable at the moment. One major reason for the low efficiency
in CZTS has been attributed to the presence of Cu-Zn disorder
[4,5].

The nature of the Cu-Zn disorder has been the subject of
many experimental and theoretical studies, including x-ray
and neutron diffraction [6], Raman spectra [7-10], nuclear
magnetic resonance (NMR) [11,12], and photoluminescence
measurements [13]. Experimentally, CZTS is found to crys-
tallize in the kesterite (KS) structure (with space group I4)
[6,14,15], illustrated in Fig. 1(a). It has alternating Cu/Zn

“Present address: Micron Tech. Operations India LLP, Rd number
1, Financial district, Nanakramguda, Telangana 500032, India.

2475-9953/2022/6(3)/035403(13)

035403-1

and Cu/Sn planes along the [001] direction and four different
cationic sites: One Cu is located at the Wyckoff position 2a
(0,0,0), the other Cu at 2¢ (0,!/2,1/4), Zn at 2d (0,1/2, 3/4),
and Sn at 2b (0,0,1/2). Until recently, the generally accepted
picture was that, above the critical temperature 7, (ranging
between 533 and 552 K [7,16]), KS evolves to CZ-PD, which
is characterized by a disorder in the Cu-Zn planes with the
2c and 2d sites occupied on average by !/2 Cu and /2 Zn
[Fig. 1(b)]. However, a high-resolution neutron diffraction
experiment [17], soon followed by theoretical works relying
on density functional theory (DFT) [18-20], showed that KS
actually goes to CZ-FD, a phase in which all Cu-Zn sites are
fully disordered, with the 2a, 2c, and 2d sites occupied on
average by 2/3 Cu and 1/3 Zn [Fig. 1(c)].

While a good agreement has been reached between the
theoretical and experimental observations in terms of phase
characteristics and partial occupancy, this is not completely
the case for the vibrational properties and, in particular, for
Raman spectroscopy which has been widely used to try to
characterize CZTS [10,12,21-24]. Experimental Raman spec-
tra [10,12,21-24] typically show two prominent peaks at 287
and 331 cm™! with the second one displaying a higher inten-
sity (see Fig. 2).

From the theoretical standpoint, all previous theoretical
works [8-10,24,26,27] have focused on ordered structures.
Most of them relied on semilocal exchange-correlation (XC)
functionals such as local density approximation (LDA) or gen-
eralized gradient approximation (GGA). In this framework,
none of the investigated phases was found to present a spec-
trum corresponding to the experimental one within the error
bar that is usually expected. Typically, the higher frequency
phonon modes, which are predominantly dominated by the
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FIG. 1. Tetragonal unit cells of CZTS: (a) kesterite (KS), (b) Cu-Zn plane disordered (CZ-PD), (c) Cu-Zn fully disordered (CZ-FD), and

(d) stannite (ST).

motion of S atoms, show a red shift of 15 cm™! with respect
to experiment. Furthermore, in the two earlier papers [8,9] in
which the Raman intensities were calculated, the first promi-
nent peak was found to be higher in intensity than the second
one, in clear contrast with experimental findings.

Recently, Monserrat ef al. [27] resolved one of these dis-
crepancies, improving the agreement in terms of the phonon
frequencies by using a hybrid XC functional which better
accounts for the polarizabilities of the S atoms. However, they
did not compute the Raman intensities and focused only on
the phonon density of states. So the question is still open as to
whether the remaining intensity discrepancy is to be ascribed
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FIG. 2. Raman spectra of polycrystalline CZTS. The top three
curves show the Raman spectrum for the KS structure, computed
using LDA at the LDA relaxed geometry, LDA at the HSE relaxed
geometry (LDA*), and HSE (using LDA™ intensities), respectively.
For comparison with experiments [21] (black curve at the bottom), a
temperature of 300 K is chosen for the Bose-Einstein occupation fac-
tors. The red, green, and blue dotted lines denote the TO frequencies
of A, B, and E modes obtained from polarized Raman measurements
of Guc et al. [25].

to the XC functional or to the presence of disorder in the
structure.

In order to address this issue, we perform first-principles
calculations based on density functional theory (DFT) [28]
and density functional perturbation theory (DFPT) [29-31]
investigating the effect of the XC functional on the internal ge-
ometry and connecting this to phonon frequencies and Raman
intensities. We show that, when properly taken into account,
these ingredients are sufficient to reconcile the experimental
and theoretical picture of the vibrational properties. From the
computation of the Raman spectra for simplified models of
the disordered structures, we propose that the disorder is only
responsible for a widening of the peaks without affecting
significantly the intensities.

The paper is organized as follows. Section II describes the
computational methods and the different structures considered
in the study. In Sec. III, our main results are presented and
discussed. We first focus on the ordered structures (Sec. IIT A)
and present their structural (Sec. IIIA 1) and vibrational
(Sec. Il A 2) properties. In particular, the effect of exchange-
correlation functionals (semilocal vs hybrid) is discussed.
Section III A3 provides an analysis of the calculated Ra-
man spectra as function of the internal parameters. Finally,
Sec. III B focuses on the effect of the disorder on the Raman
spectra. Our conclusions are presented in Sec. I'V.

II. COMPUTATIONAL DETAILS

The dynamical properties as well as Raman spectra
are calculated with the ABINIT software package [32-34].
Norm-conserving (NC) pseudopotentials are used with
Cu(3s?3p®3d'%4s'), Zn(3s?3p°3d!4s?), Sn(4d'%5s25p?), and
S(3s%3p*) levels treated as valence states. These pseudopoten-
tials have been generated using the ONCVPSP package [35] and
validated within the PSEUDODOJO framework [36,37].

Most of the calculations are performed on KS structures
using the local density approximation (LDA) [38] for eval-
vating the XC energy. The wave functions for the density
functional calculations are expanded using a plane-wave basis
set up to a kinetic energy cutoff of 50 Ha. The Brillouin zone is
sampled using a 6 x 6 x 6 Monkhorst-Pack k-point grid [39].
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The structures are fully relaxed with a tolerance of 1 x 107>
Ha/Bohr (0.5 meV/A) on the remaining forces.

The phonon frequencies are computed at the I" point of the
Brillouin zone. The Raman scattering efficiency of the phonon
of frequency w,, for a photon of frequency w; is defined as
presented in Veithen et al. [40]:
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with e; and e, the incoming and outgoing light polarizations,
n,, the temperature-dependent phonon occupation factor:
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The Raman susceptibility tensor ™ for mode m is calculated

as [40]
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where 1,4 is the displacement of atoms in the sublattice «
along the g axis and u, are the eigendisplacements. The
susceptibility is approximated by its static value rather than
being evaluated at the frequency of the incoming light and
without taking into account the excitonic effects [41], which
would be too computationally demanding. We take into ac-
count the polycrystalline nature of the experimental sample,
i. e., considering intensities both in the parallel and perpendic-
ular laser polarizations, and providing an average over all the
possible orientations of the crystal as prescribed by Caracas

and Banigan [42].

Hybrid functional calculations based on the HSE XC func-
tional [43—45] were performed with the VASP [46] code using
the projector augmented wave (PAW) [47] method. The struc-
tures were optimized with a convergence criterion on the total
energy of 10~ meV /atom and 1 meV/ A on the forces. While
for KS and ST both atomic positions and lattice vectors were
fully optimized, in the case of the CZ-PD and CZ-FD only the
internal degrees of freedom were allowed to relax. In addition,
for KS and ST we computed the phonon frequencies at the I'
point via finite displacements (or finite differences) as imple-
mented in the PHONOPY package [48]. We considered a kinetic
energy cut-off of 450 eV for truncating the plane-wave basis
set. For sampling the Brillouin zone, we used Monkhorst-Pack
k-point grids [39] centered at I': 4 x 4 x 4 for KS and ST,
4 x 4 x 3 for CZ-PD, and 3 x 3 x 4 for CZ-FD.

As will be explained in the following sections, the struc-
tural parameters play a key role in determining the vibrational
properties and thus phonon frequencies and Raman spectra
have also been calculated using the LDA XC functional but
adopting the HSE structure. These results will be referred to
as LDA* in the following.

Based on the results from a previous study by some of
us [9], we assume that the XC functional has a negligible
effect on the Raman intensities. The HSE Raman spectra was
thus calculated from Eq. (1) with the Raman susceptibilities
obtained from LDA* [i.e., computed with ABINIT from LDA
and NC pseudopotentials using Eq. (3)] and the phonon fre-
quencies from HSE calculations with VASP.

TABLE I. Lattice constants and internal parameters KS and ST
phases computed with LDA and HSE. The experimental data are
taken from Ref. [52].

ao (A) Co (A) Uy Uy u;
KS Expt. 5.427 10.871 0.756 0.757 0.872
LDA 5.316 10.636 0.761 0.770 0.870
HSE 5.448 10.857 0.755 0.758 0.872
ST Expt. 5.449 10.757 0.757 =u, 0.870
LDA 5.316 10.637 0.760 =u, 0.864
HSE 5.418 10.916 0.755 =u, 0.870

In order to understand the effect of disorder we also calcu-
lated Raman intensities for the CZ-PD, CZ-FD, and stannite
(ST) phases. Special quasirandom structures (SQSs) with 16
and 24 atoms in the unit cells were used to represent the
CZ-PD and CZ-FD phases, respectively [49]. The SQSs were
generated by taking into account pair clusters up to the 6
nearest neighbors (NNs) and triplets up to the second NNs.
Details on the geometry and correlation functions of the SQSs
are described in Appendix A.

III. RESULTS AND DISCUSSION

A. Ordered structures
1. Structural properties

It has been observed that one of the shortcomings of
standard DFT XC functionals is the difficulty of accurately
reproducing the anion-cation bond lengths. This concretizes
in the inaccuracy of the internal parameters and contributes to
the errors in the prediction of the electronic band gap [50,51].

The KS phase displays space group /4 (N° 82), while the
ST phase is in the space group I42m (N°121), with more
symmetries than that of KS, due to the introduction of mirror
planes (same occupation of 2¢ and 2d sites) [15]. Both phases
are tetragonal with only two lattice constants ao and c¢y. In
both cases, the only internal degrees of freedom correspond
to the position of the S atoms in the 8g and 8 Wyckoff
sites, respectively. There are thus three internal parameters
(ux, uy, u;) with u, = u, in ST.

The experimental values of the lattice constants and the
internal parameters u along with those obtained from DFT
calculations are reported in Table I. As expected, the HSE ge-
ometry is in much better agreement with experiments than the
LDA one in terms of both the lattice constants and, especially,
the internal parameters u. Notably, the values of u, and u, in
KS are very close in HSE, as measured in the experiments, at
variance with the results from LDA.

2. Vibrational properties

The phonon frequencies at the I' point of the Brillouin
zone have been computed using different approximations. In
particular, phonon calculations have been carried out using the
LDA and HSE XC functionals for the corresponding relaxed
geometries.

Group theory analysis representing the acoustic and optic
phonon modes at the I point of Brillouin zone provides the
following irreducible representations. For KS structures (in
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TABLE II. Calculated I'-point phonon frequencies (in cm™") for the KS phase of CZTS for LDA, LDA*, and HSE. For the first two, both
TO and LO frequencies were obtained, while for the last, only TO frequencies were computed. The experimental Raman (from Refs. [21],
[22], and [25]) and IR (from Ref. [53]) frequencies are also shown for comparison.

Theory Experiment
Mode LDA LDA* HSE Ref. [21] Ref. [22] Ref. [25] Ref. [53]
A(l) 301.8 255.1 273.2 287 287 276
A(2) 306.5 267.3 287.8 302 287
AQ3) 326.7 325.0 339.7 338 337 338
B(TO1) 94.3 87.5 88.4 82 83 84 86
B(LO1) 954 88.1 89.0
B(TO2) 105.9 95.1 95.5 97 97
B(LO2) 106.1 95.1 95.6
B(TO3) 178.5 154.1 170.4 164 166 167 168
B(LO3) 178.6 154.2 170.6
B(TO4) 268.4 206.0 233.9 255 252 248
B(LO4) 284.6 210.0 237.8 263 255
B(TOS) 329.2 287.8 314.7 331 311 316
B(LOS) 333.0 288.6 3154 320
B(TO6) 349.5 347.0 355.7 353 353 352
B(LOO6) 359.0 348.7 357.2 374 374
E(TO1) 81.8 81.6 74.5 68 66 83 68
E(LO1) 81.8 81.7 74.7
E(TO2) 101.8 98.0 102.1 97 97 98
E(LO2) 101.8 98.4 102.5
E(TO3) 166.1 134.1 147.1 140 143 145 143
E(LO3) 166.2 134.5 147.4 151
E(TO4) 277.3 217.1 244 .4 250 255
E(LO4) 288.3 220.9 248.3 271 272 264
E(TOS) 312.0 262.0 286.8 316 293 293
E(LOS) 3144 264.8 289.5 300
E(TO6) 331.9 337.9 346.2 347 347 347 351
E(LOG6) 342.0 341.8 349.6 366 366

the 14 space group), we have

I'=1B® 1E®3A® 6B 6L,
~——— ——

Acoustic IR
—
Raman

and for the remaining structures (in the 142m space group)
itis
'=1B, ®1ED2A, ®2B, ®4B, DOED A, .
——— — =

Acoustic IR Silent

Raman

Based on the above, we can identify the Raman active phonon
modes for the structures under consideration. In Table II, the
computed LDA, LDA*, and HSE phonon frequencies for the
KS structure are compared with experimental observations
to provide a clear understanding on this aspect. For the KS
structure, the mean absolute difference (MAD) between TO
modes of LDA (resp. HSE) with respect to experiment [25]
is 14.8 cm™! (resp. 4.4 cm™'). Further, the largest MAD
for LDA are from the A modes with 18.9 cm™!, while with
HSE the A mode MAD is about 10 times smaller with a
value of 1.8 cm~!. This clearly shows the improved prediction
of A modes frequencies from HSE, in agreement with the
findings of Ref. [27]. While LDA* frequencies lead to MAD

values that are comparable with those of full LDA calculations
(16.1 cm™! for all the frequencies and 17.8 cm~! for the A
modes), they display a splitting of the A modes that is in very
good agreement with the experimental frequencies.

It should be noted that the labels A(1), A(2), and A(3) used
to identify the three A modes only refer to their order based
on the phonon frequencies. As will be discussed below, these
modes can undergo strong mixing under different approxima-
tions and we do not aim to define a label based on the mode
features.

Figure 2 shows the calculated Raman spectra in compari-
son to the experimental spectrum of Dimitrievska et al. [21]. It
should be reminded that the HSE spectrum combines the HSE
phonon frequencies with the Raman susceptibilities coming
from the LDA* calculation.

For frequencies below 150 cm™!, all the theoretical spectra
are similar to the experimental ones. But above that value, the
experimental spectra are best represented by HSE. Therefore,
we confirm the difference between LDA and HSE frequencies
due to the peak shifts already observed in Ref. [27]. Further-
more, the use of the Raman intensities from the HSE structure
also leads to an excellent agreement of the relative heights
of the peaks: a silent A(1) and the intensity of A(2) smaller
than the one of A(3). In fact, the LDA* spectrum decently
reproduces the experimental one, aside from an overall shift of
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FIG. 3. The left panel shows the variation of the frequencies for
the A phonon modes of KS structure calculated within the LDA
approximation as a function the u, parameter. The evolution of the
corresponding relative Raman intensities is indicated by the color and
thickness of the lines. The calculations assume that u, = u,, which is
almost true within HSE and experimentally. The approximated HSE
and experimental value of u, is indicated by the vertical dotted line.
u, is fixed at 0.870. The right panel reports the calculated values for
the LDA geometry (u, # u,) for comparison.

the A peaks, while the LDA results provide incorrect relative
intensities.

3. Influence of the internal parameters

We now turn to the difference between the peak intensities
in LDA and LDA*. Inspired by the previously demonstrated
dependence of the electronic band gap on the internal param-
eters u [50], we investigate the effect of the value of u on the
vibrational properties and, in particular, on the A modes.

The first point to be noted is that, as shown in Appendix B,
the whole contribution to the A modes comes from the dis-
placements of the S atoms. In addition, the contribution to
the displacements gets mixed when considering the different
structures in the LDA approximation as opposed to the LDA*
(see Fig. 7). Since the position of the S atoms and the distance
from their neighbors is entirely controlled by the internal pa-
rameters u, it is expected that this value has a strong influence
on their vibrational properties.

Figure 3 shows the dependence of the phonon frequencies
and Raman intensities of the A modes on the value of the
u, = u, parameters for the KS phase. For simplicity, we chose
to keep u, equivalent to u, given that this is approximately
respected experimentally and when using HSE. Further
discussion and plots on the dependence on u, and u, can be
found in Appendix C.

While a change in the lattice parameters @ and ¢ leads to
a simple and uniform rescaling of the phonon frequencies
[9], it is clear from Fig. 3 that this is not the case when
varying the internal parameters u. In particular, the A(2) mode

remains quite stable in the considered u, interval whereas
A(1) and A(3) follow opposite trends: the former increases
and the latter strongly decreases as a function of u,, reaching
an extremal point at u, = 0.765. It is thus clear why the three
A peaks are all packed in the same region of the spectra when
employing the full LDA approximation. Similar trends can be
observed for the dependence on u, and u, with the A(3) mode
undergoing the largest variation (see Figs. 11 and 12). This is
due to the fact that the nature of this mode strongly changes
from purely parallel to the ¢ axis to a mixed one, as shown in
Fig. 7.

Similarly, the change of u induces a modification of the
relative intensities of the A peaks that does not take place
when just changing the lattice parameters. The A(3) mode
goes from being the peak with the strongest intensity in the
range 0.750 < u, < 0.760 to be almost silent at the largest
considered value. In turn, A(1) and especially A(2) increase
their intensity, with the latter becoming the most intense peak
for u, above 0.760. At variance with the case of the phonon
frequencies, trends are different when considering separately
the change of u, and u,. In these cases the A(3) mode keeps
the highest intensity over all the explored ranges.

Such a variety in the behavior of the vibrational properties
on the internal parameters demonstrates that it is indeed cru-
cial to identify with high accuracy the position of the anion to
also correctly reproduce the experimental vibrational proper-
ties. The excellent agreement of the HSE Raman spectra with
the experimental one in Fig. 2 is thus a consequence of the
ability of the HSE approximation of properly determining the
correct geometry of the system.

We now discuss the role of the eigendisplacements in de-
termining the Raman spectra for the different structures. Since
the A phonon modes are entirely due to the displacements of
the S atoms (see Fig. 7 of the Appendix B), we can focus on
the motion of those atoms and describe them with respect to
the tetrahedra that they form with the first-nearest-neighbor
cations sitting on the 2a, 2¢, and 2d sites present at the
center of tetrahedra. More specifically, they can be expressed
exactly as a linear combination of three ideal A modes (labeled
A', A7, and A") as schematically presented in Fig. 4. Such
a decomposition is also particularly interesting for studying
the Raman intensities using a bond polarizability model [54]
where simple considerations can be made (see Appendix D).

Based on Eq. (3), we can relate the Raman susceptibility
tensors for two different calculations using the transformation:

n

where M is the matrix of the change of base in R3V« defined
by the two sets of eigendisplacements. In particular, we can
extract the Raman susceptibilities of the ideal modes A as
an average of the values obtained from Eq. (4) over different
values of u,.

It is then possible to perform the inverse operation and
compare the actual Raman spectra with the one calculated
from the transformed susceptibilities. The spectra, limited
to the A modes, for different values of u, = u, are shown
in Fig. 5. The excellent agreement between the two sets of
spectra demonstrates how the main contribution in the change
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(a) 1 ideal A mode — A’

(b) 2 ideal A mode — A”

(c) 34 ideal A mode — A”
Top

FIG. 4. Top and side views of the motion of the S atoms for the three ideal A modes (4, A”, and A”"). The circular arcs with arrows indicate
a rigid rotation of a tetrahedron around an vertical axis reported as a dashed line in the side view. The Sn and S atoms are in grey and yellow
respectively, while the atoms at the 2a, 2¢, and 24 sites are in blue, green, and red. Their occupations are indicated in Fig. 1.

of the relative intensities of the peaks comes from the change
in the eigendisplacements associated to the A modes as a
function of the position of the sulfur atoms.

—— original
----- converted

Raman intensity (arb. units)

A) AQ2)
250 275 300 325 350 375 400
Frequency (cm™)

FIG. 5. Comparison between Raman spectra of the A modes
computed within LDA (original) with those obtained from the trans-
formation of the susceptibilities of the ideal modes A (converted)
based on Eq. (4) as a function of u, = u,. u, fixed at 0.870.

Finally, these results provide further insights and a jus-
tification for using the LDA computed Raman intensities
together with the HSE phonon frequencies in Fig. 2. In fact,
once the same structure is used, there are only minor differ-
ences in the calculated eigendisplacements when using the
LDA or HSE XC functional (see Fig. 8).

B. Disordered Structures

Since the presence of Cu-Zn disorder has been experimen-
tally observed and has also been indicated as the possible
reason for the discrepancies between experimental and the-
oretical observations [9], it is worth exploring the effect of
disorder on the Raman spectra. In Fig. 6, we report the Raman
spectra obtained with the LDA* approximation for the KS,
CZ-PD, CZ-FD, and ST phases. The detailed analysis of the
atomic decomposition of the different phonon modes (see
Appendix E) reveals that the disorder does not alter the fact
that the Raman active modes are associated to the motion of
the S atoms, with just the addition of a minor contribution
from the other elements (see Fig. 13). The disorder (be it
in CZ-PD or CZ-FD) leads to the presence of several new
smaller peaks in the spectrum. Their origin can most often
be ascribed to the vibrations of S atoms in a specific local
environment. Peaks equivalent to the A(2) and A(3) (at around
270 cm~! and 320 cm™!, respectively) can be identified and
originate from the S atoms in a stoichiometric Cu-Cu-Zn-Sn
environment, matching those obtained for KS. Most of the
new peaks are instead associated with the S atoms in Cu-rich
(Cu-Cu-Cu-Sn) and Cu-poor (Cu-Zn-Zn-Sn) environments. In
particular, the presence of the Cu-rich S atoms leads to new
phonon peaks that are more strongly shifted below 260 cm™!
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FIG. 6. Raman spectra computed using LDA* for KS, CZ-PD,
CZ-FD, and ST. The local environment of the S atoms that give
the largest contribution to phonon eigendisplacements is reported for
each peak of the CZ-PD and CZ-FD spectra. The standard environ-
ment of KS and ST is also plotted.

and at 360 cm~'. In contrast, Cu-poor S atoms induce milder
shifts of the calculated peaks. It should be noted that the
potential influence of the second NNs of S atoms has not been
analyzed explicitly here but it most probably accounts for all
the peaks that appear in the considered range.

In the calculations, the exact position of the peaks will
obviously depend on the specific choice of the SQS models.
Thus, in real experiments, we expect that such environments
will give raise to tailing or leading edges, shouldering and
splitting of the peaks. Indeed, in comparing our calculations
with experiments, it should also be noted that, while in our
CZ-PD and CZ-FD structures the stoichiometric, Cu-rich,
and Cu-poor environments have a distribution of 50%, 25%,
and 25%, respectively, the concentration of nonstoichiometric
sites is expected to be much lower [5]. Therefore, we expect
the actual intensities of the associated Raman peaks to be
lower than in our models. This could be confirmed by per-
forming calculations on larger SQSs, but that is still currently
out of reach.

IV. CONCLUSIONS

We have analyzed the vibrational characteristics of KS, ST,
and disordered CZTS phases using different XC functionals
and different geometries. We have demonstrated that, since
the most active modes in the Raman spectrum are entirely
determined by the motion of the S atoms, the values of the
associated phonon frequencies and Raman intensities are gov-
erned mainly by the value of the internal parameters u.

We have also shown that the key ingredient to tune the
values of the relative intensities of the A Raman peaks are
the eigendisplacements and that these depend strongly on
the internal parameters # and only slightly on the XC func-
tional employed for the calculation. In light of this, we have
underlined the importance of identifying the correct internal
geometry of the system to provide reliable predictions of the
vibrational properties. In particular, HSE is able to reproduce
the experimental lattice parameters and internal properties, as
well as the phonon spectrum. Calculating the Raman spectrum
from the HSE geometry leads then to an excellent overall
agreement between the theoretical prediction and the exper-
imental measurements. We have also shown that the disorder
essentially accounts for the appearance of tailing or leading
edges, shouldering, and splitting of the phonon peaks, and
does not play a relevant role in neither their position nor their
intensities.

In summary, when taking into account all the ingredients
required for the calculation in the proper way, it is possible to
fully explain the observed vibrational properties of the CZTS
compound based mainly on the KS phase. The shape of the
peaks might be exploited to qualitatively assess the disorder
in the sample: the sharper the peak, the more ordered the
structure.
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APPENDIX A: SPECIAL QUASIRANDOM STRUCTURES
OF DISORDERED CZTS

The special quasirandom structures (SQSs) of CZ-PD and
CZ-FD were generated by MCSQS of the ATAT software suite
[55]. The structures are given in Table III (CZ-PD) and
Table IV (CZ-FD). The correlations of pertinent clusters are
shown in Table V.

APPENDIX B: ATOMIC DECOMPOSITION OF
PHONON MODES IN KS

We now analyze the atomic motion associated with the
various modes and highlight the similarities and differences
between the three different approximation LDA, LDA*, and
HSE, for which we exploit the normalization condition of the
eigendisplacements U as given in Eq. (51) of Gonze and Lee
[30]:

D M AUp (k) Up (ki) = 8y, (B1)

Ki
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TABLE III. Special quasirandom structure of CZ-PD (starting
point). The lattice vectors (a;, a,, and a;) are in the unit of the lattice
constant of the KS structure along x and .

Lattice vectors

X y Z
a; —-1/2 1/2 1
a, —1/2 —1/2 1
a3 2 0 0

Atomic coordinates

a a a3
Cu 1/4 1/4 7/8
Cu 3/4 3/4 1/8
Cu 0 0 0
Cu 0 0 1/2
Zn 1/4 1/4 3/8
Zu 3/4 3/4 5/8
Sn 1/2 1/2 1/4
Sn 1/2 1/2 3/4
S 3/8 7/8 3/16
S 3/8 7/8 11/16
S 5/8 1/8 1/16
S 5/8 1/8 9/16
S 1/8 5/8 5/16
S 1/8 5/8 13/16
S 7/8 3/8 7/16
S 7/8 3/8 15/16

where M, is the mass of the ion «, i goes over the three
cartesian directions, and m and n denote the phonon modes.
We can identify the contribution of each atom for a given

(a) LDA (b) LDA*

mode as presented in Fig. 7, in which we decompose the
components as parallel (||) and perpendicular (L) to the ¢ axis
of the tetragonal cell. In this figure, they are indicated using
light and dark shades of the particular color associated with
each atom. Further, the 2a, 2¢, and 2d sites are distinguished
by forward slashes (““/”), backward slashes (“\”), and plain
colors respectively.

Figure 7 shows that most of the modes have similar con-
tributions for all the three approximations considered. In
particular, all the A modes purely involve anion motion, the B
modes combine cation motion || to the ¢ axis and anion motion
(both || and L), and finally the E modes involve cation motion
L to the ¢ axis while the anion motion is similar to the B-type
modes.

One important difference concerns the fact that while under
the LDA approximation the A(1) and A(2) modes are purely
|| and A(3) is purely _L, the contributions are mixed for LDA*
and HSE. In particular, these, that are based on the structural
parameters, have a even closer set of contributions from the
atomic displacements.

To analyze this aspect more clearly, similar to Eq. (B1),
by using the eigendisplacements associated with two different
structures, we determine an overlap between their modes by
means of an overlap matrix which provides us a measure of
similarity between them. The projection p,,,(Si, S>) of the
eigendisplacements US! of structure S; onto the eigendis-
placements U= of structure S, is given by

Pun(S1,82) = ) MU ()] Uy (ki)

These overlap matrices between HSE and LDA*, LDA, and
HSE, and LDA and LDA* for the KS modes are shown in

(B2)

(c) HSE

7
L

N
LN

N
NGNNNN

/
N

1
100 O 20 40

Bz

T T
0 20 40 60 80
Mode component (%)

Bcw [Jcud

Mode component (%)

Eza

T T T T T
80 100 O 20 40 60 80 100
Mode component (%)

CIsnap [CIs@  []sap

1
60

B sn (L)

FIG. 7. Atomic decomposition of the different vibrational modes in KS as computed from (a) LDA, (b) LDA*, and (c) HSE. The
contribution from the Cu, Zn, Sn, and S atoms are shown in red, blue, grey, and yellow respectively. Furthermore, for the Cu and Zn sites, the
forward slashes (““/”"), backward slashes (“\”) and plain colors denote the 2a, 2¢, and 2d sites respectively. The parallel (||) and perpendicular
(L) components to the ¢ axis are represented using light and dark shades of the colors associated with the different atoms.
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TABLE IV. Special quasirandom structure of CZ-FD. The lattice
vectors (ap, a,, and a3) are in the unit of the lattice constant of the
KS structure along X and y.

Lattice vectors

X y Z
a; —1/2 3/2 -1
a, 3/2 —1/2 1
a; 1/2 —1/2 -1

Atomic coordinates

a a a3
Cu 2/3 1/3 2/3
Cu 1/3 2/3 1/3
Cu 1/12 5/12 5/6
Cu 5/12 1/12 1/6
Cu 7/12 11/12 5/6
Cu 1/4 1/4 1/2
Zn 0 0 0
Zn 3/4 3/4 1/2
Zn 11/12 7/12 1/6
Sn 1/6 5/6 2/3
Sn 1/2 1/2 0
Sn 5/6 1/6 1/3
S 7/8 5/8 1/2
S 5/24 7/24 5/6
S 13/24 23/24 1/6
S 7/24 17/24 2/3
S 5/8 3/8 0
S 23/24 1/24 1/3
S 1/8 7/8 0
S 11/24 13/24 1/3
S 19/24 5/24 1/6
S 3/8 1/8 1/2
S 17/24 19/24 5/6
S 1/24 11/24 1/6

Figs. 8, 9, 10. The overlap matrix between HSE and LDA*
shows that they are very similar except for the slight mixing
in two B and two E modes. In particular, the overlap of the
A modes is very high, confirming that the phonon modes
with the highest Raman activity are already well captured
by the LDA* calculation. On the other hand, we find large
dissimilarities in the A modes when comparing the LDA with
the other two approximations. This can be once again ascribed
to the change in the value of the internal parameters u.

APPENDIX C: uy AND u; DEPENDENCE

Figures 11 and 12 represent the dependency of the A modes
phonon frequencies and Raman intensities as function of u,
and u,, respectively.

APPENDIX D: BOND POLARIZABILITY MODEL FOR
THE A MODES

The Raman susceptibility tensor e,,, which appears in
Eq. (1) is given by

3Xij
" =Q U, (ick)
; Zk .

3T, (DD

TABLE V. Cluster correlations (IT) for the two SQSs. The clus-
ters are sorted by diameter (d). The point functions are +1 and —1 for
Cu and Zn sites, respectively. The correlations for the ideally random
structure are shown for reference.

CZ-PD CZ-FD
d (ary) Isgs Migeal Isgs Migeal
Pairs
J1/2 0 0 0 1/9
1/6 1/9
1 0 0 1/3 1/9
0 0 —1/3 1/9
—-1/3 1/9
V372 0 0 —1/6 1/9
0 1/9
0 1/9
1/3 1/9
V2 -1 0 0 1/9
1 0 0 1/9
-1 0 1/3 1/9
1/3 1/9
J35/2 0 0 0 1/9
1/3 1/9
0 1/9
V3 0 0 1/6 1/9
Triplets
J1/2 —1/3 1/27
1/3 1/27
1 0 0 0 1/27
1/3 1/27
0 1/27
0 1/27

A modes

B modes

E modes

cdclcdgcgocglzcaocgze e
< < 9/R R AR AR
A modes B modes E modes

FIG. 8. Overlap matrix between KS modes computed with HSE
and LDA™.
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1.0

R | X3

A modes

AG)
B(1)
B
B3|
B@)|
B(S)
B(6)
E(1)
EQ)|
EG)|
E¢4)
EG)|
E©)|

A1) b
AQ)

B modes

E modes

Ed) |
E(5)
E(6)

FIG. 9. Overlap matrix between KS modes computed with LDA
and HSE.

where 2 is the volume of the cell, t,; are the three cartesian
coordinates of atom «, and y;; is the electric polarizability
tensor:

[e¢} .
€ — &)

4r 02)

Xij =

In the bond polarizability model (BPM) [54,56], it is ob-
tained as the sum of bond contributions:

Xij = Z Xij(kK"). (D3)

A(l)
AQ)
AG)
B(1)
B
BG)|
B@)|
B(5)
B(6)
E(1)
EQ)|
EQ)|
E&)
EG)|
E6)|

A modes

B modes

E modes

E@) |
E(5)
E(6)

FIG. 10. Overlap matrix between KS modes computed with LDA
and LDA™.

0 Relative Raman intensity 1
|
]
400 1, =0.755
380 u,=0.870
3604 AG)

Frequency (cm
W W W
(e} [\ B
T T 7

A(2)
280_//
2604 AD

0750 0755 0.760 0765 0.770
u

y

FIG. 11. Variation of the frequencies for the A phonon modes of
KS structure calculated within the LDA approximation as a function
of the u, parameter. The evolution of the corresponding relative
Raman intensities is indicated by the color and thickness of the lines.
u, and u, are kept fixed.

And, omitting (««”) in order to simplify the notation, these
bond contributions are expressed as

S 2:3p+,31

R:R; 1
Xij = 3 dij + (B — ,Bp)(R—zj - —5ij> (D4)

3

where R = 1, — 1, is a vector, which defines the direction
and the distance of a pair of nearest-neighbor atoms at sites k

0 Relative Raman intensity 1

u,=u,=0.755

A(3)

AT—0V

280-
2604 A
I I I I I I I
0.866 0.868 0.870 0.872 0.874 0.876 0.878 0.880
uZ

Frequency (cm™)
et
T

FIG. 12. Variation of the frequencies for the A phonon modes of
KS structure calculated within the LDA approximation as a function
the u, parameter. The evolution of the corresponding relative Raman
intensities is indicated by the color and thickness of the lines. u, = u,
are kept fixed.
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(a) CZ-PD
380
Raman intensity
3604 [ [l
340 { 1]
5 | —
> 3204
Q
5 | ..
&
O 3004
- | ——
2 -
80 | j m
| I ]}
2604 \l I 1 T l T I_I\
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Mode component (%)

DLS:,{; I:I&S:/:.

(b) CZ-FD
380 ———»
Raman intensity
| [
| =
[
340+ I I
[ [ [
[ [ [ A
3204 | [
[ [ |
300+
[ [ [
2804 [ [ I .
I I I I .;
i | [ —
260 | \ 1y i ]
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Mode component (%)

= kS*[

S I OCu/®Zn/@®Sn

FIG. 13. Atomic decomposition of the active Raman modes for (a) CZ-PD and (b) CZ-FD in the LDA* approximation. The contribution
originating from the S atoms is further split according to their local environment: stoichiometric (Cu-Cu-Zn-Sn) in yellow, Cu-rich (Cu-Cu-
Cu-Sn) in orange, and Cu-poor (Cu-Zn-Zn-Sn) in green, respectively. Contributions from Cu, Zn, and Sn are grouped and depicted in purple.
For each peak, the different atomic contributions are sorted in decreasing order from left to right.

and «’. The parameters §; and $, correspond to the longitudi-
nal and perpendicular bond polarizability, respectively.

The BPM further assumes that 8; and §, only depend on
the length of the bond. Therefore, the derivative of the bond
contributions ¥;; with respect to the displacement of the atom
k in the direction k is given by

0Xij

. A 1 R
= 710ijRx + 2 <RiRj - §3i.i)Rk

+ v38uR; + 8 kR — 2R:RRy) (D5)
where R is a unit vector along R and the three parameters y;,
y2, and y3 are defined as

28,4+ B B
T3 ) R

where 8, and ,31’, are the derivatives of the longitudinal and
perpendicular bond polarizabilities with respect to the bond
length. Each different kind of bond is characterized by three
such values.

For the A and A modes, the Raman susceptibility tensors
take the following form:

lgl_ﬂp

)/l ) V2 = ﬁl/ - ,3]/77 (D6)

a : (D7)
b

Since only S atoms move in these modes, the only nonzero
terms of the sum in Eq. (D1) are those for which « is one
of these atoms [U,,(kk) = 0 if « is not one of them]. Hence,
in the BPM, the only important contributions are originating
from the bonds involving S atoms. In our structures, there
are four types of such bonds: those connecting the S atoms
with the atoms sitting on the 2a, 2b, 2c, and 2d sites. We
will thus label the corresponding parameters of the model

with a superscript referring to the Wyckoff site. With this
information, it can be shown that

a(A) = K(A{ + AY)a(A") = K (AP + AY)

a(A///) — Kﬁ((z?b _ Zfd) + 2(25117 _ ng)) (D8)
b(A) = K(A{ —2A5)b(A") = K (A" —2A%)
bA") = KV2((Z(" - £{) —4(2" - £¢)) (DY)

with K = %
> - yl.zy and =7 = y> + yfy for i=1, 2, 3 and x,y =
a, b, c.

We note that, for the structures considered in this study,
y2 = B/ — B, does not contribute to any of the Raman inten-
sities. Furthermore, all the polarizability parameters (8;, B,
B;, and ,81/,) appear at the second order (either squared or as a
mixed product).

Within such a BPM, the rigid rotation of a tetrahedron
does not contribute at all to the Raman intensity. As a result,
the tetrahedra with the Sn atom and the atom sitting on the
2a site (in grey and blue, respectively) at their center do not
contribute to the intensity of the A’ mode, which is thus sim-
ply related to the difference in the polarizability parameters
of the bonds involving the atoms sitting on the 2¢ and 2d
sites (in green and red, respectively) because the S atoms
surrounding them move in opposite directions. In ST, the
occupations of those two sites are exactly the same on average
(and so do the corresponding bond polarizability parameters)
and thus the A mode becomes silent. Similarly, the tetrahedra
with the atoms sitting on the 2¢ and 2d sites at their center do
not contribute to the intensity of the A” mode, which depends
solely on the difference in the polarizability parameters of
the bonds involving the Sn atom and the atom sitting on the

where M is the atomic mass of S, A} =

035403-11



S. P. RAMKUMAR et al.

PHYSICAL REVIEW MATERIALS 6, 035403 (2022)

2a site. Finally, the intensity of the A” mode will depend
on the difference between, on the one hand, the sum of the
polarizability parameters of the bonds involving the Sn atom
and the atom sitting on the 2a site, and, on the other hand, the
sum of the polarizability parameters of the bonds involving
the atoms sitting on the 2¢ and 2d sites.

APPENDIX E: ATOMIC DECOMPOSITION OF PHONON
MODES IN DISORDERED STRUCTURES

In Fig. 13, we report the atomic decomposition introduced
in Eq. (B1) for the Raman active modes in the frequency
range between 250 and 380 cm~!. In particular, we distin-
guish the contribution of the S atoms with different local
environments: stoichiometric (Cu-Cu-Zn-Sn) in yellow, Cu-

rich (Cu-Cu-Cu-Sn) in orange, and Cu-poor (Cu-Zn-Zn-Sn)
in green. At variance with the ordered structures, a small con-
tribution originating from the Cu, Zn, and Sn vibrations can
be observed for all the modes, though it remains negligible.
The figure shows that, for most of the modes, it is possible to
identify a type of S atom whose contribution is prevalent with
respect to the others.

Large contributions from stoichiometric S can be found
in the region of the original KS peaks (270 cm~!' and
320 cm~'). Modes with prevalent contributions from the
Cu-rich environments appear near the edges of the con-
sidered region of the spectrum (260 cm~! and 360
cm™!). Cu-poor environments lead to smaller shifts, with
modes still localized in the vicinity of the original
peaks.
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