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1 Introduction

Presently, many researchers are focusing towards increas-
ing the conversion efficiency of the optoelectronic devices 
as well as the performance of photovoltaic solar cells. 
With this aim intermediate band (IB) materials are playing 
a major role. Before that in a solar cell, there is a direct 
transition from valence band (VB) to the conduction band 
(CB) but in the case of IB materials, new bands introduce 
in actual band gap [1]. Thus the transition of electrons from 
VB to CB not only occurs from higher energy photons than 
the band gap energy but also from couple of low energy 
photons. IB’s provides a comprehensive response to the 
solar spectrum via three optical transitions [2], such as VB 
to CB, VB to IB and IB to CB [3, 4] shown schematically 
in Fig.  1. The main focus towards IB’s in the manuscript 
is due to increasing photocurrent with reducing photo-
voltage which provides good photosensing results. Also 
only few reports are available on intermediate band solar 
cells (IBSC’s) predicts efficiency up to ~63.1% [5], which 
is much higher compared to the single junction solar cell 
(~40.7%) [3, 6]. From the IB, we can get the actual rise in 
the optical absorbance that can be verified from the theo-
retical and experimental results. Auxiliary, IB’s offers a 
countless prospect to researcher community for achieving 
a more simplistic single junction high-efficiency solar cells.

In fact, an IB’s can be created through quantum dots or 
by inserting the suitable impurities into the bulk host semi-
conductor [7], in which the bulk IB’s materials are easy to 
fabricate than quantum dots [8] and has a stronger absorp-
tion due to the higher density of the IB’s [9]. Previously, 
many first principle calculations based on the density func-
tional theory (DFT) have been performed to design and 
understand the ZnS IB material. It is obvious because of 
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Mg doping in ZnS successfully creates IB and the same is 
reported here.

In this work, we carefully studied the theoretical and 
experimental optoelectronic properties and photosensing 
study of ZnS and Mg-doped ZnS thin films. IB were intro-
duced in ZnS by Mg doping to enhance the absorption of 
solar spectrum greatly and its conversion efficiency [10]. 
Therefore, one additional absorption peak appears in the 
absorption spectrum around ~520  nm (~2.38  eV) when 
ZnS is doped with Mg, arising from the subgap absorp-
tions which is consistent with the theoretical results. Sam-
ples were grown by simple one step chemical bath deposi-
tion technique on amorphous glass substrate. Further, the 
films are characterised by X-ray diffraction (XRD), Raman, 
UV–Vis spectroscopy and I-V characteristics interfaced 
with solar simulator. Our results clearly demonstrate that 
the Mg-doped ZnS thin films can be potentially used in the 
optoelectronic devices or in an IB photovoltaic materials.

2  Experimental details

The nanocrystalline ZnS and Mg–ZnS thin films 
were synthesized using the simple, one-step chemi-
cal bath deposition method. The zinc nitrate hexahy-
drate [Zn(NO3)2·6H2O], magnesium nitrate hexahydrate 
[Mg(NO3)2·6H2O] and thiourea  [CH4N2S] were used 
as source materials for deposition of the ZnS as well as 
Mg–ZnS thin films. Before deposition, the substrates 
were cleaned by chromic acid, laboline, deionized water 
and then air-dried. For the deposition of ZnS thin films 
0.5 M Zn(NO3)2·6H2O and 0.5 M  CH4N2S were dissolved 
in 40 ml DI water separately and were stirred for 20 min. 
Three drops of hydrazine hydrate (80%) [11] were added 
to Zn source solution. The pH of the Zn source solution 

was adjusted to ~11 by dropwise addition of ammonia 
solution. Further, both the Zn and S precursor solutions 
were transferred to a 100 ml beaker. The pre-cleaned glass 
substrates were immersed vertically in the beaker and the 
beaker was kept in water bath at 50 °C for 1 h. The depos-
ited films were washed with distilled water and dried in air 
subsequently. The same procedure was followed for the 
deposition of  Zn0.95Mg0.05S thin films, in this case 0.025 M 
[Mg(NO3)2·6H2O] was added as a Mg source to the Zn pre-
cursor solution. The synthesized thin films both pure and 
Mg-doped were found to have light yellowish colour.

The synthesized thin films of ZnS and Mg–ZnS were 
then characterized for their structural and optoelectronic 
properties. The XRD patterns were recorded on Bruker 
AXS, Germany (D8 Advanced) diffractometer in the scan-
ning range 20°–80° using Cukα radiations with wavelength 
of 1.5405  Å. The electronic transitions in the films were 
monitored from the optical absorbance spectra recorded in 
the wavelength range of 300–1100 nm using UV–Vis spec-
trophotometer Perkin Elmer Lamda-25. The Raman spec-
tra of the samples were recorded using Renishaw in-Via 
Raman spectrometer (Renishaw, Wotton-under-Edge, UK) 
at a solution of 0.3 cm−1.  Ar+ laser of 532 nm wavelength 
is used for excitation. The photosensing experiments were 
recorded by illuminating these nanostructured thin films 
to 100, 200 and 300 W/cm2 light source and the data were 
taken from the computer interfaced with I-V measurement 
setup KEITHLEY 2400 source meter.

2.1  Computational details

The band structure and total density of states (TODS) 
calculations using first principles DFT were performed 
using the MedeA-(VASP) Vienna ab  initio simula-
tion package with the plane-wave pseudopotentials. A 

Fig. 1  a Schematic bandstructure with intermediate bands. b Optimised supercell of ZnS and Mg–ZnS obtained from DFT calculation
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2 × 2 × 2 supercell was built with the wurtzite ZnS unit 
cell with  P63mc as the space group. To study the effect 
of doping magnesium (Mg) into the ZnS system, one zinc 
(Zn) atom was replaced with one magnesium (Mg) atom 
in the supercell to form ~5% doping. Figure  1b shows 
the optimized supercells of ZnS and Mg–ZnS thin films 
obtained from DFT calculations. The DFT calculations 
were performed using generalised gradient approxima-
tion (GGA) functional with Perdew-Burke-Ernzerhof 
(PBE) to describe the electron–electron exchange and 
correlation effects [12, 13]. The DFT equations were 
solved via projector augmented wave method using plane 
wave basis set as implemented in Vienna Ab Initio Simu-
lation Package (VASP) interfaced with MedeA technol-
ogy platform. The undoped supercell (ZnS)16 consist 
of 16 Zn atoms and 16  S atoms. After incorporation of 
one Mg atom in ZnS takes the form as  MgZn15S16. The 
residual force of 0.01 eV/Å for varying internal position 
of atoms was used to attain the minimum energy state as 
well as 400 eV was set as the cutoff kinetic energy. The 
2 × 2 × 2  K-mesh was used which correspond to spacing 
<0.5  Å in reciprocal space. Methfessel-Paxton type of 
smearing was used with smearing width of 0.2 eV. Real 
space projection operator was used as the system contains 
a large number of atoms.

3  Results and discussion

3.1  Structural studies

The structural analysis of these ZnS and Mg–ZnS thin 
films were carried out using the XRD pattern shown in 
Fig.  2. The XRD pattern reveals that the deposited thin 
films are composed of fine polycrystalline nanoparti-
cles. The diffraction peaks of Mg–ZnS thin films slightly 
shifted towards the lower 2ϴ angle compared to pure 
ZnS. The shift of peaks towards the lower diffraction 
angles marks compressive stress which results in elon-
gation of lattice parameters of the thin films. In wurtz-
ite crystal structure lattice parameters are ‘a’ and ‘c’, the 
lattice constants estimated for both pure and Mg doped 
ZnS thin films are given in Table 1. The deviation in the 
lattice constants is because of non-uniform distribution 
as well as decrease in interatomic spacing [14, 15] after 
incorporation of  Mg2+ ions in ZnS lattice and the differ-
ence in the ionic radius of  Mg2+ (0.71 Å) which is smaller 
than that of  Zn2+ (0.74 Å) [16, 17]. The effective change 
in lattice parameters defines the successful incorporation 
of  Mg2+ ions in ZnS lattice which consistently follows 
the Vegard’s law [18]. The estimated values were com-
pared with standard JCPDS card given in Table  1. The 
estimated c/a ratio shows the hexagonal closed packed 
structure (Table 1). The strain of pure ZnS and Mg–ZnS 
samples was calculated from XRD data using the Stokes-
Wilson relation shown in Eq.  (1) implies an increase in 
strain with Mg substitution [19, 20].

where, ε is a strain in the sample and βhkl is the full width 
at half maximum at angle 2θ. The average crystallite size 
were estimated using the Scherer equation (2) [19, 21], 
where λ is the wavelength of X-ray used i.e. 1.5405 Å, β 
is the FWHM of the peak; θ is the peak position and D is 
the crystallite size. The average crystallite size for ZnS and 
Mg–ZnS were found to be 23 nm and 21 nm respectively.

(1)� =
�hkl

4 tan �

(2)D =
0.9�

� cos �

Fig. 2  X-ray diffraction patterns of a ZnS and b Mg–ZnS thin films

Table 1  Structural parameters 
of ZnS and Mg–ZnS thin films 
calculated from XRD data

Sample Lattice parameters c/a ratio Strain Average crystal-
lite size (nm)

# JCPDS card

a (Å) c (Å)

Wurtzite ZnS 3.64 5.27 1.44 0.004337 23 75-1547
Wurtzite Mg–ZnS 3.66 5.24 1.43 0.004757 20 46-1058
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3.2  Raman spectrum analysis

The room temperature Raman spectra for the as-grown 
ZnS and Mg–ZnS thin films are shown in Fig. 3. The CBD 
grown ZnS and Mg–ZnS thin films confirms the wurtzite 
crystal structure which belongs to  P63mc space group [22]. 
The zone-center optical phonons can be classified accord-
ing to the following irreducible representations, Eq. (3).

where,  A1 and  E1 modes are polar modes and both are 
Raman and infrared active, the  E2 modes are nonpolar and 
Raman active and the  B1 modes are silent modes. The peak 
at 435  cm−1 is characteristic of the wurtzite lattice [23], 
the sharp peak indicates higher crystalline order. The peak 
at 356 cm−1 is defined for ZnMgS as LO mode. The pho-
non modes observed at 435 and 573 cm−1 can be assigned 
to  E2(high) and  E1(LO), respectively [24]. Raman peaks 
other than 573 cm−1 observed between 540 and 580 cm−1 
are associated with structural disorders [25], such as oxy-
gen vacancy and Zn interstitials [26]. The reduction in 
peak intensities with the Mg doping can be associated with 
the generated disorders in the crystal. In addition, the sec-
ond order Raman scattering is seen in between 350 and 
450 cm−1 which consist of longitudinal optical + transverse 
acoustic (LO + TA) phonon modes at ~421 and 420 cm−1 
for pure and Mg–ZnS thin films [24, 27].

3.3  Optical study

Figure  4, represents the optical absorbance spectra of the 
ZnS and Mg–ZnS thin films recorded as a function of 
wavelength versus absorbance coefficient. The electronic 
transitions in the ZnS and the Mg–ZnS thin films can be 
monitored by studying the absorbance and band gap energy 

(3)Γopt = A1 + E1 + 2E2 + 2B1

of the materials [28]. The absorbance edges were observed 
at 390 and 401  nm for the pure and Mg–ZnS thin films 
respectively. One additional peak observed in the absorp-
tion spectrum of Mg–ZnS thin film at 520  nm (2.38  eV) 
[29]. A shift in absorbance edge towards higher wavelength 
after Mg addition denotes the clear red shift in energy 
bandgap. The incorporation of Mg in ZnS lattice creates 
some new intermediate states in the pure ZnS electron band 
structure. These IB lie at the centre of the solar spectrum 
which may enhance the absorption beyond the Shockley-
Queisser limitation [30] for solar cells. The formation of IB 
are also observed in the band structure and density of states 
obtained from DFT calculations, discussed in the DFT sec-
tion. This IB allows the extra generation of charge carriers 
from two-step absorption which is shown in the Fig. 4. The 
energy band gap was calculated using the Tauc’s relation 
[31, 32], Eq. (4).

where α is the absorption coefficient, hʋ is the photon 
energy, A is a band edge sharpness constant and Eg is the 
energy band gap of the sample. ZnS being a direct band gap 
material; the value of n is ½ for the direct transition from 
VB to the CB [22, 33]. The band gap of ZnS and Mg–ZnS 
is found to be 3.15 and 3.09 eV respectively.

3.4  Photosensing study

The photosensor is an electronic component that detects 
the presence of visible light, infrared transmission, and/
or ultraviolet (UV) energy. Mostly these are semiconduc-
tor materials having a property called photoconductivity, 
wherein the electrical conductance varies with the variation 

(4)�h� = A(h� − Eg)n

Fig. 3  Raman spectrum of a ZnS and b Mg–ZnS thin films

Fig. 4  Absorbance spectra of a ZnS and b Mg–ZnS thin films (Inset) 
Tauc’s plot for bandgap determination
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in the intensity of incident illumination. It is well known 
that wide-bandgap semiconductors are fully sensitive to 
excitation light with photon energy greater than the energy 
bandgap. The I-V curve for ZnS and Mg–ZnS thin films 
were measured in the dark as well as in visible light illu-
mination (solar simulator lamp). The device based on ZnS 
and Mg-doped ZnS thin films exhibit a distinct behaviour 
and the linearity, the curves indicate their ohmic behaviour 
as shown in Fig.  5a. The impact of visible light on elec-
trical conduction indicates a very interesting result in this 
study. Figure 5b shows current density versus voltage (V) 
J-V plots of ZnS and Mg–ZnS thin film for dark condition 
and various illumination intensities. ZnS thin film shows a 
photosensitivity of ~92% and this enhanced after Mg dop-
ing to ~96% estimated using Eq. (5).

where, S (%) Photosensitivity,  Rd- resistance in dark,  Rl- 
Resistance in light. Also, we have calculated the change in 
photocurrent for ZnS which were found to be 0.11 µA and 
0.31 mA for Mg–ZnS thin films. Particularly, high sensitive 
visible light photoresponse is observed in the Mg-doped 
ZnS thin film which may be due to the IB observed in the 
UV–Vis spectra as well as in DFT results. In addition, the 
extraordinary photo response of Mg-doped ZnS thin films 
can be attributed to the better charge transfer using IB when 
compared to the pure ZnS thin films. IB, as an emerging 
technology has stimulated significant attention owing to its 
application in optoelectronic devices as well as an window 
layer in solar cells [34].

(5)S (%) =
Rd−Rl

Rd

× 100

3.5  Electronic structure investigation

In order to understand the effect of Mg doping on the 
electronic structure of ZnS, the electronic structure cal-
culations were performed using the DFT. The structural 
optimisation was first performed for wurtzite ZnS and 
Mg-doped ZnS. The lattice parameters of the optimized 
structure of ZnS and Mg–ZnS are a = 3.83 Å, c = 5.35 Å 
and a = 3.84  Å and c = 5.33  Å respectively. Further, the 
band structure of both pure and Mg-doped systems were 
determined and is shown in Fig.  6a, c. The band struc-
ture shows that both the systems are direct band semi-
conductors with an energy band gap of 1.51 eV for ZnS 
and 1.19  eV for Mg-doped ZnS, at the high symmetry 
gamma (g) point in the Brillouin zone respectively. The 
bandgap results reported here are close to the previ-
ous reports of wurtzite ZnS calculated using WC-GGA 
approximation [35]. The calculated bandstructure of Mg-
doped ZnS shows IB overlapping with the CB minimum 
and the fermi level. This is due to the Mg incorporation 
in the ZnS lattice wherein the Mg act as a donor impu-
rity [36]. The TODS shown in Fig. 6d confirms that the 
CB is mainly composed of Zn 4s states and the VB is 
dominated by s  3p states of pure ZnS [37]. The TODS 
of Mg–ZnS system shows the formation of intermediate 
states overlapping the fermi level. These states are the 
‘p’ states of Mg incorporated in the ZnS lattice. This fur-
ther confirms the decrease in bandgap to be due to Mg 
doping. The presence of IB near to fermi energy results 
in enhanced visible light absorption as seen from the 
absorbance spectra and further resulted in increased pho-
tosensing properties.

Fig. 5  a I-V plots of ZnS and Mg–ZnS thin films, b J-V plots of ZnS and Mg–ZnS thin films under dark and under illumination of 100, 200 and 
300 W/cm2 light
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4  Conclusion

In this paper, through first-principles calculations, the 
structural and optoelectronic properties of wurtzite ZnS 
and Mg–ZnS have been studied. The theoretical calcula-
tions revealed the formation of narrow IB between the VB 
and the CB of the host semiconductor. These results have 
been correlated with the experimental results. For experi-
mental results, the ZnS and Mg–ZnS thin films were grown 
on a glass substrate by simple, one step CBD method. 
After Mg doping, the optical absorption spectra shows an 
additional peak before the absorption edge for ZnS. The 
Mg–ZnS sample shows a slight red shift as compared to 
pure ZnS. Raman spectra show first order phonon modes 
at 356 cm−1 corresponding to the ZnMgS longitudinal opti-
cal phonon modes and the 435  cm−1 peak confirms the 
wurtzite crystal structure. The DFT results confirm that the 
Mg acts as a donor impurity, decreasing the bandgap and 
improving the visible light absorption. The band structure 
of Mg–ZnS shows the generation of IB overlapping the 
fermi level and the calculated TDOS of Mg–ZnS confirms 

the generated IB’s to be from the ‘p’ states of Mg. The fea-
tures obtained in the electronic structure of Mg–ZnS would 
be used for development of next-generation optoelectronic 
and photovoltaic devices. The astonishing band engineer-
ing has a potential for photovoltaic, thermoelectric and 
optoelectronic applications.
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