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The change in the electronic structure of a wide-gap semiconductor crystal ZnS with a Cr impurity replacing
the zinc atom, i.e. Cr:ZnS, is considered. Two models of real crystals are built on the basis of this material. The
first model contains a vacancy of a sulfur atom, i.e. Vs. The second model contains a bi- vacancy — of sulfur and
zinc atoms, i.e. Vs, Vzan. The study is devoted to establishing changes in the parameters of the electronic structure
of the material caused by the influence of vacancies and bivacancies. The electronic structure of both materials
was calculated within the frame-work of the full electron density functional (DFT) theory using the hybrid
exchange-correlation functional PBEO. The use of the hybrid functional PBEO is due to the presence of narrow
energy bands with large values of the electron density of the 3d states on Cr atoms, for which the usual PBE-GGA
functional is inapplicable. Significant differences in the parameters of the electronic energy structure were found
for materials with sulfur atom vacancies VS and with bivacancies (VS, VZn). It was established that the material
with a monovacancy is a semiconductor for both electron spin polarizations. It was found that the material with a
bivacancy is a semimetal. The magnetic moments of both supercells are 4 us.
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1. INTRODUCTION

7ZnTS materials, where T is a transition 3d element, are
actively studied by theoretical and experimental methods [1].

The ZnS and Cu doped ZnS nanoparticles are
synthesized by green hydrothermal method. Uniform,
adherent and conducting thin films are obtained by
simple spin coating. The X-ray diffraction studies show
that the Cu ions are well dispersed into the ZnS lattice
without changing the host crystal structure. It is
observed that the transparency and conductivity change
significantly with the Cu concentration in ZnS due to free
carrier absorption and diffused crystallinity. The
intrinsic ZnS thin film is found to be more transparent
and conducting of the order of 10-4 mA and Cu doped
ZnS films have lower band gap and conducting of the
order of 10-'mA. These have applications in high
frequency UV light detectors, electroluminescent and
optoelectronic devices [2].

Density-functional theory has been applied to
investigate the electronic and magnetic properties of the
pure and chromium-doped ZnS nanosheets via examining
a number of important indicators including the electronic
band structure and density of states. It is found that the
pure nanosheet is a semiconductor with a band gap of
about 2.525eV. Moreover, the effect of doping the
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chromium atom is manifested in the form of reduction in
the value of the band gap to 1.85 eV, which results in
half-metallic properties for the ZnS nanosheet. Most
importantly, it is verified that the chromium-doped
nanosheet has an intermediate band, which can be
utilized in fabricating more advanced solar cells with a
high rate of photon absorption and state-of-the-art lasers
with a high quantum performance [3].

It was established that Zni.Fe.S (x=0, 0.1, 0.2) has
two peaks, one in the violet region at 425 and the other in
the blue region at 470 nm. The first emission is due to
anion vacancy (Vs) which works as common electron trap
under the conduction band edge and hole traps like
cation vacancies (VZn), surface states (SS), which are in
lower energy states, while the second emission is due to
the transition from Vs to VZn. Furthermore, nano ZnS:Fe
synthesized by a refluxing route showed a blue emission
around 442 nm and its intensity dramatically also
decreased as the amount of Fe doping increased, which is
the general trend in II-VI compound semiconductors
doping with Fe. Furthermore, Fe doping wurtzite ZnS
nano particles exhibited blue and red emissions. A red
shift of PL spectra is also reported with rising of Fe
amount which implies that the increase in charge carrier
leads to an enlargement of magnetic moment and as a
result, the PL emission peak 1is red shifted. The
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quenching of PL intensity in a doped sample with Fe is
due acting of Fe ions as quenching centers of
fluorescence; Fe works as an electron trapping center
which out from nonradiative recombination. In the word,
the photo-excited electrons prefer to translate to Fe metal
ion causing traps centers as compare with the anion
vacancy defect center. Kole et al doped ZnS with 1.1 at.%
Mn and studied the influence of annealing on PL
emission characterization. The prepared sample
exhibited two emissions one in UV and one in orange
regions, when the sample prepared at 400°C, the visible
PL emission intensity decreased while the UV emission
increased. Sakthivel et al prepared Zno.9sMno.o2S by co-
precipitation route and they found it emitted UV
emission only. Hu et al studied the effect of different Mn-
doped concentration up to 0.9% on the PL emission of
ZnS quantum doped prepared by the hydrothermal
method.18 They found that the system emitted four
peaks in blue and green regions located at 466, 495, 522,
and 554 nm. Also, they examined the effect of annealing
temperature on optical characteristics of ZnS: Mn
(0.6 at.%) QDs; the PL of the annealed samples emitted
four peaks emissions also in blue and green regions. The
blue emissions are caused by the defect related emission
of the ZnS host or transition from the conduction band to
the zinc vacancies (VZn) level or sulfur dangling bonds at
the interface of ZnS QDs or trap states emission of ZnS,
related with native zinc vacancy (VZn). Previously, an
intense peak at (352, 360, 365 nm) in violet region and
468 nm in blue region are observed in ZnS doped with Co
due to the defect sites such as, sulfur vacancy and
interstitial sulfur lattice defects. Also, the PL intensity is
reduced with raising the cobalt amount [4].

With the rapid development of society, a series of
energy crises and environmental pollution problems have
arisen. Light is regarded as the ideal environmentally
friendly reagent. Photocatalysis is an emerging green
technology using sunlight, whichis considered to be one of
the Dbest solution store solve problems such as
environmental pollution and energy depletion. However,
many photocatalysts have low photocatalytic efficiency
and serious photogenerated charge recombination, which
hinders the overall efficiency and application scope of
photocatalysis. In the past few decades, the
photocatalytic technology has been fully studied, but
more exploration is needed to improve photocatalytic
performance. After exploration and research, it has been
found that vacancies have achieved remarkable
achievements in the field of photocatalysis, and the
important role of vacancies in improving photocatalytic
performance has been confirmed. During the formation of
vacancies, the adsorption and activation of reactants can
be enhanced by inducing active sites, and the selectivity
of surface reaction pathways and photocatalytic reactions
can be regulated by the adsorption and dissociation of
reaction intermediates on vacancies. Based on the above
two points, vacancy engineering enhances photoreaction
kinetics. The catalysts used in the photocatalytic reaction
are generally mainly oxides and chalcogenides, so
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sulfides are important parts of semiconductor catalytic
materials. Metal sulfides are semiconductor compounds,
and metal ions exist in various forms. Notably, metal
sulfides have suitable electronic band gaps, small valence
bands, exposed active sites, and exhibit strong quantum
size effects. The physical, chemical, and optical properties
of metal sulfide nanocrystals are easily tunable.
However, the photocorrosion in the presence of metal
sulfide limits 1its development. To prevent the
photocorrosion of metal sulfide, researchers avoid the
photocorrosion problem of metal sulfides themselves
through strategies such as vacancy and doping.
Therefore, metal sulfides have become the most popular
class of photocatalysts for realizing visible light hydrogen
evolution, degradation, and other applications. Vacancy
engineering is a further effective strategy to tune
interfacial interactions to promote the dynamic
properties of charge carriers. In particular, sulfur
vacancies, as a common vacancy, have been extensively
studied. In recent years, the number of related papers on
sulfur vacancy photocatalysts has also shown a clear
upward trend. Researchers have studied the generation
methods of sulfur vacancies and explored different
synthetic routes, such as hydrothermal methods, in situ
methods, solvothermal methods, etc. Researchers also
investigated how sulfur vacancies are created during the
material’s synthesis. Not only that, researchers also
investigated the different roles of sulfur vacancy
engineering on enhancing photocatalytic performance; for
example, expanding the light absorption range,
promoting carrier separation, and improving surface
reactions. The application of different metal sulfide
photocatalysts, as well as the principle and advantages of
sulfur vacancies in improving photocatalytic performance
were also studied [5].

Customizing the chromatic discharge of
nanomaterials is crucial for their use in light-emitting
screens, field emitters, lasers, sensors, and optoelectronic
devices. ZnS nanocrystals exhibit blue, green, and orange
emissions. The luminescence characteristics 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 ad-just
several emission characteristics from pure ZnS
nanocrystals with various defect features [6].

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. For example, FE, FET, Catalytic, Solar cell,
Electroluminescence, Fuel cell, different sensors
(Chemical sensors, Biosensors, Humidity sensors,
light sensors, UV light sensors) and nanogenerators
use ZnS thin film [7].

Peculiarities of the impact of transition d elements on
the electronic structure of wide-gap cubic crystals were
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studied in theoretical works [8-10].

However, there are very few publications dedicated to
the electronic structure of the materials ZnTS, containing
the sulphur vacancies, VS. That is why the purpose of
this study is to identify the changes in the electronic
structure of wurtzite solid solutions T:ZnS caused by
impurities of transition elements T. Only a few works
have been published for these materials [11-12].

The problem of calculating the electronic structure of the
wurtzite solid solution ZnS with an admixture of Cr and also
with an S vacancy is relevant, and we proceed to its solution.

2. CALCULATION

The electronic structure of the supercell Zns1CriSs2 has
been evaluated by means of the Abinit [13] code.
Calculations of the electronic structure were performed
here on the PAW (projector augmented waves) basis [14].
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 function
|[War >. The latter is derived from the smooth pseudo-wave
function of the state |, >. Here ais a band index, and k is
a vector from the first Brillouin zone. The true all-electronic
wave function [, > is derived by acting of the operator ¢
on the smooth pseudo-wave function |14, > [14],

W >=T 1V > 1)
The operator 7 is buit on the free atom solutions. In
particular, these functions are partial atomic waves d,

pseudowaves ¢; and projectors p;. So, the operator 7 is
defined on these states and has the following form [14]:

T:1+§(|¢i>_|¢i>)<ﬁi| 2

The effective Hamiltonian Hey is derived from the all

electron Hamiltonian H by means the similarity
transformation, based on a roperator, namely
.
H,, =7 Hrt 3)

The pseudowave function |, > is the eigenstate of the
H. operator, namely:

~ + ~
Hop | Vo >=7 7| Wox > €0k )
The energy eigenvalues &, derived from the system of
linear equations (4), are identical to those evaluated from
the all electron Hamiltonian H:

Hy o >=ul Vo > 6))

Having the all-electronic wave functiony , , we can

calculate the matrix elements of dipole transitions
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d, = X% f-Ze/rjx//idT necessary to evaluate the optical
’ A

properties of materials [15], the transport coefficients of
semiconductors [16], as well as the splitting of the
degenerate energy levels of an atom by an external
electric field [17].

The 3d electrons of the Cr atom move in narrow energy
bands and are characterized by large effective mass values.
This means that the usual exchange-correlation functional
PBE [18], which takes into account 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 [19], namely

EXP1p1= EXPP 114+ BT 1w, 1- EP 1oy (6)

In this functional, the exchange-correlation energy of
the 3d electrons of the Cr atom EfBE , found in the GGA

approximation, is partially removed, and the exchange
energy of the same electrons, found in the Hartree-Fock

HF . . ..
theory £ , is 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 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 [19].

3. RESULTS AND DISCUSSION

The calculated electronic properties of the Cr:ZnS
solid solution in which the Cr atom replaces the Zn atom,
are shown in Figs. 1-5.

Fig. 1 shows the majority-spin electronic energy bands,
evaluated for supercells Zn3iCriSs2 with the S mono-
vacancy (Vs) and with the bi-vacancy (Vs, Vzn) defects. For
both these materials, for the majority spin, the
fundamental gaps equal to 0.94 and 0.0 eV, respectively.
And, for the minority spin the fundamental gaps equal to
1.19 and 0.43 eV, respectively. So, the material Cr:ZnS
with the S mono vacancy defects, represented by a
supercell Zns31Cri1Ss2 reveals the semiconductor properties
for the charge carriers with both spin orientations. The
material Cr:ZnS with the bi-vacancy defects reveals the
semiconductor properties for a minority spin and shows
the metallic properties for a majority spin. As can be seen
from Fig. 1 the Fermi level intersects the dispersion curves
of charge carriers that move in very narrow energy bands.
Both materials are the direct-gap semiconductors. Fig. 2
shows the minority-spin electronic energy bands. As can be
seen from Fig. 2 the Fermi level is also situated within the
forbidden band gap.
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Fig. 1 — The majority-spin electronic energy bands, with the vacancies (Vs) and (Vza, Vs), evaluated for supercell ZnsiCri1Ss2

Energy [eV]

Zn Cr S vV, V.

3171732 Zn’ 'S

Energy (eV)

Fig. 2 — The minority-spin electronic energy bands, with the vacancies (Vs) and (Vzn, Vs), evaluated for supercell Znsi1Cri1Ss2

Curves in Fig. 3 reveal a significant asymmetry of the
Cr d states, which indicates the presence of a non-zero
magnetic moment of the supercell. For both supercells
considered here, their total magnetic moments are 4.0 us,
and the contributions of Cr atoms are also approximately
equal to 2.99 and 2.70 up, for material mono- and bi-
vacancy, 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 symmetry 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. The usual GGA functional is unsuitable for
describing electrons moving in narrow energy bands of d
symmetry. 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 element Cr on the polarization
of the electron density, even on such non-magnetic
elements as Se and S.

4. CONCLUSION

The spin-polarized electronic structure of the Cr:ZnS
material, where the Zn is replaced by the Cr atom, is
investigated. Electronic energy bands were evaluated for
Zmn31Cr1S32 with the S monovacancy (Vs) and the Zn and S
bivacancies (Vzn, Vs). The Cr impurity causes significant
changes in the electronic structure of the ZnS crystal.
However, the introduction of an additional point defect,
namely a vacancy at the S atom site, leads to even
greater changes in the electronic structure parameters.
Thus, the fundamental band gap for the spin-up charge
carrier equals to 0.94 eV, and for the spin-down states it
is 1.19eV. In a crystal with bivacancies, a radically
different picture of the electronic energy structure is
observed. In particular, for spin-up states, the material
exhibits metallic properties. And for spin-down states,
the material behaves like a semiconductor, with a
fundamental gap value of 0.43 eV.
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Enexrpouna crpykrypa kpucrana Cr:ZnS, moaudikosana MOHO- Ta OiBakaHCiaMu
C.B. Cupotiok!, AWM. Harorneunmit!, M.K. Hussain2, 10.B. Knucko!, O.1. Illmak!

1 Hauionanwvruti ynisepcumem «JIvsiscora nonimexuirkarn, 79013 Jlveis, Yipaina

2 Department of Electrical Power Techniques Engineering, AL-Hussain University College, 56001 Kerbala, Iraq

Poarisimaersest 3MiHA €JIEKTPOHHOI CTPYKTYPH IIMPOKO30HHOTO HAINBIIPOBIIHUKOBOrO Kpucrana ZnS 3
nomimkoo Cr, axa samintye atoMm mHKY, To0To Cr:ZnS. Ha ocHoBi 1mporo martepiasy moOymoBaHi IBi Mozesti
peasibHUX KpucTasis. [lepina Momesib MICTUTE BaKaHCI0 aToMa cipku, To0To VS. JIpyra Momesb MiCHTD IIOABIMHY
BAKAHCIIO — aTOMIB CipKHu Ta IUHKY, To0T0 VS, VZn. ocmimKkeHHsa IpHUCBAYeHE BCTAHOBICHHIO 3MIH ITapaMeTpiB
€JIEKTPOHHOI CTPYKTYPHU Marepiasly, CIPpUYMHEHUX BIUIMBOM BaKaHCIM Ta OiBakanciit. EiyiexkTpoHHa cTpyKTypa
00MIBOX MaTepiasiB 00YMC/IIOBAJIIACH B paMKax Teopii dyHKIioHama moBHOI exexTpoHHOl rycturu (DFT) 3
BHKOPHMCTAHHAM TiOPHUAHOTO OOMIHHO-Kopessmiiinoro d¢yukmionama PBEO. 3acrocyBamms ribpmmHOro
dyuarmionana PBEO 3ymoBiieHe HasBHICTIO BY3bKMX €HEPreTHYHHX 30H 3 BEJIMKUMH 3HAYEHHSMU TyCTHHU
enextpoHiB 3d cumerpii atomis Cr, mis axux spuuaiiauit pynriionan PBE-GGA mesacrocosnuii. Busasieno
CYTTEBI BIIMIHHOCTI IIapaMeTiB eJIeKTPOHHOI eHepreTUYHOI CTPYKTYPH, 3HaAMIeH] JJIsT MaTepiaiB 3 BaKaHCIIMU
aToma cipku Vs Ta 3 6iBakauciamu (Vs, Vzn). BeranoBieHo, 1m0 MaTepia 3 MOHOBAKAHCIE € HAIIBIPOBITHUKOM
IJIsT O0MIBOX CITIHOBUX MOJIIPU3AIlill eJeKTpoHiB. BusiBieHo, 1o matepiay 3 OlBAKaHCIEID € HAIBMETAJIOM.
MarsuiTHI MOMEHTH 00UIBOX HATKOMIPOK CRJIAAAIOTH 4 UB.

Knwouosi cnosa: Kybiunuit kpucran ZnS, omimka Cr, Monosarancisa, Bisakaucis, ExexrponHa cTpykrypa,
MaruiTHH MOMEHT.
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