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Abstract: CaZnOS has attracted significant scientific interest, particularly for its layered structure,
advanced properties, outstanding doping ability, and structure-property relationships. The CaZnOS
compound has been synthesized through high-temperature experiments and characterized by X-ray powder
diffraction (XRPD). The crystal structure of CaZnOS exhibits non-centrosymmetric hexagonal symmetry
with the space group P63mc. The spectrum of possible CaZnOS polytypes has been investigated, predicting
structural configurations that differ from those previously proposed or observed in CaZnOS, encompassing
bulk crystal forms, nanostructures, or junction-based architectures. All computations were conducted from
first principles utilizing density functional theory (DFT) and five different functionals (LDA—PZ,
GGA-PBE, B3LYP, PBEO, and HSE06). Recently developed algorithms were used for structure prediction,
and the predicted CaZnOS polytypes were investigated for their stability, electronic, and vibrational
properties. Consequently, numerous potential stable and metastable CaZnOS polytypes have been identified,
opening new possibilities for the synthesis of innovative materials with improved properties.
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1. Introduction

Persistent luminescence materials, also referred to as afterglow materials or long-lasting
phosphors, are distinguished by their capacity to store energy from excitation sources such as
ultraviolet, visible, or X-ray radiation, and to subsequently release this energy as visible or near-
infrared light over extended periods ranging from several minutes to several days after the
excitation ceases. [1-3] The mechanism is based on the presence of charge-carrier traps, which
may arise from internal structural defects or intentionally introduced impurity levels within the
band gap. Upon excitation, these traps capture and store electrons or holes. Subsequently, the
stored energy is gradually released at room temperature via thermal stimulation, leading to charge-
carrier recombination and delayed light emission. [4, 5] The advanced applications of these
materials span a diverse range of fields, from safety lighting and photovoltaics to sensing devices,
biomedical imaging, display technologies, and security applications. [6-10] The primary categories
of luminescent materials are represented by several well-defined chemical systems. These include
alkaline earth aluminates (e.g., SrAl:O4 doped with Eu*" or Dy*") [11, 12], along with various
silicates and oxysulfides such as CaZnOS and Sr-MgSi.0-. [13, 14] In addition, important classes
comprise nitrides and oxynitrides, represented by compounds such as CaAlSiNs and SrSi2O:2No.
[15, 16]. Beyond these established categories, newer systems based on rare-earth-doped gallates,
fluorides, and phosphates are also the subject of active research. [17-20] A comparison of well-
known persistent luminescence materials, including their emission properties and main
applications, is presented in Table 1.

Table 1. Overview of some well-known persistent luminescence materials with their properties.

Chemical system Typical dopant Emission color Afterglow duration Application
ZnGa:04 [12] Cr** Near—Infrared light Hours to days Bio-imaging
CaAl:O4 [21] Eu*, Nd@** Blue Hours Luminescent coatings

Y-0.S [22] Eu* Red/green Minutes Display phosphorus




SrAl04 [23] Eu*, Dy** Green Hours Safety signs
7102, TiO2 [24] Rare earth metals UV-—Visible Variable Photocatalysis

LaAlOs [25] Cr*, Nd** Near-Infrared light Hours Anti-counterfeiting

CaZnOS [13] Eu** Green—blue Minutes to hours LED phosphors
SraAl1402s [26] Eu?f, Bu®* Blue—green Hours Emergency signage
Sr-MgSi>07 [14] Eu*, Dy** Blue Hours Decorative paints

CaZnOS has attracted considerable scientific attention for a long time. Over the years,
various doping strategies have been widely investigated to precisely tune their optical and
electronic properties, enabling control over emission wavelength, intensity, and energy transfer
processes. As reported in Ref. [27], effective lanthanide-doping strategies were developed to
incorporate a wide range of lanthanide ions into the CaZnOS matrix, achieving tunable
mechanoluminescence spanning violet to near-infrared wavelengths. Another study on CaZnOS
crystals doped with Cu’, Pb*", Bi**, Sb*", Mn?**, and various rare-earth (RE*") ions demonstrated
that combinatorial doping provides a strategy for independently controlling both the activator—trap
system and the trap-filling mechanisms within a single persistent luminescence phosphor. This
approach allows fine-tuning of the material’s luminescent properties, thereby enhancing afterglow
performance and tailoring emission characteristics for specific applications. [28]

A team of researchers developed a novel approach to synthesize the red-emitting phosphor
CaZnOS: Eu?* from CaCOs, ZnS, Eu20s, and CeCls via controlled sintering. They found that Ce**
ions can act as a reducing agent, facilitating the formation of Eu** within the CaZnOS matrix under
an inert atmosphere. [29] In another investigation, the optical properties and radiative
recombination kinetics of pure CaZnOS were explored under both intrinsic and extrinsic excitation.
The vibrational characteristics, obtained via Raman spectroscopy and supported by DFT
calculations, revealed 10 Raman-active modes in a crystal structure corresponding to the P6smc
(C46v) space group. [30] A recent work reported the successful synthesis of CaZnOS samples
doped with varying concentrations of Mn** ions. For the first time, this work demonstrated the
near-infrared mechanoluminescence of Mn**-doped CaZnOS. Owing to its exceptional
luminescent properties and notable chemical stability, CaZnOS is a highly promising candidate for
a range of advanced applications. This combination of attributes underscores its significant
potential for the development of new optoelectronic, photocatalytic, and phosphorescent materials.
Finally, the relative abundance and chemical stability of calcium, zinc, oxygen, and sulfur render
CaZnOS a highly promising candidate for both fundamental studies and a wide range of practical
technological applications.

The present theoretical exploration of the CaZnOS landscape has revealed novel structural
configurations that extend beyond previously reported forms, predicting new phases across bulk
crystals, nanostructures, and heterojunctions, appearing as novel polytypes. Polytypism refers to
the occurrence in which a chemical compound forms crystals in multiple periodically repeated
layered configurations (i.e., the polytypes) and is commonly found in II-VI compound
semiconductors due to the flexibility in the atomic arrangement of layers made up of cations and
anions. [31-36] Although around 200 stacking variants of chemically related ZnS have been
experimentally identified, ZnO is known to have only three experimentally observed bulk phases:
wurtzite and sphalerite under standard conditions, along with a rocksalt phase under high pressures.



[37-40] However, several newly predicted ZnO polytypes have been reported, [41-44] together
with mixed ZnOS crystal structures and polytypes [45-48], as well as various heterostructures.
[49-51] Insofar as there is only one crystal structure found in the literature of calcium zinc
oxysulfide, denoted as CaZnOS exp modification. Consequently, it would be highly advantageous
to discover new CaZnOS modifications and polytypes with distinct properties that could also be
tuned by altering polytypic formation.

In this study, a multidisciplinary approach has been used to explore the CaZnOS chemical
system, combining theoretical and experimental techniques. [52-54] In particular, we employed
density functional theory (DFT) from first principles, using five different functionals (LDA—PZ,
GGA-PBE, B3LYP, PBEO, and HSE06) to ensure accuracy. The CaZnOS compound was
synthesized at high temperature, and its structure was confirmed by X-ray powder diffraction. To
discover new CaZnOS configurations, we used novel PCAE and KOVIN structure-prediction
algorithms and then evaluated each polytype's stability, electronic, and vibrational properties.

2. Computational and experimental methods

2.1. Structure prediction and Crystallographic analysis

The search for new modifications, compounds, and materials was conducted using crystal
structure prediction and energy landscape concepts [55-57], with a special approach for materials
under extreme conditions [58, 59]. In particular, the Primitive Cell approach for the Atom
Exchange (PCAE) method was used to create various CaZnOS polytypes. The PCAE method is
simple, fast, and computationally inexpensive compared to the supercell approach. [46, 60] The
method starts by converting the conventional crystallographic cell into its primitive form, the
smallest possible unit cell, while preserving atomic symmetry and multiplicity. Transformation
matrices for Bravais lattices are sourced from standard codes such as CRYSTAL [61, 62] and
KPLOT [63], ensuring consistency with the International Tables for Crystallography [61]. After
defining the primitive cell, we perform cation exchange by replacing specific atoms at symmetry-
related Wyckoff positions to reach the targeted polytypic structure. Starting with a specific
structure, one often finds multiple ion subsets that allow substitution while preserving the space-
group symmetry, resulting in a variant of the specific CaZnOS polytype. Finally, we conduct a full
ab initio structure optimization without symmetry constraints. The recently developed KOVIN
(Keep Original Vectors In New structure) algorithm was used to get correct symmetry and
undistorted polytypic structures. [62, 63] This method efficiently solves the long-standing
challenge of approximating partial occupancy and high symmetry in theoretical calculations of
crystal structures. The KOVIN method uses an eight-step transformation and relaxation process to
determine the highest symmetry of a given polytype. In this study, the PCAE method was used as
the primary tool for generating new polytypes and variants, while the KOVIN algorithm was used
as a supplemental tool to analyze and construct undistorted structures (with the original prototype
symmetry). For further examples of the successful implementation of the PCAE and KOVIN
algorithms, please refer to the existing literature [54, 64, 65]. The periodic simulation cell and
atomic positions were allowed to change without enforcing symmetry constraints during local
structural optimization for all predicted polytypes and variants. After optimization, the symmetries
of'the selected structure candidates were established using the SFND [66] and RGS [67] algorithms,



and duplicate structures were identified using the CMPZ [68] algorithm. These three algorithms
are incorporated into the KPLOT software [69], which, together with the VESTA [70] program, is
used for structural analysis and visualization.

2.2. Structure optimization on the ab initio level

The CRYSTAL code (versions 17 and 23), which employs linear combinations of atomic
orbitals, was used for local ab initio optimizations. [71, 72] Full structural relaxation was
conducted without symmetry constraints to assess the stability of the structures. The local
optimizations employed analytical gradients with respect to atom positions [73] and cell
parameters [74], as well as a local optimization routine. [73] DFT calculations conducted in the
present study employed the Generalized Gradient Approximation (GGA) with the PBE (Perdew,
Burke, and Ernzerhof) functional [74], as well as the Local Density Approximation (LDA), with
the Slater local exchange approximation [75, 76] and Perdew-Zunger (PZ) correlation functionals.
[77]

In addition, three hybrid functionals were used: B3LYP, HSE06, and PBEO. B3LYP is the
Becke’s three-parameter functional combined with the correlation functional of Lee, Yang, and
Parr. [78] The hybrid HSE06 (Heyd-Scuseria-Ernzerhof) exchange-correlation functional uses an
error-function-screened Coulomb potential to calculate the exchange portion of the energy to
improve computational efficiency, [79] while the PBEO functional mixes the Perdew—Burke-
Ernzerhof (PBE) exchange energy and Hartree—Fock exchange energy in a 3:1 ratio, along with
the full PBE correlation energy. [80, 81] This is very important, as repeating local optimizations
across various ab initio methods helps assess the quantitative accuracy and reliability of the
computed data. [82-84]

2.3. Basis sets and phonon calculations

All-electron basis sets (AEBS) based on Gaussian-type orbitals (GTO) were utilized. For
Zn**, a [6s5p2d] basis set was used, as in refs. [85-87], while for the Ca®*, a [5s4p1d] basis set was
used as in refs. [88, 89] For O”, a [4s3p] basis set was used as in refs. [85, 90, 91]. For $%, an
[5s4p1d] all-electron basis set was used as in refs. [92, 93], while combinations of these basis sets
were used as described in ref. [46]. A k-point sampling net of size 8 x 8 x 8 was used. Vibrational
properties and thermodynamic stability were determined using a supercell method implemented in
the CRYSTAL code. [94, 95] To attain optimal computational efficiency and maintain the
calculations manageable, supercells of the dimensions 2 x 2 x 2 were employed for the different
orientations. The SCF convergence criterion for total energy was set to 10°. A supercell large
enough was chosen, and the SCF convergence criterion was precise enough to ensure reliable
interpolation along all directions. The phonon spectrum was computed on 64 k-points along 7
reciprocal space directions using a shrinking factor of 6. Labels and coordinates of the special
points with the highest symmetry for each Bravais lattice correspond to the hexagonal (4cp) lattice.

2.4. Synthesis

For the synthesis of CaZnOS, the starting precursors were CaCOs analytical grade (p.a.)
and previously prepared ZnS (according to the literature [52]). The desired phase was formed by
a solid-state reaction in an inert argon atmosphere at 1000 °C. The general reaction is:



CaCO3+ ZnS — CaZnOS + CO, (1)

The process involved mixing stoichiometric amounts of finely ground precursors, pressing them
into pellets, and annealing at 1000 °C for 2 hours to obtain single-phase CaZnOS, while carefully
controlling temperature to avoid sulfur loss or the formation of side phases such as CaS and ZnO.

2.5. Materials Characterization

The synthesized CaZnOS samples were characterized by X-ray powder diffraction (XRPD)
using a Rigaku Ultima IV diffractometer with Cu Ka radiation and a Ni filter. To derive the relevant
structural parameters, experimental data were collected at a scan rate of 2° 26 per minute over a
range of 26 (10-90°), with an angular resolution of 0.02 °26. Structural analysis was accomplished
using the ICSD database, Rietveld refinement, and the program FullProf. [96, 97]

3. RESULTS
3.1. Crystal structures and structural features of CaZnOS

In this section, we present calculated and synthesized crystal structures of CaZnOS.
Specifically, the calculated crystal structure using ab initio methods from experimentally observed
CaZnOS structure type is shown in section 3.1.1, followed by newly predicted models of the crystal
structures in the 2H polytype (section 3.1.2), 4H polytype (section 3.1.3), 8H polytype (section
3.1.4), and 12R polytype (section 3.1.5). Finally, the experimental CaZnOS crystal structure and
XRPD results are presented in section 3.1.6.

3.1.1. Calculated crystal structure from experimentally observed CaZnOS modification

Due to its distinctive structural and functional characteristics, calcium zinc oxysulfide
(CaZnOS) emerges as a material of particular scientific interest. It belongs to the family of layered
oxysulfides (space group P6smc), combining oxide and sulfide characteristics in a non-
centrosymmetric hexagonal lattice. [98, 99] The crystal structure consists of alternating layers of
ZnS and CaO polyhedra, in which oxygen and sulfur occupy distinct anion sites. The atoms are
arranged in layers packed along the [001] direction. Such layers are constructed so that Zn is
tetrahedrally coordinated by three S atoms, forming a section of the ZnS layer, and by one O atom
from the adjacent CaO layer. On the other hand, the coordination number of Ca is 6 (3 oxygen and
3 sulfur atoms), forming a distorted octahedron in the next layer (Fig. 1). [98, 99]




Fig. 1. Crystal structure of the experimentally observed CaZnOS modification (so-called CaZnOS-
exp type). Zinc atoms are presented in gray color, calcium in blue, oxygen in red, and sulfur in
yellow.

Experimentally observed CaZnOS-exp type structure (Fig. 1) was computed using DFT-
LDA and GGA-PBE as well as hybrid HSE06, B3LYP, and PBEO functionals. Calculated structural
data (space group and unit cell parameters) and band gap values are shown in the supporting
information (Table S1). The CaZnOS-exp type was fully optimized and after full relaxation, the
structure remained in the experimentally observed hexagonal P63mc (no. 186) space group, with
unit cell parameters a = 3.75 A, ¢=11.49 A using HSE06; a =3.68 A, ¢ = 11.15 A using LDA; a
=3.78 A, c=11.64 A using B3LYP; a =3.76 A, c = 11.53 A using GGA-PBE, and a =3.75 A, ¢
= 11.49 A using PBEO methods. Each result concur with present experimental data, however the
best agreement to the XRD data is found with hybrid HSE06 functional (XRD unit cell parameters
are a =3.7570(2) A; c = 11.3968(9) A, and previously reported XRD values of a = 3.75726(3) A,
c=11.4013(1) A [98], and a = 3.7547(1) A, ¢ = 11.4014(5) A [99].

We note that the experimentally observed CaZnOS modification can be further engineered
to modify its structural and electronic properties by replacing possible cation and anion positions
within the crystallographic unit cell. Thus, experimentally observed CaZnOS-exp structure has the
atom arranged in the next order (1) Zn (2) Ca (3) S (4) O and marked as V1 variant (see supporting
information Table S2 and Fig. S1). The V2 variant has the order of (1) Zn (2) Ca (3) O (4) S, the
V3 variant has the order of (1) Ca (2) Zn (3) O (4) S, and V4 variant has the order of (1) Ca (2)
Zn (3) S (4) O (Table S2 and Fig. S1). After performing full structural relaxation on the DFT level,
all structural variants remain the CaZnOS-exp structure type, as observed from experiments,
confirmed by KPLOT and the CMPZ algorithm. In addition, we have computed two more variants,
V5 and V6, in the primitive unit cell, replacing atoms that do not belong to the asymmetric unit
cell (Table S2 and Fig. S1). An atom belonging to the asymmetric unit is part of the smallest unique
crystal fragment that, when symmetry operations are applied, generates the entire repeating unit
cell, containing atoms that define the crystal's structure without redundancy (Figs. S1-S5).
However, since we used the PCAE method and replaced the atoms outside the asymmetric unit
cell, we reduced the symmetry to the hexagonal P3m1 (no. 156) space group (Table 2). After
creating energy vs. volume, E(V), curves for all structural variations of the CaZnOS-exp type
marked V1-V6, we note that the V1 variant, which is experimentally observed, is the lowest energy
minimum (Fig. 2).



Table 2. Calculated structural data (space group and unit cell parameters) and band gap values for
the considered variants of the exp type in CaZnOS. The calculations were performed using the
hybrid HSE06 functional.

CaZnOS-exp type V1 V2 V3 V4 V5 V6
Sg 186 Sg 186 Sg 186 Sg 186 Sg 156 Sg 156
SPS;:I; %re (Hlp i P63mc P63mc P63mc P63mc P3ml P3ml

a=3.751a=359; | a=3.75; | a=3.64; | a=3.71;, | a=3.67,

parameters (A) | ' 1146 | ¢ 21535 | ¢=12.10 | c= 1213 | e = 11.79 | ¢ = 11.93

Band gap (eV) 4.50 0.54 3.89 2.53 3.94 3.51
T l T T
-5859.75- _
-5859.80
-5859.85
m.&:
=0 W
I -0 CaZnOS-exp_V1
-3839.95- 581 CaZnOS-exp_V2 |
_ & CaZnOS-exp_V3 |
-5860.00 - &-A CaZnOS-exp_V4
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-5860.05— CaZnOS-exp_V6 §
1 | 1 | 1 I ] I
120 140 160 180

vV (A7)

Fig. 2. Energy vs. volume, E(V), curves for the structural variations of the CaZnOS-exp type
marked V1-V6. The calculations were performed using the hybrid HSE06 functional.

However, the structural data, unit cell parameters, and atomic positions differ, as does the
computed band gap (Full structural data are provided in SI Table S3). Calculations using the hybrid
HSEO06 functional yielded a band gap of 4.50 eV for the V1 variant, whereas for the V2 variant it
was reduced to 0.54 eV. Other variants allow tuning the band gap between these values, and the
V3 variant shows a band gap of 3.89 eV and concurs with the measured band gap of 3.7 eV [98]
as well as with previous GGA-PBE calculations of 3.90 eV. [100]

3.1.2. 2H polytype



The CaZnOS-exp structure type observed in experiment appears to be polytypic, with
alternating Ca and Zn layers. The smallest possible polytype in the literature from related ZnO and
ZnS systems is the 2H polytype crystallizing in the hexagonal P63mc (no. 186) space group with
the wurtzite structure. [38, 85, 101-103] In this study, we have used the PCAE method and the 2H
polytype from a related ZnO/S compound, [46, 47] replacing one Zn by one Ca atom, and reducing
symmetry to the hexagonal P3m1 (no. 156) (Fig. 3), to create a 2H polytype of CaZnOS. The
predicted crystal structure and XRD data of the 2H polytype are clearly different from the
CaZnOS-exp type (Fig. 3). Thus, the family of the CaZnOS-exp structure is clearly different from
the ZnO/S based family of structures.

a) b)

Fig. 3. Predicted 2H polytype: a) powder diffraction pattern; b) crystal structure visualization. Zinc
atoms are presented in gray color, calcium in blue, oxygen in red, and sulfur in yellow.

To further study all possible modifications to the predicted 2H polytype in CaZnOS, we
have generated only four possible variants of the 2H CaZnOS marked from V1-V4 (see supporting
information Fig. S2, and Tables S4 and S5 for full structural details). Again, after accomplishing
full structural relaxation on an ab initio level, all four structural variants remain the 2H polytype
in the hexagonal P3m1 (no. 156) symmetry (Table 3). After creating the E(V) curves for all
structural variations of the 2H polytype marked V1-V4, we note that the V1 variant is the lowest
energy minimum (Fig. S6 in the SI). Moreover, the V3 variant converges to the V1 minimum, with
the exact total energies, while V4 converged to the high energy minimum V2, making the V1
variant the only possibility for the 2H polytype. Unlike the experimentally observed CaZnOS-exp
type, the 2H polytype shows only one variant as the most relevant 2H structure, with a possible
band gap of 4.53 eV computed with the hybrid HSE06 functional. The V2 (and V4) modifications
show a band gap of 1.79 eV, but are unlikely to be experimentally realized in CaZnOS with a 2H
polytypic structure. Moreover, the band gap of the 2H V1 variant has been computed from 3.21
eV using LDA to 5.19 eV using the hybrid PBEO functional (Table S1 in the SI).



Table 3. Computed structural data (space group, unit cell parameters, atomic positions) and band
gap value for the only relevant modification of 2H polytype in CaZnOS. The calculations were
performed using the hybrid HSE06 functional.

2H V1 (=V3)
Sg 156
r(’Spacenit P3ml
el a=3.85c=598
par;zgl)eters Zn 1/3 2/3 0.0409
atom’ic Ca 2/3 1/3 0.4406
ositions 0 1/3 2/3 0.3697
° S2/31/30.9129
Band gap
(eV) 4.53

On the other hand, we would like to note that a recent study by Zhang et al. reports that the
wurtzite (2H) polytype serves as a host for CaZnOS (an artificial variant of ZnS), which
crystallizes in a non-centrosymmetric hexagonal lattice (space group P63mc).[28] We have
modeled such a 2H polytype in the ideal hexagonal space group P63mc (no. 186) using the KOVIN
algorithm. The resulting structural details are shown in the supporting information (Table S6), in
agreement with previous reports [28]. We note that the higher band gap values (4.10 eV and 3.07
eV) obtained for hexagonal symmetry are closer to the measured value of 3.7 eV [100] and to
previous PBE calculations of 3.90 eV for the CaZnOS-exp type of structure. [100] Furthermore,
the high doping capacity and wide bandgap of this structure provide ample room for engineering
defects and luminescent centers. [27, 28, 104]

3.1.3. 4H polytype

The 4H polytype structure is well known in related chemical systems, including zinc
sulfide, zinc oxide, and ZnOS. [37, 42, 43, 47, 52, 105-107] The 4H crystal structure in CaZnOS
was created from the 4H ZnS structure by substituting one Zn atom with one Ca atom in the
crystallographic unit cell, resulting in a structure that consists of alternating layers of Zn and Ca
coordinated polyhedra (ZnS and CaO tetrahedra). These layers are constructed in such a way that
Zn and Ca atoms are tetrahedrally coordinated by O and S atoms, in contrast to the CaZnOS-exp
structure, where Zn atoms are tetrahedrally coordinated, and Ca atoms are octahedrally
coordinated by O and S atoms, respectively. Moreover, the predicted XRD of the 4H and CaZnOS-
exp type are clearly different (Fig. 4). [42, 98]




a) b)

Fig. 4. Predicted 4H polytype: a) powder diffraction pattern; b) crystal structure visualization. Zinc
atoms are presented in gray color, calcium in blue, oxygen in red, and sulfur in yellow.

Similar to the experimentally observed CaZnOS-exp type, the 4H polytype can be modified
and engineered to alter its structural and electronic properties by replacing possible cation and
anion positions within the crystallographic unit cell. Initially, we have created four modifications
of 4H polytype: (1) Zn (2) Ca (3) S (4) O, and marked as V1 variant (see supporting information
Table S5 and Table 4). The V2 variant has the order of (1) Zn (2) Ca (3) O (4) S, the V3 variant
has the order of (1) Ca (2) Zn (3) O (4) S, and V4 variant has the order of (1) Ca (2) Zn (3) S (4)
O (Table S7). After performing full structural relaxation at the ab initio level, all structural variants
remain the 4H polytype; the V2 converges to the V1 variant, and the V4 converges to the V3
variant, leaving only two distinct variants, V1 and V3. In addition, we computed several variants
from the primitive unit cell by replacing atoms not belonging to the asymmetric unit cell, and
subsequently performed full structural relaxation in P1 using the hybrid HSE06 functional (Tables
4, S7, and S8, and Fig. S3 in the SI). After computing E(V) curves for all structural variations of
the 4H polytype, we note that the V1 variant is the lowest energy minimum. In contrast, V5 and
V6 variants from the PCAE models were energetically favorable, below the V2 variant (Fig. 5).
Again, due to the usage of the PCAE method and initial structures from ZnO/S compound, the
symmetry of the new V5 and V6 variants was reduced to the hexagonal P3m1 (no. 156) space
group (Table 4).

Table 4. Computed structural data (space group and unit cell parameters) and band gap value for
the considered variants of 4H polytype in CaZnOS. The calculations were performed using the
hybrid HSE06 functional.

4H V1 (=V3) | V2 (=V4) V5 V6
Space group, Sg 186 Sg 186 Sg 156 Sg 156
unit cell parameters | P6smc Pb63mc P3ml P3ml




We would like to note again that structural data, unit cell parameters, and atomic positions
differ, as does the computed band gap (Tables 4 and S8). The calculations using the hybrid HSE06
functional resulted in a band gap of 4.55 eV for the V1 variant, 1.58 eV for the V6 variant, and
2.92 eV for the V5 variant. Furthermore, the V1 variant exhibits a band gap ranging from 3.24 eV,
computed using the GGA-PBE functional, to 5.21 eV, obtained using the hybrid PBEO functional
(Table S1 in the SI). The 4H polytype of CaZnOS is unreported and could be an excellent
intermediate between the experimentally observed CaZnOS-exp type [100] and the wurtzite (2H)

(A) a=384; | a=3.73; | a=3.77; | a=3.79;
c=1196 | ¢=12.97 | ¢=12.58 | ¢=12.75
Band gap (eV) 4.55 1.78 2.92 1.58

polytype observed in recent experiments [28].

E(E,)

Fig. 5. Computed E(V) curves for the structural variations of the 4H polytype in CaZnOS marked
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V1-V6. The calculations were performed using the hybrid HSE06 functional.

3.1.4. 8H polytype



The 8H polytypic structure refers to a specific crystal structure of zinc sulfide, a form of
polytypism where the atoms stack in an eight-layer (8H) hexagonal pattern, distinct from the more
common 2H (wurtzite) or 3C (sphalerite) structures or from previously computed 4H polytype,
appearing in various inorganic compounds, such as SiC, ZnO, ZnS, ZnOS, etc [37,42,43,47, 52,
105-110] The 8H polytype of CaZnOS was created from 8H ZnS, as well as from the ZnO/S using
PCAE method, by replacing zinc atoms with calcium atoms. This procedure generated several
variants of the 8H polytype, marked V1-V6, resulting in polytypic structures consisting of
alternating layers of mixed ZnS/O and CaO/S tetrahedra (see supporting information, Fig. S4, and
Tables S9 and S10 for full structural data). The 8H polytype is different from previously computed
CaZnOS modifications, as shown in the powder diffraction pattern and crystal structure
visualization (Fig. 6).

Fig. 6. Predicted 8H (V2) polytype: a) powder diffraction pattern; b) crystal structure visualization.
Zinc atoms are presented in gray color, calcium in blue, oxygen in red, and sulfur in yellow.

After ab initio structural relaxation and calculations of the E(V) curves for all structural
variations of the 8H polytype in CaZnOS, we note that the V2 variant is the lowest energy
minimum, closely followed by the V4 variant on the energy landscape, while V1 and V3 represent
the same energy minimum. The structures originated from the ZnO/S chemical system created
from PCAE have much higher energies, and we have manged to include the V5 variant in the E(V)
curves, while V6 variant was energetically even higher and, thus, was not included (Fig. 7).
Although the symmetry of the structures generated from the primitive unit cell remained hexagonal
P63mc (no. 186), all 8H variants exhibit slight distortions, resulting in deformed tetrahedra in the
layers (Fig. 6b). This could be indication of the instability of the 8H polytype in the CaZnOS
system.

When we further analyze the structural data for the 8H CaZnOS polytype, the unit cell
parameters and atomic positions differ across all computed variants, except for V1 and V3.
Although the V2 and V4 variants are very close on the energy landscape (Fig. 7), we note



differences in structural data and the calculated band gap. In principle, by arranging different
positions of the Ca and Zn atoms in the V2 and V4, one could reduce the band gap from 3.02 eV
to 2.61 eV at the HSE level of calculations. If we adopt a more random ordering of atoms in the
primitive cell, as in the V5 variant, it could be reduced to 1.67 eV (Table 5); however, this is
unlikely given the computed high total energy and the structure's metastability. On the other hand,
if we keep the V2 variant and change the DFT method, the band gap can be further varied from
1.77 eV using LDA to 3.69 eV using the hybrid PBEO functional (Table S1 in the SI).

Table 5. Computed structural data (space group and unit cell parameters) and band gap value for
the considered variants of 8H polytype in CaZnOS. The calculations were performed using the
hybrid HSE06 functional.

SH VI=V3 V2 V4 V5
Sg 186 | Sg186 | Sg186 | Sgi86
uni‘[S 5:1(;6 i:rl;l%ters Pbymc Pbyme Réginc Pbymc
(%) a=375 | a=382; | a=3.80; | a=3.75:
c=2516 | c=2491 | c=25.10 | ¢=25.92
Band gap (eV) 2.26 3.02 2.61 1.67
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Fig. 7. Computed E(V) curves for the structural variations of the 8H polytype in CaZnOS marked
V1-V5. The calculations were performed using the hybrid HSE06 functional.

3.1.5. 12R polytype

The 12R polytype is a layered structure consisting of 12 atomic layers, with the pattern
repeating after every 12 layers. This polytype is frequently observed in various materials, such as
Cdl,, ZnO, ZnS, ZnOS, and perovskites [37, 42, 43, 47, 52, 105-107, 111-113]. The 12R polytype



is distinguished from the previously calculated ones by its rhombohedral symmetry (R3m) and
unique stacking patterns, which influence its electronic, magnetic, and physical properties. These
arrangements result from different atomic stacking sequences, where 'R' denotes rhombohedral
and '12' denotes 12 layers, in contrast to the hexagonal (H) polytype.

100—

a) b)

Fig. 8. Predicted 12R (V2) polytype: a) powder diffraction pattern; b) crystal structure
visualization. Zinc atoms are presented in gray color, calcium in blue, oxygen in red, and sulfur in
yellow.

The 12R polytype of CaZnOS was generated from the 12R model in the ZnS and ZnO/S
systems using the PCAE method, by replacing zinc atoms with calcium atoms. Again, we can
obtain several variants of the 12R polytype, marked V1-V6 (Table S11). However, after ab initio
structural optimization, all computed variants were significantly distorted from the ideal 12R
polytype. As a result, all calculated variants of 12R polytype show layers of various shapes and
sizes, with strongly distorted Ca and Zn polyhedra (Fig. 8 and S5), in contrast to the initial 12R
polytypic structure, which consists of alternating layers of ZnS tetrahedra (see supporting
information Table S11 and S12 for full structural data). Moreover, the 12R polytype is different
from previously computed CaZnOS polytypes, as shown in the powder diffraction pattern and
crystal structure visualization (Fig. 8). On the other hand, all computed variants V1-V6 are the
same structure type, confirmed by KPLOT and CMPZ algorithm, representing a completely new
polytype not previously observed in any known chemical system.

Table 6. Computed structural data (space group and unit cell parameters) and band gap value for
the considered variants of the 12R polytype in CaZnOS. The calculations were performed using
the hybrid HSEO06 functional.

I 12R | vi | v2 | v | v4 | v5 |




Sg 160 Sg 160 Sg 160 Sg 160 Sg 160
Space grou
unit }:)ell pgam%ters R3m R3m R3m R3m R3m
(A) a=3.76;1a=390; | a=3.75; | a=3.80; | a =3.80;
¢=37.50 | ¢=36.16 | ¢=37.74 | ¢ =37.66 | ¢ =37.30
Band gap (eV) 2.42 3.20 3.39 2.60 3.16

Interestingly, when further analyzing structural data, unit cell parameters and atomic
positions are different for all computed variants of the 12R CaZnOS polytype except for V1 and
V3 variants, although different in computed total energies (Fig. 9). Similarly, V4 and V5 variants
have the same unit cell parameters, but they are different minima on the energy landscape (Fig. 9),
as well as different size of the calculated band gap (Table 6). The lowest energy minimum
corresponds to the V2 variant with a band gap of 2.42 eV, while other variations of the same 12R
polytype could result in a band gap from 1.78 to 3.39 eV (Table 6 and S12), while by using the V2
variant, and changing the functional, the band gap could result from 1.96 eV using LDA to 3.89
eV using hybrid PBEO functional (Table S1 in the SI).

-5859.86 =1 oo 2R VI | .

=+ 12R_V2
& 12R_V3
A-A 12R_V4
+—+ 12R_V5

-5859.88

E(E,)

-5859.90

| s | | |
140 150 160

V(A%

|
170

Fig. 9. Computed E(V) curves for the structural variations of the 12R polytype in CaZnOS marked
V1-V5. The calculations were performed using the hybrid HSE06 functional.

3.1.6. Experimental CaZnOS crystal structure and XRPD results

Rietveld refinement has been performed starting from the CaZnOS structure model
reported in 10.1023/B:DOCH.0000003458.35866.40, (ICSD #250092). [99] The crystal structure



of CaZnOS, designated as CaZnOS-exp type in this study, exhibits non-centrosymmetric
hexagonal symmetry with the space group of P63mc, and refined atomic positions are given in
Table 7. Zinc and oxygen atoms occupy the 2(a) positions, while calcium and sulfur are in the 2(b)
positions. Unit cell parameters are a = 3.7570(2); ¢ = 11.3968(9). This is in excellent agreement
with previous reported values of @ = 3.7547(1) A, ¢ = 11.4014(5) A, [99] and a = 3.75726(3) A, ¢
= 11.4013(1) A. [98] Refined atomic positions for CaZnOS exp type (Table 7) are also in very
good agreement with literature data. [99, 114]

Table 7. Refined atomic positions of the crystal structure of CaZnOS-exp modification exhibiting
non-centrosymmetric hexagonal symmetry with the space group of P63mec.

Atom X y z
Zn 0 0 0.8494(3)
Ca 1/3 2/3 0.1180(3)
S 1/3 2/3 0.4315(3)
0O 0 0 0.1754(5)

A Rietveld diagram of CaZnOS powders obtained after heating at 1000 °C for 2 hours is
shown in Fig. 10. Quantitative phase analysis revealed that the main CaZnOS phase is abundant
at 85.9(4) %, and the second phase accounts for 14.1(1) %. In the second phase, CaO crystallizes
in the Fm-3m space group, with a = 4.8096(7). The ~14% CaO secondary phase may partially
influence the interpretation, but the main conclusions about the predicted structures and their
stability are based on DFT calculations of the pure CaZnOS system. The synthetic conditions were
optimized to obtain the experimentally known structure type, while the formation of new CaZnOS
polytypes under modified synthesis conditions (e.g., higher temperature and/or pressure) opens
new possibilities for future research.
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Fig. 10. Rietveld diagram of CaZnOS powders obtained after heating at 1000 °C for 2 hours. The
blue line denotes the difference between the experimental (red diamonds) and theoretical (black
line) profile, while the Bragg positions are indicated by vertical green and violet slashes. The first
row with the green bars corresponds to the diffraction lines of the CaZnOS-exp type phase, and
the second row with the violet bars corresponds to the CaO phase, respectively.

3.2. Stability of calculated and predicted CaZnOS structures

The stability of calculated polytypic crystal structures is assessed by their computed total
energies at the ab initio level, with the lowest energy indicating the most stable structure. Key
evaluation methods include density functional theory (DFT) for energy minima, analysis of the
energy band structure, dynamical stability (phonons), and electronic properties. On the energy
landscape of CaZnOS, identifying global minima (ground states) versus shallow local minima
(metastable states) is crucial. In the following, we have computed the E(V) curves for the most
relevant (lowest energy) predicted structures of the CaZnOS using the hybrid HSE06 method (Fig.
11). We note that the CaZnOS exp type corresponds to the lowest energy minimum and thus the
kinetically most stable structure, in agreement with experimental data. The predicted 2H and 4H
polytypes are close in energy on the energy landscape and potentially stable in the low-density
region (Fig. 11). On the other hand, 8H and 12R are highly metastable and are expected to be very
difficult to synthesize experimentally in the CaZnOS system. The E(V) curves were additionally
computed using four ab initio methods: LDA-PZ, GGA-PBE, hybrid B3LYP, and PBEO for the
lowest-energy predicted structures of CaZnOS. The energy ranking and stability of the polytypes



were confirmed regardless of the computational approach, and other variants are even higher in
energy (see supporting information Figs. S7-S10)
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Fig. 11. Computed E(V) curves for the most relevant predicted polytypic structures in CaZnOS.
The calculations were performed using the hybrid HSE06 functional.

In addition, the formation energies (£y) of all predicted polytypes and variants of CaZnOS
were calculated. Summary of computed formation energies (eV/atom) using the hybrid HSE06
functional is shown in Table 8. We note that all computed structures show negative £y indicating
stability in agreement with computed E(V) curves. Furthermore, the phase diagram of CaZnOS
was calculated using Open Quantum Materials Database (OQMD) [115, 116] and presented in the
supporting information (Figs. S11 and S12). The Er are computed using DFT calculations with the
VASP code and the GGA-PBE functional, employing the projector-augmented-wave (PAW)
method. All computed formation energies of the structures found on the phase diagram of CaZnOS
are negative, in agreement with present LCAO hybrid HSEO06 calculations.

Table 8. Computed formation energies Ey (eV/atom) and total energies E,, (Ha/f.u.) for all
calculated structures, polytypes, and variants of CaZnOS. The calculations were performed using
the hybrid HSE06 functional.

Structure/ Energy Variant

Polytype V1 V2 V3 V4 V5 V6

2H E/ -3.67 -3.07 -3.67 -3.07 n.a. n.a.
Eio -5859.9852 | -5859.8086 | -5859.9852 | -5859.8086 | n.a. n.a.

CaZnOS-exp | Er -3.72 -3.22 -3.36 -3.07 -3.49 -3.37




Eior -5860.0016 | -5859.8521 | -5859.8931 | -5859.8096 | -5860.9325 | -5859.8985
4H Er -3.67 -3.06 -3.67 -3.06 -3.32 -3.12

Eior -5859.9849 | -5859.8070 | -5859.9849 | -5859.8070 | -5859.8815 | -5859.8251
8H Er -3.31 -3.39 -3.31 -3.38 -3.11 -3.06

Eior -5859.8788 | -5859.9030 | -5859.8784 | -5859.9005 | 5859.8202 | -5859.8066
12R Er -3.32 -3.43 -3.31 -3.38 -3.35 -3.06

Eior -5859.8815 | -5859.9147 | -5859.8781 | -5859.9004 | -5859.8924 | -5859.8073

Moreover, we have investigated thermodynamic stability using phonon calculations.
Phonon band structures reveal a material's dynamical stability (the absence of imaginary phonon
frequencies) and are linked to its overall thermodynamic stability, influencing mechanical, thermal,
and electronic properties. Stable phonon bands (positive frequencies) indicate a real crystal
structure, whereas imaginary frequencies suggest instability, often leading to phase transitions or
decomposition, as demonstrated in previous studies. [84, 100, 117, 118]
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Fig. 12. Phonon band structures for the most relevant predicted modifications of CaZnOS: a)
CaZnOS-exp type; b) 2H polytype; c) 4H polytype; d) 8H polytype; €)12R polytype. The
calculations were performed using the hybrid HSE06 functional. Note that the labels of the special
points correspond to a hexagonal (/cp) lattice.



In the case of the calculated and predicted CaZnOS crystal structures, we found that the
CaZnOS-exp modification shows no imaginary frequencies in the phonon spectrum, indicating a
stable crystal structure also found as a global minimum and in the experimental observations (Fig.
12). The 2H and 4H polytypes also show stable phonon bands (positive frequencies), indicating
thermodynamic stability and crystal structures possible to be observed in future experiments. On
the other hand, the 8H polytype shows slight imaginary frequencies at the I" and A points of the
Brillouin zone, suggesting metastability (Fig. 12d), while the 12R polytype has higher values of
imaginary frequencies at several special points of the the Brillouin zone, resulting in possible phase
transitions or decomposition (Fig. 12e). In principle, one could conclude that with the increase in
the size of the polytype in the CaZnOS, the system becomes more unstable and harder to synthesize.

3.3. Electronic properties and band structures of CaZnOS polytypes

To further investigate the electronic structure and properties of the calculated CaZnOS
modifications, band-structure calculations were carried out using the hybrid HSE06 functional. In
the case of the CaZnOS-exp modification, the most stable and lowest energy minimum (V1) is
presented in the Fig. 13a, while other variants are shown in the supporting information (Fig. S13).
The calculations were accomplished for the hexagonal (4cp) unit cell along the high-symmetry
path A—-L-M-I'-A-H—K-T of the Brillouin zone, as defined in ref [119]. In the CaZnOS-exp type,
a direct band gap at the I' point was found (Fig. 13a), and in the other variants of CaZnOS-exp
modification (V2-V6), a direct band gap at the I" point; however, the conduction band is nearly flat
(showing weak dispersion) along the I'-A direction (Fig. S13). Because the energy difference
between the CBM at I' and nearby k-point A is so small, the structure could effectively support an
indirect band gap with a very slight energy difference, previously found in the related ZnO/ZnS
system[47, 52]. For the 2H polytype, only one possible band structure was computed, and we
observe the same trend: a possible indirect band gap along the I'—A direction of the Brillouin zone,
with less dispersion of the VBM due to a smaller structure (Fig. 13b).
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Fig. 13. Band structure calculations for the most relevant predicted polytypic structures in CaZnOS:
a) CaZnOS-exp type; b) 2H polytype; ¢) 4H polytype; d) 8H polytype; e) 12R polytype. The
calculations were performed using the hybrid HSE06 functional.

In the case of the 4H polytype in CaZnOS, the band structure is quite similar to the CaZnOS-
exp type, with the slight difference that a possible indirect gap was found at CBM along the '-A
direction in all variants (Figs. 13c and S14). For the 8H polytype and all variants, the same trend
continues, with greater band dispersion due to the larger polytypic structure. With such a small
energy gap along the ['-A direction, the structure may effectively exhibit an indirect transition with
a minimal energy offset. (Figs. 13d and S15). Finally, the band structures from 12R polytypes and
variants were computed using the hybrid HSE06 approximation (Figs. 13e and S16). Here, a direct



band gap at the I" point was found, and in the other variants of 12R polytype (V2-V6), a possibility
for an indirect band gap was found along the H-K direction (Figs. 13e and S16). This is consistent
with previous data on ZnO polytypes, in which the rhombohedral unit cell was converted to a
hexagonal unit cell for comparison. [42] The secondary band gap occurs along the H-K direction
of the Brillouin zone, instead of at the A point, as in those polytypes that are naturally occurring in
the hexagonal unit cell, as found here in CaZnOS.

4. DISCUSSION

The exploration of potential CaZnOS modifications predicts a variety of structural
arrangements beyond those currently established, especially polytypic structures appearing in
associated compounds. For example, in the chemically and structurally related ZnO/ZnS system,
polytypes are configurations made up of corner-linked layers of Zn(O/S)4 tetrahedra arranged in
numerous sequences similar to the dense arrangements of spheres. The symbols used to categorize
these polytypes carry specific significance; for instance, the number 3 in the 3C polytype (known
as sphalerite in ZnO or ZnS) indicates the three-layer periodicity of the fcc-like (ABC) arrangement,
while the letter C signifies the crystal's cubic symmetry. [101, 120-125] The wurtzite polytype
ABAB..., which follows the hcp-like stacking sequence, [38, 101, 102, 121, 126-128] is labeled as
2H, with 2 representing the two-layer stacking periodicity and H referring to hexagonal symmetry.
This periodicity is doubled, tripled, and quadrupled in the 4H, 6H, and 8H polytypes.

The family of rhombohedral polytypes is designated R, such as 9R, 12R, and 21R [37, 41,
113, 131-136]. As the polytype number increases, the stacking sequences become more intricate.
In the following, we have predicted possible polytypes of CaZnOS, starting from the 2H polytypic
structure and increasing the number of atoms and layers to 4H, 8H, and 12R, ensuring that each
Zn atom is replaced by a Ca atom in the computed unit cell, resulting in stoichiometric CaZnOS.
The predicted CaZnOS polytypes represent a combination of new and known stacking sequences
that differ from previously reported ZnO/ZnS polytypes in the specific distribution of Ca, Zn, O,
and S atoms. Moreover, we have predicted several stacking variants, marked V1-V6, from specific
polytypic structures, including 2H, 4H, 8H, and 12R, as well as the CaZnOS exp modification. In
this work, we did not attempt the experimental synthesis of 2H, 4H, 8H, and 12R polytype CaZnOS,
since their experimental preparation can be challenging due to the possible metastability of the
structures and the need for precise control of the synthesis conditions; however, the present study
expands the understanding of oxychalcogenide polytypism and contributes to the literature with
new variants of CaZnOS.

Although CaZnOS has been reported in the literature, this experimental study provides a
detailed structural and quantitative analysis of the synthesized sample. Specifically: a Rietveld
analysis based on the ICSD model was performed (#250092), [99] obtained lattice parameters (a
=3.7570(2) A, c = 11.3968(9) A) and refined atomic positions are in excellent agreement with the
literature, [98, 99, 114] quantitative phase analysis was carried out, which shows ~85.9% CaZnOS
and ~14.1% CaO, secondary phases were identified and analyzed, which enables a realistic



assessment of the quality of the sample. Our synthesis approach (solid-phase reaction in an inert
Ar atmosphere at 1000 °C with controlled sulfur loss) provides an optimized protocol that ensures
high phase purity and good crystal order, as evidenced by literature data [27-30, 98, 99, 114].

The presence of CaZnOS and CaO phases, identified by Rietveld analysis, indicates that
the sample is a two-phase polycrystalline system rather than a single-phase material. Based on the
XRPD data, the existence of coherent growth or epitaxial interaction between CaZnOS and CaO
cannot be confirmed, so it is most likely that both phases exist as separate crystallites within a
heterogeneous polycrystalline microstructure, resulting from a locally incomplete reaction and a
complex balance of oxygen and sulfur during the synthesis in the solid phase.

CaZnOS is the dominant phase (~85.9%) and exhibits a well-defined, stable crystal
structure under the given synthesis conditions, whereas CaO is a secondary phase arising from
incomplete reaction or local thermodynamic conditions during the process. The complete isolation
of the pure CaZnOS phase under identical synthesis conditions is difficult because oxide phases
form competitively in the calcium-containing system at high temperatures. Nevertheless, the
material obtained has a sufficiently high proportion of the main phase to enable reliable structural
analysis and comparison with theoretical predictions.

Thus, the present experimental results confirm that the basic CaZnOS structure type
(P6smc) is stable under realistic synthesis conditions, a crucial consideration for interpreting
theoretically predicted alternative polytypes. Also, a detailed analysis of atomic positions and
coordination (tetrahedral Zn and octahedral Ca environments) gives additional insight into the
structural flexibility of the system, which is directly related to the possibility of forming different
polytypes and doping. The CaZnOS exhibits significant structural flexibility, providing favorable
sites for chemical substitution at the octahedral Ca** and tetrahedral Zn** sites, without major
lattice distortion [28]. This ability to accommodate a wide range of dopant ions enables systematic
tailoring of the material's optical, electronic, and catalytic properties, making it a versatile,
multifunctional platform. Moreover, the hybrid oxide-sulfide composition of CaZnOS provides
excellent thermal and chemical stability, enabling it to maintain strong luminescence even at
elevated temperatures, a key requirement for LED and display applications.

A structure-property relationship outlines how the configuration of atoms, molecules, or
materials determines their physical, chemical, and functional properties. This fundamental concept
in chemistry, materials science, and biology enables the prediction and creation of materials with
desired behaviors. Minor structural alterations, ranging from molecular arrangements and bonding
to crystal sizes and processing techniques, can lead to significant differences in properties, laying
the foundation for the development of novel materials and technologies.

The formation energies of all predicted polytypes and variants of CaZnOS were computed
using the hybrid HSE06 functional (Table 8). All structures exhibit negative formation energies,
indicating stability, in agreement with the computed E(V) curves (Figs. 11 and S7-S10). Such
negative formation energies only indicate stability relative to constituent elements, not against
decomposition into competing Ca—Zn—O-S phases. Consistent, OQMD-aligned calculations were
performed to determine the formation energies and stabilities of various alternative CaZnOS
polymorphs, with the results, phase diagram, and stability analysis added to the supporting



information (Figs. S11 and S12). We note that there are many competing phases on the CaZnOS
phase diagram, and their relative stabilities are shown in the Ca-O-S-Zn phase diagram (Fig. S11).
According to additional OQMD calculations using the quickhull algorithm for convex hulls, many
elemental, binary, ternary, and quaternary systems have energies above the convex hull across
various polymorphs (Fig. S11). [129, 130] All predicted CaZnOS structures on the phase diagram
exhibit negative formation energies, which aligns with the present LCAO hybrid HSE06
calculations (Fig. S12). Thus, these negative values indicate baseline thermodynamic stability
relative to the constituent elements.

Regarding the calculated CaZnOS polytypic structures, the experimental (CaZnOS-exp)
modification exhibits no imaginary frequencies in its phonon spectrum. This confirms its
dynamical stability as a global energy minimum, which is consistent with experimental
observations. While the 2H and 4H polytypes exhibit purely positive frequencies, confirming their
dynamical stability, the 8H and 12R polytypes display soft modes with imaginary frequencies,
suggesting a tendency toward spontaneous lattice distortion and dynamical instability. The
presence of three zero-frequency acoustic modes at the I' point could indicate possible dynamical
stability of the predicted 8H and 12R polytypes. On the other hand, acoustic modes at I" are
necessary but not sufficient to establish dynamical stability across the Brillouin zone. These
polytypes exhibit dynamical instabilities in their bulk form at 0 K, and perhaps may be accessible
via epitaxial strain, substrate effects, doping, or external pressure. [131-136]

This trend confirms that with increasing complexity of the polytype, structural instability
increases, which is consistent with the strengthening of geometric distortions due to the mismatch
of the ionic radii of Ca** (~1.00 A, CN=6) and Zn?>* (~0.74 A, CN=4) within the framework of
mixed O/S coordination. [137] In this context, electronic effects can be seen as a secondary factor
that further modifies local energy stability through charge redistribution between the O and S
sublattices, but they do not constitute the primary mechanism of symmetry breaking. Instead, the
primary cause remains ionic (radius mismatch Ca*'/Zn**), while the electronic structure only
reflects and locally stabilizes already existing geometric distortions, which is also consistent with
the observed phonon behavior.

This theoretical study illustrates the wide range of structural features and band-gap values
achievable in CaZnOS polytypic structures. Summary of all computed structural data (unit cell
parameters) and band gap value for the most relevant polytypes in CaZnOS are shown in Table S1
and Fig. 14. The calculations in the present study were performed using the GGA-PBE, LDA-PZ,
hybrid HSE06, B3LYP, and PBEO functionals, and compared to previous experimental and
theoretical results (Fig. 14). There is a good agreement between computed band gap for the
experimentally observed CaZnOS-exp type in the range of 3.16-5.14 eV depending on the chosen
functional (Table S1 and Fig. 14), compared to the previous experimental data with the band gap
of 3.7 eV [98], as well as with previous GGA-PBE calculations of 3.90 eV [100]. Present DFT
results agree even better with present experimental data of the cell parameters, where a =3.7570(2)
A; c=11.3968(9) A, or previously reported XRD values of a = 3.75726(3) A, ¢ = 11.4013(1) A
[98], and a = 3.7547(1) A, ¢ = 11.4014(5) A [99] (Fig. 14). We would like to point out that there
is no previous literature data on the other polytypes of CaZnOS.



Upon examining the structure-property relationship, we identified several significant
aspects of CaZnOS materials: potential structural distortions that result in reduced symmetry
and/or phase transformation, which, on the other hand, influence the size of the unit cell, especially
in the ¢ direction of the unit cell, and computed band gap (Fig. 14). Thus, all calculations show
that the 4H polytype has a slightly increased unit cell and band gap size compared to the CaZnOS
experimentally observed polytype (Table S1 and Fig. 14).

Similarly, the band gap of the 2H polytype is slightly higher than that of the CaZnOS-exp
type, regardless of the computational approach, but the symmetry is reduced, and the unit cell is
twice as small, which might reduce costs in new technologies based on the 2H polytype. On the
other side, the 8H polytype is twice as big as the CaZnOS-exp type, but has the same symmetry
and the lowest possible band gap of all computed polytypes. However, the 8H polytype is a
metastable structure that, if synthesized, could be used for band-gap tuning, perhaps via the
transition route to the 4H polytype. The 12R polytype has the largest unit cell, rhombohedral
symmetry, and a band gap between the experimental CaZnOS type and the 8H polytype, but it is
highly unstable and would be very difficult to synthesize. We note that increasing the polytype
size can significantly reduce the band gap and structural stability.
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Fig. 14. Computed band gap size (a), and calculated structural data unit cell parameters a (b) and
¢ (c) for the most relevant polytypic structures in CaZnOS. Present calculations were performed
using the GGA-PBE, LDA-PZ, hybrid HSE06, B3LYP, and PBEO functionals and were compared
with previous experimental and theoretical data, when available.



Moreover, we note that the result with the LDA-PZ and GGA-PBE functionals show the
smallest size of the band gap, while hybrid PBEO show the highest values of the band gap
regardless of the calculated polytype (Fig. 14a). When comparing the results of the computed unit
cell parametres, we found that the LDA gives the smallest unit cell a parameter, while hybrid
B3LYP gives the highest a parameter for any calculted CaZnOS polytype (Fig. 14b). In the case
of the ¢ direction of the unit cell, each of the five chosen functional (LDA-PZ, GGA-PBE, HSE06,
B3LYP and PBEO) give similar results regardless of the calculated polytype (Fig. 14c).

5. CONCLUSION

The CaZnOS compound was investigated using a multidisciplinary approach combining
experimental and theoretical methods, a strategy that has proven effective in previous studies.
CaZnOS has been synthesized by a solid-state reaction in an inert argon atmosphere at 1000 °C.
The crystal polytypic structure of CaZnOS was characterized by XRPD and appears in the
hexagonal space group P63mc (n0.186). Structure prediction of new CaZnOS polytypes, including
2H, 4H, 8H, and 12R polytypes and their variations, was generated using recently developed
PCAE and KOVIN algorithms, resulting in novel structural arrangements not reported previously
for CaZnOS.

Ab initio calculations were performed using DFT with five functionals: LDA-PZ, GGA-PBE,
B3LYP, PBEO, and HSE06. Full structural relaxation was performed for all predicted and
calculated structures. When comparing computed structural data with the experimentally observed
CaZnOS structure type, the best agreement was found with the hybrid HSE06 functional.
Accordingly, the E(V) curves and phonon band structures were computed using the HSE06
functional in order to investigate the kinetic and thermodynamic stability of the structures.
Moreover, for each polytype and several possible variants, the size of the optical band gap was
computed, and the corresponding band structure. Finally, the most stable and relevant polytypic
structures were investigated for structure-property relationships using five different functionals.

By analyzing the structure-property relationship, we discovered several key features of
CaZnOS materials: possible structural deformations leading to reduced symmetry and/or phase
changes, which, in turn, affect the unit cell dimensions and the calculated band gap. This study
presents various potential stable and metastable CaZnOS polytypes within the specific layered
CaZnOS polytypic structure, opening new possibilities for synthesis with specific opto-electronic
and luminescent applications.
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