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This work is devoted to the study of changes in the electronic structure of ZnS crystals in the simulta-
neous presence of two types of defects. The first of them is an impurity of a transition 3d element - Mn or
Fe. These impurities replace the Zn atom in the crystal. The second type of structural defects in the crystal
is the mutual exchange of positions of Zn and S atoms, i.e. Zn-S swap disorder. The partial densities of
states reveal significant differences in the 3d electron densities of Mn and Fe atoms. This results in signifi-
cant differences in the magnetic moments of the ZnMnS and ZnFeS supercells. If the typical values of the
magnetic moments of ZnMnS and ZnFeS supercells are 5 and 4us, respectively, then their values in the
same materials with the introduced Zn-S swap disorder are 3.1 and 2.3us, respectively. The electronic
structure of both materials was calculated within the framework of the full electron density functional
(DFT) theory using the hybrid exchange-correlation functional PBEO.
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1. INTRODUCTION

Zinc Sulfide (ZnS) thin film has attracted increasing
attention due to their potential applications in the new
generation of nano-electronics and optoelectronics de-
vices. The physical and chemical properties of ZnS have
outstanding quality for different applications. Moreover,
ZnS doped with various elements are creating a new era
for both academic research and industrial applications.
So, the optical properties of modified ZnS thin film will
help us to find a suitable doping element for convenient
deposition which may enhance the conductance and
transmitting properties of the film. This review work
has been carried out to explore the four-modification
elements that constitute Cu, Ni, Co and Fe as descend-
ing order of atomic number corresponding to Zn, along
with some potential applications considering the recent
research work with other doping elements too such as
Al, C, Pt etc. [1]

7ZnTS materials, where T is a transition 3d element,
are actively studied by theoretical and experimental
methods [2]. Native point defects in ZnS were studied
within first-principles approaches based on LDA,
LDA + U and an extrapolation scheme. First-principles
calculations based on LDA, LDA + U and an extrapola-
tion scheme are performed to study the native point
defects in zincblende ZnS, and the three methods give
similar results. Zinc vacancies in the 2- charge state
have extremely low formation energy at the conduction
band minimum (CBM), thus they will heavily compen-
sate the n-type doping of ZnS. In Zn-rich conditions,
sulfur antisites and zinc interstitials in the zinc cage
sites are compensating centers in p-type ZnS.
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Zinc sulphide (ZnS) is considered a viable candidate
for light-emitting diodes, electroluminescent devices,
flat panel displays, infrared windows, sensors, lasers,
and solar cells. Numerous methods, including electro-
chemical deposition, microemulsion, solvothermal, sol—
gel, co-precipitation, combustion synthesis, pyrolysis,
hydrothermal, laser ablation, and vapor deposition,
have been used to fabricate ZnS nanostructures. The
hydrothermal method is adaptable, productive, and
able to be adjusted; it doesn’t require milling or calci-
nation, has low contamination, and is cost-effective. It
also has a high ability to regulate the nucleation pro-
cess [3].

Customizing the chromatic discharge of nano-
materials is crucial for their use in light-emitting
screens, field emitters, lasers, sensors, and optoelec-
tronic devices [4]. ZnS nanocrystals exhibit blue, green,
and orange emissions. The luminescence characteris-
tics of ZnS particles have been altered by doping with
various transition elements and rare-earth metals. The
optical characteristics are affected by defects, crystal
structure, size, and shape. These studies show the
ability to adjust several emission characteristics from
pure ZnS nanocrystals with various defect features.
Despite significant efforts to investigate the optical
features, the sources of various photoluminescence (PL)
bands from ZnS are infrequently addressed. The ZnS
luminescence properties are typically attributed to
surface states, Sulphur vacancies, Zn vacancies, ele-
mental Sulphur species, or impurities in ZnS [5]. There
are many hanging bands and imperfections in the sur-
face of ZnS due to its diverse interface topologies and
larger specific surface areas.
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The global scarcity of freshwater supplies has long
been ingrained in the public’s eyes. The world is ex-
pected to be water-stressed by 2025 [6]. Water pollution
harms the ecosystem balance, so humans will be affect-
ed by clean water scarcity shortly. Water-related dis-
eases include communicable diseases (waterborne,
water-washed, waterbased, and water-related vector-
borne diseases) and noncommunicable diseases caused
by chemically polluted water. According to Hermabes-
siere et al., many plastics in the water are hazardous to
a broad spectrum of organisms. Several diseases are
caused by chemical waste, including anemia, low blood
platelets, headaches, cancer risk, and various skin
problems. Semiconductor photocatalysis is the most
promising and successful approach for competing with
water contaminants. ZnS is an important semiconduc-
tor photocatalyst in the II-VI group. ZnS is only sensi-
tive to UV light absorption because of its broad
bandgap energy.

The development of visible-light-active photocata-
lysts capable of utilizing the greatest amount of solar
light is an intriguing research area. It is still challeng-
ing to improve visible photocatalytic activity by improv-
ing charge transfer and efficient charge separation.
The other hurdles in this field are low photocatalytic
efficiency for visible-light photocatalysts, low mobility
of charge carriers, inferior stability of photocatalyst,
high recombination rate of electron—hole pairs and
cost-effectiveness at the commercial level. The primary
disadvantage of ZnS catalysts is their irreversible ag-
glomeration during the photocatalytic processes and
limited recyclability, which reduces the photocatalytic
degradation efficiency [7].

Defect engineering is another promising method for
improving light harvesting in PC materials. Semicon-
ductor photocatalyst defects can function as adsorption
sites for charge transfer that prevent the recombina-
tion of photoinduced charge and add new energy levels
to narrow the band gap that creates visible-light activi-
ty. By creating additional energy levels to photoexcited
charge carriers’ electronic structure and characteris-
tics, vacancy defects can significantly alter the PC
activity of a photocatalyst. Doping is also an effective
strategy for inducing these defects. The visible light
photocatalysis of ZnS has been reported to be improved
by the addition of extrinsic metal elements such as
Copper, Nickel, Cadmium, or nonmetal elements Car-
bon and Nitrogen. The inherent characteristics of ma-
terials, such as crystalline phases, defect states, ex-
posed facets, etc., of semiconductor photocatalysts are
crucial for superior photocatalytic (PC) activities [8].

Simple hydrothermal method for introducing S and
Zn vacancies into the ZnS structure is achived by chang-
ing the S/Zn molar ratios. Investigations are made into
how vacancy-related features affect the photolumines-
cence and PC activity of ZnS in visible light [9].

Peculiarities of the impact of transition elements on
the electronic structure of wide-gap cubic crystals were
studied in works [10-14].

However, there are very few publications dedicated
to the electronic structure of the materials ZnTS, con-
taining the Zn-S swap disorder defect. That is why the
purpose of this study is to identify the changes in the
electronic structure of the materials T:ZnS caused by
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impurities of transition elements T and defects men-
tioned above.

The problem of calculating the electronic structure
of the crystal ZnS with an admixture of Mn and Fe and
also with and Zn-S swap disorder defect is relevant,
and we proceed to its solution.

2. CALCULATION

The electronic structure of the supercells
Zn3MniSs2 and ZnsiFeiSsz has been evaluated by
means of the Abinit [15] code. Calculations of the elec-
tronic structure were performed here on the PAW (pro-
jector augmented waves) basis [16]. The PAW approach
has common features with pseudopotential and full
potential methods.

The calculation scheme in the PAW formalism is
completed by obtaining an all-electronic wave func-

tion| v, >. The latter is derived from the smooth

pseudo-wave function of the state | Vo > -Here aisa
band index, and kis a vector from the first Brillouin
zone. The true all-electronic wave function |y, >is
derived by acting of the operator r on the smooth

pseudo-wave function |y, > [16],

Wose >= 7 Wy > @

The operator 7is buit on the free atom solutions. In
particular, these functions are partial atomic waves ¢,
pseudowaves @; and projectors ;. So, the operator 7 is

defined on these states and has the following form [16]:

e+ X( 9 > -3 >) <y . ®)

The effective Hamiltonian H .. is derived from the all

eff

electron Hamiltonian H by means the similarity trans-
formation, based on a 7 operator, namely

H, =1 Hr. 4)

eff

The pseudowave function | ¥, > is the eigenstate of

the H . operator, namely:

eff
~ + ~
He_f [V >=7 T W > € - 5)

The energy eigenvalues ¢, , derived from the system of

linear equations (5), are identical to those evaluated
from the all electron Hamiltonian H:

H Y >= o Wi > - (6)

Having the all-electronic wave functiony , , we can

calculate the matrix elements of dipole transi-
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*
tionsd , =y r2erydr necessary to evaluate the
v 7T

optical properties of materials [17], the transport coef-
ficients of semiconductors [18], as well as the Stark
effect [19].

The 3d electrons of the Mn or Fe atom move in nar-
row energy bands and are characterized by large effec-
tive mass values. This means that the usual exchange-
correlation functional PBE [20], which takes into ac-
count the gradient corrections of the electron density, is
not suitable for an adequate description of 3d electrons.
That is why we use the hybrid exchange-correlation
functional PBEO here. The latter is employed in the
following form [21], namely

PBEO

£ 1= B 11+ P 1= B LoD )

In this functional, the exchange-correlation energy of
the 3d electrons of the transition element EfBE, found

in the GGA approximation, is partially removed, and
the exchange energy of the same electrons, found in the

Hartree-Fock theory EfF , 1s substituted in its place.

Namely, the PBEO functional is a mixture of two
exchange-correlation functionals. The first of them is
the usual GGA functional. It is suitable for smoothly

spinup  ZnMnS

Energy [eV]

Energy [eV]
Energy [eV]

Energy [eV]
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varying electron densities in space. The second term in
Eq. (5) contains the Hartree-Fock energy, in which
there is no self-interaction error, which is very large for
electrons that move in narrow energy bands, namely 3d
electrons. The mixing factor fis recommended to be

0.25 [21].

3. RESULTS AND DISCUSSION

All results presented in figures 1-5 were obtained
using the Abinit software package. The electronic ener-
gy spectra and densities of electronic states were modi-
fied by two types of defects in the ZnS crystal structure,
namely the impurity of the transition element T (Mn or
Fe) and the mutual exchange of atomic positions in the
cell, i.e. a Zn-S swap disorder.

The electronic energy spectra of electrons with
spins up and down are shown in Figures 1 and 2, re-
spectively. As can be seen from Figures 1 and 2, the
Fermi level intersects the electron energy dispersion
curves, which are caused by structural defects in the
ZnS crystal. It is worth noting that ZnFeS material
without Zn-S swap disorder defects reveals the semi-
conductor for the majority spins, and the metallic prop-
erties for minority spins, showing the supercell mag-

netic moment of 4 z, [11].

Fig. 2 — The spin down electronic energies evaluated for the supercells Znsi1T1Ss2 (T = Mn, Fe) with the Zn-S swap disorder
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And the solid solution of ZnSeS with an admix-
ture of Mn atoms is a semiconductor for both spin
moment orientations, having the supercell magnetic

moment of 5 z, [13].

Comparison of the dispersion curves showed in
Figures 1 and 2 reveals only small differences be-
tween them. Analysis of the densities of electronic
states given in Figures 3-5 reveals the nature of the
population of the energy levels.

Curves in Fig. 3 reveal a significant asymmetry of
the Mn or Fe d states, which indicates the presence of
a non-zero magnetic moment of the supercell. For the
supercell ZnMnS the total magnetic moments equals

to 3.1 py , and the contribution of Mn atom equals to
3.8 up . For the supercell ZnFeS the total magnetic
moments equals to 2.3 4, , and the contribution of Fe

atom equals to 3.4 u, . Therefore, the numerical val-
ues of the magnetic moments localized on the Mn and
Fe atoms are 3.8 and 3.4 u, , respectively. However,

the magnetic moments of the ZnMnS and ZnFeS
supercells are significantly smaller, and equal to 3.1

J. NANO- ELECTRON. PHYS. 18, 01003 (2026)

and 2.3 u, , respectively. This is a rather unexpected re-

sult. What is the reason for this phenomenon? So, there
must be some fraction of atoms in the supercells that acts
in the antiferromagnetic mode with the Mn and Fe impuri-
ties present in them. We found the answer to this intri-
guing question, and its essence is as follows. The greatest
opposition to the magnetic moments of Mn and Fe atoms
arises from the side of S atoms. The greatest values are
exhibited by S atoms, which are participants in the for-
mation of the Zn-S swap disorder defect. The values of the
opposing magnetic moments on these S atoms, which are
located in the ZnMnS and ZnFeS supercells, are as follows:

-0.325 and -0.305 p , respectively.

The partial densities of states on Zn and S atoms,
presented in Fig. 4, show that the valence band is formed
mainly by S p-states. However, Zn atoms mainly delegate
s states to the conduction zone.

We also note in Fig. 3 narrow energy bands of d sym-
metry in the valence band, which are characterized by
large values of the density of electronic states. For an
adequate description of such states, we employ the PBEO
hybrid exchange-correlation functional (5). The usual
GGA functional is unsuitable for describing electrons
moving in narrow energy bands of d symmetry.

7 8-
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Fig. 3 — The spin-resolved partial DOS, evaluated for the supercells ZnsiT1Ss2 (T = Mn, Fe), with the Zn-S swap disorder
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Fig. 4 — The spin-resolved partial DOS, evaluated for the supercells Zns1T1Ss2 (T = Mn, Fe), with the Zn-S swap disorder
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Fig. 5 — The spin-resolved total DOS, evaluated for the supercells Znsi1T1Ss2 (T = Mn, Fe), with the Zn-S swap disorder

It is these charge carriers that are characterized by a
large amount of self-interaction energy, partially
excluded in the PBEO functional. The asymmetry of
the partial DOS curves, as well as the total density of
electronic states (Fig. 5), is the result of the influence
of the transition elements Mn or Fe on the polariza-
tion of the electron density, even on such non-

magnetic element as S.

4.

CONCLUSIONS

The spin-polarized electronic structure of the

Mn:ZnS and Fe:ZnS materials, where the Zn is re-
placed by the Mn or Fe atom, is investigated. Elec-
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Enexrponna crpykrypa kpucraiis ZnTS, mogudgikosana ooOminom micuamu aromie Zn ta S
C.B. Cupotiox!, AW. Harkoneunwuii!, M.K. Hussain2, C.O. IOp’eB?

1 Hauionanwvruil yrisepcumem «/Ivsiscvrka nonimexuixa», 79013 Jlvsis, Yrpaina
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1151 mpats mpucBsAYeHA BUBYEHHIO 3MiH €JIEKTPOHHOI CTPYKTYPH KPHUCTAIB ZnS 3a 0JHOYACHOI IIPUCYT-
HOCT1 IBOX THINB AederTis. Ilepmit 3 Hux — e gomimka nepexigHoro 3d-exemenra — Mn a6o Fe. 11 mowmi-
IIKHA 3aMIIIYI0Th aToM Zn y KpucraJsi. JIpyruit TUII cTpyKTypHUX JeeKTIB y KpUCTasIl — IIe B3aeMHUNM 00MIH
MICIIIMH aTOMIB Zn Ta S, TOOTO JIoKasrisamiiuuit 6esnan Zn-S. [Tapiiansai rycruan 3d-eJIeKTPOHIB aTOMIB
Mn ta Fe BusaBisiors cyTreBi BimMinHOCTI. [le MpuBoauTh 10 CYTTEBUX BIAMIHHOCTEH Y MATHITHUX MOMEHTAX
cymepemipok ZnMnS ta ZnFeS. frmmo TumoBl 3HAYeHHS MArHITHHX MOMEHTIB cyrmepemipor ZnMnS rta
ZnFeS craHoBaaTs 5 Ta 44p BIANOBIIHO, TO IXHI 3HAYEHHS B TUX CAMHMX MaTepiayiax 13 yBeJIeHOI0 0e3JIaHOI0
KOOPJWHAITIEI0 aTOMIB Zn Ta S cTaHoBIATh 3,1 Ta 2,348 BignoBinHO. ETeKTpOHHY CTPYKTYpPY 000X MaTepiais
0yJI0O PO3paxoBaHO B paMKax Teopil moBHoro ¢qyHkIirionany enexkrporuoi rycruun (DFT) 3 Burkopucramusam
ri6puAHOro 0OMIHHO-KOpesAlliiHoro pyHkionaxy PBEQ.

Kmiouosi cnosa: KyGiunuit kpucran ZnS, Jomimmka TM, O6ominy miciiamu Zn-S, EnexTporHa cTpyKTypa,
MarsuiTauit MOMEHT.
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