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A B S T R A C T

Herein, ZnMgS nanorod (NR) thin film has been grown by facile single step chemical bath deposition technique.
Initially, vertically aligned ZnMgS NR having ∼3 µm length and diameter of ∼200 nm were deposited on
commercial glass substrate. The morphology characterizations of this nanorod thin film were observed by FE-
SEM and TEM. The randomly oriented hexagonal type nanorods were grown on the glass surface. The strong and
highly intense (0 0 2) peak in the XRD pattern along with the calculated low compressive strain indicates vertical
growth of high-quality crystalline ZnMgS nanorods. The films showed a direct band transition at ∼3.62 eV. The
photosensing properties of NR thin film of ZnMgS showed an excellent photoresponsivity of 34.6 μA/Watt and
photosensitivity 99% respectively under illumination of 100W/cm2 at a bias voltage 5 V. The obtained ex-
perimental results were found to be consistent with theoretical results obtained using DFT.

1. Introduction

Wide-band-gap semiconductors, mainly those with wurtzite struc-
ture, are of interest for a range of technological applications [1]. For
example, II-VI system such as ZnS or ZnO nanostructure has widely
been utilized in optoelectronic devices such as light-emitting diodes
(LED), photosensor/photodetectors, gas sensors, electroluminescence,
flat panel displays and now as a window layer in a solar cell, etc. [2].
Recently, ternary alloy ZnMgS have been seeking the attention of many
researchers as alternative device materials due to their outstanding
properties. Among these large excitation binding, energy and wide
bandgap are important for opto-electronic applications etc. [3,4]. The
control over the shape of the nanostructure is another important factor
for the development of such materials, the elongated one-dimensional
(1-D) morphology such as nanorods, nanowires, nanofibers has thus
been focused by many researchers for a wide range of applications.
Nanorods, nanotubes are important and popular 1-D nanostructures
[5]. Nanorods are short as well as stiff with prevalent circular cross-
sections, but can often have hexagonal cross-sections [6]. There are a
large number of reports available on the chemical and physical synth-
esis of 1-D nanostructures, such as physical vapor deposition [7], che-
mical bath deposition [8], hydrothermal synthesis [9,10], solvothermal
approach [11,12] radio frequency magnetron sputtering technique
[12], etc. Considering the advantages of chemical synthesis over

physical methods and with an aim of mixing materials/sources at
atomic level [13] so that the materials are close enough to form ther-
modynamic equilibrium, we have chosen chemical synthesis in our
present work. According to the phase diagram, the solubility of Mg in
ZnS at normal condition is of eutectic type [14]. There are few reports
available on the extensive solubility of the Mg in zincite is up to 33mol
% [15]. Furthermore, the solubility depends upon the experimental
condition such as temperature and pressure. ZnMgS exhibit the stable
wurtzite (WZ) structure below the 4mol% Mg. Mg2+ has an ionic ra-
dius of 0.57 Å which is very close to Zn2+0.60 Å, therefore it can easily
dope with Mg2+ [16]. Pure MgS has a higher band gap as compared to
ZnS because the incorporation Mg will increase the band gap [17]. Mg
alloying in ZnS modulates the fundamental band gap [18], which al-
lows its use as a barrier material in the quantum well structure for
optoelectronic devices [3,4,19]. ZnMgS alloy is reported to be synthe-
sized by various physical techniques such as molecular beam epitaxy
[4], pulsed laser deposition [20] etc. As per our up to date literature
survey there are very few reports available on the synthesis of ZnMgS
thin films by the chemical approach. Further, to understand the beha-
viour of the materials, it is essential to study both their crystal structure
and electronic structures.

Thus in the present manuscript, we have focused on the synthesis,
characterization, and correlation of structural and optical properties of
pure ZnMgS 1-D nanorod thin films with theoretical study. In this
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ternary alloy, Mg plays a role of donor atom into the host lattice, which
is expected to result in promising optical properties that can be in-
vestigated experimentally as well as theoretically. The ZnMgS 1-D na-
norods have been grown on the amorphous glass substrate using single-
step chemical approach. Also, we report here ZnMgS 1-D NR thin film
grown by very short deposition time of 1 h. and relatively low bath
temperature i.e. 65 °C. ZnMgS 1-D NR thin film was further character-
ized for its structural, morphological, optical, electrical and electronic
properties.

2. Materials and methods

2.1. Synthesis of ZnMgS 1-D nanorods

Fig. 1 shows a schematic for the synthesis of ZnMgS NR thin film
using single-step chemical bath deposition technique on a commercial
glass (silica) slides. Initially, the glass slides were kept in chromic acid
for 4 h. at∼100 °C and then subsequently washed with deionized water
(DI) and laboline detergent. This cleaning of the substrate is an im-
portant to step in the deposition process to obtain uniform thin film and
achieve better adhesion and stoichiometry.

All the chemicals used for the deposition of ZnMgS NR were ana-
lytical reagent (AR) grade and were used without further purification.
In the typical synthesis procedure, an aqueous solution of zinc nitrate
hexahydrate [Zn(NO3)2·6H2O: 0.08M], magnesium nitrate hexahydrate
[Mg(NO3)2·6H2O: 0.02M] and thiourea [H2NCSNH2: 0.1 M] were dis-
solved in 30ml DI water with constant stirring (each for 20min) in
different beakers. After dissolving, the sources in respective beakers 2
drops of triethanolamine (TEA) were added in zinc source solution and
immediately the precipitate forms in a beaker. Afterwards, ammonia
was added dropwise with constant stirring till solution gets clear. The
pH of the final clear salt solution was ∼11. Finally, the source of the
magnesium and sulphur were added in zinc solution slowly with con-
stant stirring. The obtained solution was placed in a hot water bath
maintained at a temperature of ∼65 °C. The pre-cleaned glass sub-
strates were immersed vertically in the beaker for 60min. The obtained
films were yellowish white in colour with uniform deposition over the
entire surface of the substrate. The films were washed with deionized
water to remove weakly bonded atoms on the surface and dried sub-
sequently.

2.2. Characterization of ZnMgS 1-D nanorods

The as-synthesized ZnMgS NR thin film were characterized by dif-
ferent characterization techniques. The crystal structure and phase of
the as-grown ZnMgS NR thin film were confirmed by Bruker AXS,
Germany (D8 Advanced) X-ray Diffractometer. A scanning rate of
0.05 s−1 was applied to record the patterns in scanning range
20–80°(2θ) using CuKα1 radiation with wavelength 1.5406 Å.
Transmission electron microscopy (TEM) measurements were carried
out at an accelerating voltage of 200 kV, and selected-area electron
diffraction (SAED) patterns were obtained using Tecnai G2 20 at an
acceleration voltage of 200 kV. The compositional and morphological
analysis was carried out by energy dispersive X-ray (EDAX) attached to
field emission scanning electron microscopy (FE-SEM) instrument
MIRA II LMH from TESCAN with an accelerating voltage of 5 and
30 kV. The optical properties of the films, the absorbance spectra were
recorded in 300–1100 nm range using UV–Vis spectrophotometer
Perkin Elmer Lambda-25. The I-V characteristics were obtained by il-
luminating the of solar simulator lamp as a light source for acquiring
the data on Keithley 2400 measurement setup interfaced with a com-
puter. The optimized and calculated results are reported in the manu-
script.

2.3. Computational details

Structural, electronic, and optical properties of ZnMgS are studied
by solving the Kohn–Sham equations using Medea-VASP package. A
2×2×2 supercells were built with the wurtzite ZnMgS unit cell with
P63mc as the space group. To study, the Magnesium (Mg) atom in-
corporated into the ZnS system, one Zinc (Zn) atom was replaced with
the Magnesium (Mg) atom in the supercell. The exchange and corre-
lation energy are described by generalized gradient approximation
(GGA) for the structural properties and Perdew-Burke-Ernzerhof (PBE)
potential for the electron-electron correlation effect [21,22]. The opti-
mized supercell for the DFT calculations formed 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 [23]. A 2× 2×2K-mesh was used which corre-
spond to spacing less than 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. Result and discussion

3.1. XRD analysis

XRD analysis is important characterization tool towards under-
standing the structural properties of a material. Fig. 2 shows the typical
XRD pattern of as-grown ZnMgS NR thin film which clearly indicates
the formation of pure ZnMgS composition having wurtzite hexagonal
crystal structure (JCPDS # 37-1180). The diffraction peaks observed at
29.22° (1 1 1), 31.78° (1 0 0), 34.42° (0 0 2), 36.26° (1 0 1), 47.54°
(2 2 0) 56.6° (3 1 1), 62.88° (2 0 2), 68° (1 1 2), 69° (2 0 1) and 72.6°
(0 0 4) corresponds to wurtzite structure of ZnMgS.

The strong and sharp diffraction peak at 34.42° with very high in-
tensity confirms the direction of NR along normal to the surface of the
sample [24], this is also confirmed from FE-SEM micrographs and its
cross-section view. Kai Huang et al. reported that the pure ZnO having a
polycrystalline nature, while Mg-ZnO (2–8 atomic%) thin films show a
preferential c-axis orientation, additionally shows a phase separation
after 8 at.% of Mg content [25]. Herein our reports we get better
crystalline quality as well as uniform deposition. Lattice parameters for
wurtzite phase were calculated with help of the following standard Eq.
(1), the average crystallite size was calculated by the following Scherrer
formula Eq. (2) and the strain of the ZnMgS NR thin films calculated by

Fig. 1. (a) Schematic of a chemical bath deposition.
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following Eq. (3) [26,27],
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The calculated parameters such as strain, average crystallite size,
and lattice parameters are shown in Table 1. The obtained results from
XRD were well supported with the TEM and SAED results.

3.2. Surface morphological analysis

FE-SEM is a convenient and versatile method to study and analyze
the surface morphology of thin films. Typical FE-SEM micrographs of
the ZnMgS NRs grown on the amorphous glass substrate are shown in
Fig. 3(a), (b). The image shows the formation of a uniform layer of 1-D
NR. Which can be further confirmed by the later representations of
electron microscopy (TEM) images Fig. 3(c) shows the EDX spectrum of
the grown ZnMgS NR thin film, showing peaks for both Zn, Mg, S and O
atoms with approximately similar atomic percentage (50: 15: 25: 10)
respectively, this confirms the atomic composition of prepared ZnMgS
NR thin film to be nearly stoichiometric within the limits of experi-
mental error. The presence of ∼15% oxide phase which may be due to
DI water used as a solvent in the reaction [28].

3.3. TEM analysis

TEM images were obtained to get the detailed information re-
garding the physical structure of the grown ZnMgS NR thin film.
Although, TEM images showing in the plane and focused view of the
ZnMgS NR thin film were obtained showed in Fig. 3(d) and (e). The
average diameter of the NR is ∼200 nm and the average length is

∼3 µm. The average crystallite size from TEM image of was ∼30 nm,
this is in good agreement with the XRD results. Here we can conclude, a
suitable amount and optimized concentration of zinc, magnesium and
sulphur solution in a reaction will be in the favour of nucleation of WZ
ZnMgS NR’s because the NRs grew towards [0 0 2] plane. The selected
area electron diffraction (SAED) pattern obtained from the sample is
presented in Fig. 3(f). The SAED pattern shows discrete spot pattern
which is the characteristic of nanorods, which confirms the film con-
taining 1-D NR’s. The spots in the SAED pattern further indexed for the
WZ structure.

3.4. Optical study

The UV–vis absorption spectra obtained for ZnMgS NR thin film
deposited on a glass substrate is shown in Fig. 4(a). In this study, the
absorbance of samples was measured as a function of wavelength in the
range of 200–900 nm. The absorbance is estimated to depend on some
factors such as band gap, surface roughness, oxygen deficiency and
impurity centers [15,29]. The absorbance spectra show UV cut off at
around 350–380 nm, due to the photoexcitation of electrons from va-
lence to conduction band. The bandgap of the as-grown ZnMgS NR thin
film was calculated by extrapolating the plot of (αhν)2 vs hν using the
Tauc’s relation [30].

= −αhν A hν Eg( ) ( )n (4)

where A is a constant and n is equal to 1/2 for direct bandgap semi-
conductors [31]. The plot of (αhν)2 vs. hν is shown in Fig. 4(b) (Inset).
The bandgap obtained for the ZnMgS NR thin film is ∼3.62 eV. The
calculated result showed that the band gap of ZnMgS NR thin film was
∼3.62 eV, larger than pure bulk ZnS. This may be attributed to the fact
that new defects are introduced after Mg atoms placed in Zn lattice site
due to the electronegativity and ionic radius difference [32]. The ob-
tained bandgap, in this case, matches well with the reported values of
ZnMgS. Normally in n-type semiconductor, the Fermi level is inside the
conduction band while the Mg contributes more electrons due to lower
electron affinity. Which may be positioned at higher Fermi level for
ZnMgS thin film which may lead to a blue shift [18]. This result is also
reliable with theoretical and practical results. Such a kind of broad and
fine band gap properties of ternary alloy ZnMgS NR thin film have
potential applications in optoelectronic devices.

3.5. Electrical study

To study the transport properties ZnMgS NR thin film, we measured
the current density-voltage (J–V) characteristics at room temperature in
dark and in presence of light of solar simulator lamp with an intensity
of 100W/cm2. Fig. 5 shows the J-V plots of ZnMgS NR thin films for 5 V
applied bias. 1× 1 cm film was used to study the photosensing phe-
nomenon, a silver paste was used to make electrical contacts with the
film as per shown the schematic in Fig. 1. The current is proportional to
the applied voltage, which means ohmic behaviour showed by the NR
thin film [33,34]. A considerable change in current under illumination
of 100W/cm2 was observed which is associated with the generation of
free electron-hole pairs in the conduction and valence band because of
the incident photons. Due to incident photon energy breaks some
covalent bonds which increase charge carrier concentration both in the
valence band and conduction band by creating free electron and hole
respectively. The calculated resistance of the ZnMgS NR thin film in
dark and under illumination was found to be 1.44×108Ω and
1.43×106Ω respectively.

The photosensitivity (S) and photoresponsivity (R) were calculated
and found to be ∼99% and ∼34.6 µA/Watt respectively by using the
Eqs. (5), (6) [26].

= − ×S R R
R

(%) 100d l

d (5)

Fig. 2. X-ray diffraction patterns of ZnMgS NR thin films.

Table 1
Structural parameters of ZnMgS NR thin film estimated from XRD data.

Sample Lattice Parameters c/a ratio Strain Average
crystallite
Size (nm)

# JCPDS
a (Å) c (Å)

ZnMgS
NR
thin
film

3.70 5.20 1.43 0.0044 23 37-1180

A.S. Dive et al. Materials Science & Engineering B 228 (2018) 91–95

93



=
−

R
I I
SP
p d

i (6)

3.6. Electronic structure investigation

In order to confirm the experimental results of ZnMgS NR thin film,
theoretical band gap, total, partial and summed density of states have
been studied by using Generalized Gradient Approximation (GGA) of
the Density Functional Theory (DFT) with the help of Vienna Ab initio
Simulation Package (VASP). The structural optimization was performed
for wurtzite ZnMgS and the lattice parameters of the optimized struc-
ture where a=3.83 Å, c= 6.27 Å. Further, the band structure was
calculated for the optimized structure and shown in Fig. 6(a). From the
theoretical band structure, ZnMgS exhibit the direct band semi-
conductors with an energy band gap of 1.53 eV. The band profile of the
wurtzite structure shows that the conduction band minima and the
valence band maxima are located at Γ point of the first Brillion zone,
hence the material is a direct bandgap semiconductor shown in Fig. 6.

The semiconducting nature of the film was also confirmed in elec-
trical studies which are correlated here. Khan et al. reported the theo-
retical results on rock-salt ZnMgS having indirect band gap and the
indirect band gap materials are optically inactive due to their phonon
addition in between electron and photon [35,36]. Therefore, we could
state that the direct band gap compounds are dominant in the field of
optoelectronics in comparison with indirect band gap materials [37].
From this, the WZ structure of ZnMgS is needed to be maintained for its
efficient use in the optoelectronic device application. The bandgap re-
sults reported here are close to the previous reports of wurtzite -ZnMgS
calculated using WC-GGA approximation.

It is a well-known problem in the theoretical study, that (localized
density approximation) LDA and GGA calculations locate at the Zn-3d
band incorrectly, which is close to the top of the valence band, and its
strong hybridization with the O-2p misrepresents the band dispersion
[38,39]. Hence, the reduction in the band gap energy as compared to
the experimental band gap energy values. Fig. 6(b) shows schematic
representatives of atom-resolved total and partial density of states
(DOS) of ZnMgS. The dominance in the density of states of 4 s orbital of
the zinc and 3p orbital of the sulphur [40]. The obtained band struc-
ture, total, partial and summed density of states indicates the semi-
conducting behaviour of ZnMgS NR thin film, which is in good agree-
ment with the earlier theoretical reports obtained by DFT calculation
through GGA and other approximation.

Fig. 3. (a) Top view of FE-SEM image of ZnMgS NR thin
film (b) magnifying view of single nanorod (c) EDAX spectra
of ZnMgS NR thin film, (d) and (e) Plane view of TEM
images of ZnMgS NR thin film (f) selective area diffraction
pattern (g) cross-section FE-SEM view of ZnMgS NR thin
film.

Fig. 4. (a) UV–Vis spectra of ZnMgS NR thin films (b) bandgap of ZnMgS NR thin film.

Fig. 5. J-V plots of ZnMgS NR thin film under dark and under illumination of 100Watt/
cm2.
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4. Conclusion

ZnMgS NR was successfully grown by single-step chemical approach
on to the glass substrate with a very short deposition time of 60min and
much lower bath temperature i.e. 65 °C. The reason for the choice of
this growth method is that it is economically cheapest and easy to
handle. The theoretical calculations revealed that ZnMgS shows the
direct band semiconducting behaviour. These results have been corre-
lated with the experimental results. From XRD analysis, nanocrystalline
ZnMgS NR thin film revealed good crystallinity, the average crystallite
size of ∼23 nm along with this (0 0 2) peak intensity signifies the 1-D
growth of NR’s. Observation of estimated elemental composition in
EDAX spectra confirms stoichiometry of the thin film. FESEM micro-
graph confirms the vertical growth of nanorods on the entire surface of
the thin film. Also, ZnMgS NR thin film revealed higher absorbance in
the UV region and energy bandgap of ∼3.62 eV. The J-V graph shows
increase in photocurrent when the light of 100Watt intensity is incident
on samples. The features obtained in the experimental, as well as
electronic structure of ZnMgS NR thin film, would be used for devel-
opment of the next-generation optoelectronic application and photo-
voltaic devices.
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