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Abstract

Structural, electronic and optical properties of niobium doped ZnS are studied by using full-potential linearized augmented plane
wave plus local orbital (FPLAPW-+lo) method within the density functional theory (DFT). Computed results of Nb doped ZnS are
compared with that of the pristine zinc blende. Tran-Blaha approach of modified Becke and Johnson local spin density approximation
(TB-mBJ) is used to study electronic and optical properties. Estimated result shows that Nb reduces the bandgap of ZnS due to
hybridization of Nb-4d orbital with S-3p orbital near the Fermi level. Niobium dopant provides half metallic nature to ZnS with
100% spin polarization. Maximum photo-response is noticed in the ultraviolet range for Zn, Nb S (x = 25, 12.5, 6.25 %). Highest
peaks are shifted toward the lower energy range for higher dopant percentage. All these suggest that Nb doped ZnS solid solutions
are suitable candidate for both energy filter of UV spectrum and spintronic device.
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I. Introduction

Wide bandgap semiconductor materials are important for
both scientific and industrial purposes, and they are also used
in a number of coating applications because they are less
toxic . ZnS is an example of wide bandgap semiconductor
and available in two common structures of cubic zinc blende
and hexagonal wurtzite with bandgap of 3.82 eV and 3.50 eV
respectively 2. ZnS, because of direct and wide bandgap, can
be used for photo-resistor, UV-photo detector, light emitting
diode, solar cells and blue lasers *°. Due to sulfur and/or
zinc vacancies, ZnS nanocrystals displayed d° magnetism.
Hence, ZnS nanocrystal is a promising material for
applications in spintronic devices. In controlled production
of ZnS crystals, defects such as mono or double vacancy
with neutral or charged characteristics can be generated.
As a result, magnetic and semiconducting properties can be
linked in the same material without the need of magnetic
atoms, as in Dilute Magnetic Semiconductors (DMSs)’.
To be commercially visible, a DMS should have a critical
temperature (7,) above room temperature. As a consequence,
numerous attempts have been made to elevate 7, above
room temperature. In recent years, transition materials
(TM) doped ZnS have attracted increasing interest °.
Different properties, like magnetic, electronic, optical and
structural are studied for TM doped ZnS. Room temperature
ferromagnetism (FM) and half-metallicity in Fe, Co, Ni, Ti,
and V doped ZnS compounds are both confirmed through
experimental and theoretical investigations 3'2. Blue to green
photoluminescence is observed for ZnS:Cu nanoparticles
3, C-doped ZnS is p-type half-metallic ferromagnetic
semiconductor and hole mediation is responsible for the
ferromagnetism which is confirmed by electronic structures
of C-doped ZnS . Experimental results show that thin films
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of ZnS, Se_solid solutions exhibit a direct bandgap that
declines with increasing Se content from 3.50 eV to 2.66
eV, with nonlinear dependence on composition also visible
in their bandgap values. Theoretically, it is observed that
the lattice parameters of ZnS, Se vary linearly with the
Se composition . The optical bandgap is increased from
3.58 to 3.97 eV with increasing Ni dopant concentrations
[10]. Magnetic studies showed, ferromagnetic behavior
is increased by Cu doped with ZnS sample which can be
described in terms of defect induced ferromagnetism model'®.
The low temperature magnetization measurement for ZnS:Ni
confirmed that the DMS have blocking temperature (7,) well
above room temperature and due to magnetic interaction, the
nanoparticles are strongly coupled''. A ferromagnetic ground
state is formed for Ti doped ZnS supercell. The spin polarized
Ti atoms arise the magnetic moment in Ti doped ZnS. In
addition, Ti separation distance regulates the FM stability
of host material, ZnS. FM stability reduces as Ti separation
distance grows, indicating that FM coupling between the two
doped Ti atoms in the ZnS supercell is short-range 2. Lower
Al concentration regulates the optical bandgap and increases
the transmittance coefficient within the visible range of light
in ZnS thin films. So ZnS:Al may be a suitable candidate for
buffer layer of solar cell 7. To the best of our knowledge no
prior works are reported, either theoretical or experimental,
for Nb doped ZnS. In this study, we have investigated the
electronic structure and optical properties in Nb doped ZnS
by using first-principles calculations. Interestingly, it is
found that the considered systems, Zn, Nb S (x = 0.2500,
0.1250, 0.0625), are half metallic in nature. p-d hybridization
in noticed for the band formation of niobium doped ZnS.
Promising peak of different optical parameters are noticed in
the UV region of the electromagnetic spectrum.
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II. Computational Details

The spin polarized full-potential linearized augmented
plane wave plus local orbital (FP-LAPW+lo) approach,
as incorporated in WIEN2k '3 1% is used to perform all ab-
initio calculations for pristine ZnS and Nb doped ZnS. The
FP-LAPW++lo method provides the eigen values and eigen
functions of the Kohn-Sham equation *2'. The Perdew-
Burke-Ernzerhof  generalized gradient approximation
(PBE-GGA) ** is used to construct the exchange-correlation
potential in calculating the structural properties. Tran-
Blaha approach of the modified Becke-Johnson (TB-mBJ)
local spin density approximation 2 is utilized in estimating
electronic, magnetic, and optical behaviors. For the base
system, ferromagnetic cubic phase of ZnS, which is also
known as zinc blend (ZB), is used and the lattice parameters
were primarily taken from previously reported work >*. The
FP-LAPW+lo technique assumes a muffin tin model for the
crystal potential. The electrons in constituent atoms are
separated into two types of states: core and valence. Fully
relativistic effects are taken into account in the core states,
while scalar relativistic approximation has been used in the
valence states. Because the spin orbit effect is so minimal, it
is ignored. For core states, a spherical harmonic expansion is
used, while for valence states, a plane wave basis set is chosen.
The muffin-tin radius (R_) for Nb, Zn and S were taken to
be 2.30, 2.20 and 1.95 a.u. respectively. The plane wave
cutoff value was setto R_xK = 8.5 for the expansion of the
electron wave in the interstitial region. Other parameters that
were taken into account in our calculations were: G = 12.0
(aw)', [ =10.0. The self-consistency is established when
the differences of total energies in two consecutive cycles is
less than 10~ Ry. For the charge convergence the differences
were set to be 10 e, where e is the electronic charge.

II1. Result and Discussion

Structural Properties

In our study we have chosen the most stable cubic structure
of ZnS, also known as sphalerite. Zinc blende is a wide
bandgap intrinsic semiconductor in which the coordination
geometry at Zn and S is tetrahedral. The cubic zinc sulfide
crystal belongs to the space group 216 (F-43m) with lattice
parameter’ a = 5.41A. Zn and S atoms are positioned at
(0, 0, 0) and (0.25, 0.25, 0.25) in the crystalline structure,
respectively. To generate 25%, 12.5% and 6.25% Nb doped
ZnS structures we have generated 1x1x1, 1x2x1 and 2x2x1
super-cell structures respectively from the pristine ZnS
structure. Then in each case the Zn atom at (0, 0, 0) is replaced
with the niobium atom as shown in Figl.

(a) ZnS (b) Zn;NbS,

() ZnNbS;  (d) Zn NS,

Fig. 1. Crystal structure of (a) pristine ZnS and (b) 25 %, (c) 12.5 %,
and (¢) 6.25 % niobium doped ZnS.

The total number of atoms in the doped Zn,_Nb S structures
were 8, 16 and 32 for x = 0.25, 0.125 and 0.0625 respectively.
The doped structures are then optimized varying the lattice
parameter to find the minimum energy structure. During the
optimization and self-consistent field calculation for Zn NbS,
and Zn NbS, the integration over the Brillouin zone were
performed using 1000 k-points. However, for Zn NbS, 2000
k-points were used because of the larger size of the unit cell
used in simulation. Total energy vs unit cell volume graphs
are plotted for each case which are shown in Fig. 2. The
computed total energies were fitted to the Birch-Murnaghan
equation of state® to produce these graphs. In Table 1, the
computed equilibrium lattice constant a, bulk modulus B,
and derivatives of the bulk modulus B" are listed.
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Fig. 2. Spin-polarized total energy versus unit cell volume for of
Zn_ NbS (x=0.25,0.125, 0.0625).

The value of a increases with the increase of Nb concentration
in the system due to the larger atomic size of Nb. It is also
observed that the value of B decreases with increase of dopant
concentration.

Electronic band structure

Information about possible energy ranges for electron to
occupy/unoccupy an energy state can be furnished from
electronic band structure. By taking the differences between
valance band maxima and conduction band minima, the
electronic bandgap is calculated for both insulator and
semiconductor. Band structure of ZnS, 25.0, 12.5 and 6.25 %
Nb doped ZnS are calculated by
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Table 1. Computed equilibrium lattice constant a, bulk
modulus B, and derivatives of the bulk modulus B’
of Zn_Nb S (x =25, 12.5, 6.25 %).

Dopal?t concen- Lattice con- Bulk modu- B
tration (%) stant a (A) lus B (GPa)
25.0 5.5679 65.0525 5.0698
12.5 5.5242 65.8415 4.7057
6.25 5.4936 67.2433 4.7896

using Tran-Blaha approach of modified Becke and Johnson
local spin density approximation, findings are illustrated in
Fig. 3. From the band structure calculation for cubic ZnS
using PBE-GGA approximation, it is found that the bandgap
is 2.8 eV %, which is much lower than the theoretical value
3.7 eV 2% and the experimental value 3.74 eV . In this
work, TB-mBJ approximation is used and the bandgap is
found to be 3.64 eV, which is very close to both experimental
and theoretical values for cubic ZnS. That is why Tran-Blaha
approach of modified Becke and Johnson local spin density
approximation is used in all other calculations to get better
result. Interesting properties are noticed when TB-mBJ
approximation is used to calculate the band structure. From
the band structure of ZnS, it is noticed that the maxima of
valance band (VB) and minima of conduction band (CB)
are located at I' point. That mean that ZnS semiconductor
have direct bandgap and the value of the bandgap for both
spin down and up band is 3.64 eV (Fig. 3(a) and 3(b)).
Maxima of VB and the minima of CB are located at point
M and T respectively for spin up band of 25.0% and 12.5%
Nb doped ZnS (Fig. 3(c) and 3(e)). Which indicates that
Zn NbS, and Zn NbS, has indirect bandgap *’ for up spin.
Fig. 3(g) illustrates the spin up band structure of Zn NbS
where niobium concentration is only 6.25 %. The maxima
of VB and the minima of CB are located at point R and I'

Md. Borhanul Asfia and Mohammad Abdur Rashid

respectively giving a indirect bandgap for the up spin of
the system. For all considered concentration of the dopant,
bandgap vanishes for spin down band and shows metallic
nature as demonstrated in Fig. 3(d), 3(f) and 3(h). In all cases
the estimated bandgap for spin up structure, whether it is
direct or indirect, is in between 0.6 and 0.9 eV. Exact values
of spin dependent Eg and the nature of the system are listed in
Table 2 as a function of dopant concentration. Nb doped ZnS
has a half-metallic nature, with semiconducting up spins and
metallic down spins. Half metallic nature is consistent with
all considered doping concentration. The computed values of
magnetic moment of Zn_Nb S (x = 0.25, 0.125, 0.0625) are
1.0 (approx.) which demonstrate the ferromagnetic nature of
the systems. Table 2 shows the magnetic moments developed
in the supercell as a function of niobium concentration.

F NP ISR R
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Fig. 3. Electronic Band structure of (a) ZnS spin up, (b) ZnS spin
down (¢) 25.0 % Nb doped spin up, (d) 25.0 % Nb doped spin
down, (e) 12.5 % Nb doped spin up, (f) 12.5 % Nb doped
spin down, (g) 6.25 % Nb doped spin up and (h) 6.25 % Nb
doped spin down band of ZnS using TB-mBJ approximation.

Table 2. Variation of magnetic moments as a function of niobium doping concentration

bd Bandgap (eV)

Nb doping Magnetic

percentage (%) System moment () Nature of the system

Spin up Spin down
0 ZnS 3.640 3.640 0 Semiconductor
(Pristine)

25.5 Zn,NbS, 0.677 1.00019 Half metallic ferromagnet
12.5 Zn,NbS, 0.623 1.00026 Half metallic ferromagnet
6.25 Zn NbS 0.837 1.00024 Half metallic ferromagnet
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Total and projected density of states

Electronic properties of the target material are studied via
calculating the density of states (DOS). The contribution of
different electronic states in the valance band and conduction
band of ZnS, Nb doped ZnS solid solution can determine by
using DOS calculation (Fig. 4 and 5). Total DOS calculation
as a function of energy for ZnS shows that the DOS of up
and down spin are symmetrical, thus there is no indication
of spin polarization as shown in Fig. 4 (a). PDOS shows that
a strong hybridization of Zn-3d band and S-3p band is taken
place for ZnS valance band formation which are presented
in Fig. 4 (b, ¢). Major contribution of S-3p orbital is noticed
to form the valance band near the Fermi level. Conduction
band of ZnS is contributed by the sulfur 3s and 3p band near
the Fermi level. Form Fig. 5(a), (¢) and (i), we observe that

2 0.4

the TDOS of up and down spins are anti-symmetrical near
the fermi level, thus indicates the spin polarization for Zn,_
Nb S (x = 0.25, 0.125, 0.0625). When a material exhibits
metallic nature in one spin direction and shows an energy
bandgap in other spin direction, which offer 100% spin
polarization at E, [28]. In Fig. 5(a), (¢) and (i), we also see
that Zn, Nb S (x = 25.0, 12.5, 6.25 %) are metallic in down
spin channel and shows energy gap in spin up channel as
describe for its band structure calculation. Thus Zn, Nb S
(x =0.25, 0.125, 0.0625) show half metallic ferromagnetism
with 100 % spin polarization as reveled estimated from the
band structure calculation. The valance and conduction band
mainly composed of Nb-4p, Nb-4d, Zn-3p, Zn-3d and S-3p
states for all dopant concentration. Peak of Zn-3d decreases
with increasing Nb concentration.
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Fig. 4. (a) Density of states of pristine ZnS, projected density of states of significantly contributing orbitals of (b) Zn and (c) S as calculated

using TB-mBJ approximation

Optical properties

Optical properties are studied to understand the interactions
of photons with Nb doped ZnS. The results are also compared
to that of pure ZnS to estimate the changes due to doping.
The dielectric function g(w) describes the response of a
material to the application of an alternating electric field at
different photon energy. It has two parts, one is real £ () and
another is imaginary € (w). Real part describes the energy
store ability and imaginary part is related to the absorption
behavior and electronic band structure of the material #. Fig
6(a) represent the imaginary part of dielectric function versus
photon energy graph. Peaks are noticed in the figure which
indicate the direct transition of electron from valance band to
conduction band along the symmetric lines of band structure.
The threshold energy is noticed for ZnS and the value is
3.47 eV. This indicates its absorption edge which eventually
corresponds to the bandgap of pristine ZnS. Threshold values
are absence for Zn, Nb S (x = 0.25, 0.125, 0.0625) which
indicates their half metallic nature as confirmed from their
band structure. The maximum computed value of € () is
shown in the Table 3. Maximum values are in the higher

energy range. So, these materials may be used as an energy
filter in the UV spectrum.

Change of real part of the dielectric function ¢ (w) with
respect to energy spectrum is shown in the Fig. 6(b). Kramer-
Kronig (KK) dispersion equation is used to calculate the real
part of the dielectric constant *. Interestingly, at the zero-
energy point 6.25% Nb doped ZnS has zero value of real part
of the dielectric function. Negative value is noticed for 12.5
and 25% Nb doped ZnS in the lower photon energy range.

Then ¢ (o) increases with increasing photon energy for all
dopant concentration. Peak of ¢ (®) is found in the energy
range 4.5 eV to 6.5 eV, where the materials show maximum
polarization behavior. Negative value is given when photon
energy is further increased above 8.2 eV, 8.26 eV, 8.265 eV
and 8.3 eV for ZnS, 6.25%, 12.5% and 25% Nb doped ZnS
respectively. In this range material shows metallic nature
[31]. A negative peak is noticed for 25% Nb doped ZnS at
6.25 eV. Nb concentration shifts the peak toward lower energy
spectrum, which is synchronous to decrease of bandgap.
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Fig. 5. The total DOS and projected DOS of Zn, Nb S (x = 0.25, 0.125, 0.0625) as estimated using TB-mBJ approximation. (a), (b), (c) and
(d) represents the TDOS and PDOS of atoms and significant contributions of different orbitals when the doping percentage is 25 %.
For 12.5% doping concentration these are presented in (e), (f), (g) and (h). In (i), (j), (k) and (1) those values are illustrated for 6.25 %

niobium doped ZnS.

Fig. 6(c) represents the variation of refractive index with
photon energy. Very high static value of refractive index is
notice for 6.25%, 12.5% and 25% Nb doped ZnS. But ZnS
has static value of refractive index 2.3. A sharp decrement
of refractive index is notice for both 12.5% and 25% Nb
doped ZnS in the lower energy range. Refractive index
increases within the photon energy range 2.0 eV to 6.3 eV.

Maximum peak of the refractive index is noticed in the
energy range 4.0 eV to 6.5 eV and listed in the Table 3.
With increasing the photon energy above 10 eV, refractive
index decreases below unity which indicates that the group
velocity of the incident radiation is greater than light
velocity
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Fig. 6. Optical properties of ZnS, Nb doped ZnS. (a) imaginary and
(b) real part of the dielectric constant, (c) refractive index,
(d) extinction coefficient, (e¢) absorption coefficient, (f)
optical conductivity and (g) reflectivityas calculated using
TB-mBJ approximation

Extinction coefficient (k) and absorption coefficient (a) are
related by the relation k(®w) = aA/4n, where A represent the
wavelength of light. Fig. 6(d) and 6(e) represent the variation
of extinction coefficient and absorption coefficient with
photon energy respectively. In the lower energy range, high
value of extinction coefficient is noticed but their absorption
coefficient is very low for 6.25%, 12.5% and 25% Nb doped
ZnS, which indicate their metallic nature. Interestingly,
their extinction coefficient decreases sharply up to 2 eV
and shows nearly similar nature. Extinction and absorption
coefficient is increasing for further increment of photons
energy. Maximum value for extinction coefficient is noticed
in the energy 6.0 eV to 9.0 eV and it is also listed in Table 3.
The critical point of the absorption spectra is 3.7 eV for ZnS.
Critical points for 6.25%, 12.5% and 25% Nb doped ZnS are
noticed at the origin due to their metallic nature. Increasing
behavior of absorption is notice for all concentration of Nb in
the energy range 2.0 eV to 13.0 ¢V and a few oscillations are
also obtained within 6.0 eV to 12.0 eV photon energy range.

Optical conductivity of a material is very important for
optoelectronic application. Fig. 6(f) shows the changes of
optical conductivity with photon energy. Starting point for
ZnS optical conductivity is 3.8 eV. When 6.25% Nb is doped
with ZnS, it is sifted to 0 eV and starting points for both
12.5% and 25% are absent in the figure. Maximum value of
the optical conductivity is noticed in the energy 6.0 eV to 8.5
eV and specified in the Table 3. Variation of the reflectivity
of ZnS and Nb doped ZnS are shown in the Fig. 6(g). Static
value of the reflectivity for ZnS and 6.25%, 12.5%, 25%
Nb doped ZnS is 0.12, 0.63, 0.88 and 0.92 respectively.
Reflectivity increases with increasing photon energy and
oscillation is noticed in the energy range 6.0 eV to 12.0 eV.

Table 3. Estimated refractive index 7(0), maximum value of
g (») and £ (o), minimum negative value of ¢ (®), maximum
value of n(®), absorption edge of extinction coefficient k()
and maximum peak of optical conductivity o(w) for Nb
doped ZnS.

Doping percentage (%) of Nb in ZnS compared

Parameter toZn

0 25.0 12.5 6.25

£,(0)_ .. 14 10 7.1 8.9
g (o), .. 10.2 7.6 6.8 7.5
(o) ., -3 -2.4 -2.3 -2.5
n(0) 23 6.0 6.0 24
n(®), . 3.6 2.9 2.7 2.8
ko), 24 2.2 1.9 2.0
o(o) 13000 8200 7500 8700

max

IV. Conclusions

Based on the first-principles calculations in WIEN2k package,
we found that ZnS has wide direct bandgap of 3.64eV. Nb
doped ZnS has indirect bandgap in spin up band and absence
of bandgap in spin down band which indicates the half
metallic nature of Nb doped ZnS. Computed values of the
bandgap of 6.25%, 12.5% and 25% Nb doped ZnS are 0.837
eV, 0.623 eV and 0.677 eV in spin down band. Valance band
of ZnS near the Fermi level is mainly composed of Zn-3p, Zn-
3d and S-3p orbital. Composition of Zn-3s, Zn-3p, S-3p and
S-3d orbital is formed the conduction band of ZnS is near the
Fermi level. For the Nb doped ZnS, valance band is formed
by the composition of Nb-4d, S-3p and conduction band is
composed by Nb-4d, Zn-3s and Zn-3p near the Fermi level.
The peaks of different optical parameters are noticeable in the
UV region of the electromagnetic region. Peaks are shifted
toward the lower energy range with increasing the dopant
percentage. These Computed results suggest that Nb doped
ZnS solid solutions can be a promising candidate for both
spintronic device and energy filter of UV spectrum.
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