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ARTICLE INFO ABSTRACT

Available online 7 November 2014 The growth of nanocrystalline zinc sulfide thin films onto glass substrates by chemical

bath deposition has been optimized at acidic pH. Powder X-ray diffraction (p-XRD)

Keywords:

Chemical bath deposition confirms the deposition of sphalerite, the cubic phase of ZnS. The crystallite size
Zinc sulfide calculated by Scherrer equation was found to be 4.0 nm. Scanning Electron Microscopy
Thin films (SEM) show clusters of spherical nanoparticles uniformly distributed over the surface of

Nanoparticles the glass substrates. Energy Dispersive X-ray (EDX) analysis of the deposited thin films

p-XRD show the zinc to sulfur ratio close to 1:1. The observed band gap (3.78 eV) of the deposited
thin films is higher than that reported for cubic phase of bulk ZnS (3.54 eV) as expected
due to nano-size crystallites. Binding energies calculated by X-ray Photoelectron Spectro-
scopy (XPS) confirm the material as ZnS and the photoluminescence measurements show
the blue shift in emission maximum.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Zinc sulfide is a relatively benign wide band gap
semiconductor material. It has applications in photonic
crystal sensors [1], heterojunction diodes [2], thin film
photovoltaic cells [3-7], optical filters [8], light emitting
diodes [9] and anti-reflection coatings [10]. Several meth-
ods have been employed to synthesize thin films including
spray pyrolysis [11,12], solvothermal synthesis [13,14],
sol-gel [2], successive ionic layer adsorption and reaction
(SILAR) [15], pulsed laser deposition [16], close-space
sublimation [17], metal-organic chemical vapor deposition
(MOCVD), photo-assisted MOCVD [18], RF-mganetron
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sputtering [19,20], electrodeposition [21,22], thermal eva-
poration [23], aerosol assisted chemical vapor deposition
(AACVD) [24,25], chemical bath deposition (CBD) [26-34]
and film casting method [35,36]. Among these, CBD is
potentially a simple, low temperature and cost effective
method to high quality thin films.

Although there are many reports on the deposition of
ZnS thin films by CBD, most show the deposition of either
amorphous ZnS or a mixture of ZnS and ZnO [37,38]. Long
et al. [39] reported an improved method for deposition of
ZnS thin films by CBD on pre-heated substrates. O'Brien
et al. [40] discussed the strategies needed to obtain high
quality ZnS thin films by CBD. The effect of different
complexing agents has also been explored [32,41]. Recent
reports discuss the effect of different deposition variables
on structural and optical properties of ZnS thin films
obtained from CBD [42-45]. Despite considerable efforts
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to understand the precise control of the crystal phase,
degree of crystallinity, stoichiometric composition and
morphology, there remains a challenge.

We report a reproducible method for the deposition of
nanocrystalline monophasic ZnS thin films with controlled
morphology and stoichiometry. Growth parameters for
deposition of thin films have been optimized and the
reproducibility of the results has been verified through
repeated experiments.

2. Experimental section
2.1. Chemicals

All reagents, zinc chloride ( > 98%), thioacetamide ( > 99%)
and urea (>99%) were purchased from Sigma-Aldrich and
used without further purification. De-ionized water was used
in all experiments. Acetone and 2-propanol were used for
cleaning the substrate.

2.2. Instruments

A Mettler Toledo meter calibrated against standard
pH 2.00, 4.01, and 7.00 buffers was used to record pH. X-
ray powder diffraction measurements were performed using
a Bruker D8 advance diffractometer with Cu-Ko radiation.
Data were recorded for three hours scan across a 26 range of
20-80°, using a step size of 0.02°. SEM and EDAX analyses
were carried out using a Philips XL 30 microscope. To avoid
charging, samples were carbon coated with a Precision
Etching Coating System (682). TEM, HRTEM and SAED
images were collected from a Techni 20 F30 transmission
electron microscope using accelerating voltage of 200 kV. An
atomic force microscope (AFM) PeakForce QNM was used to
measure surface roughness of the ZnS thin films. Absorbance
and transmittance spectra were acquired using a Agilent HP
8453 UV-vis spectrophotometer.

2.3. Synthesis of ZnS thin films

The ZnS thin films were grown on glass substrates from
acidic bath containing zinc chloride (0.15 M), urea (5 M) and
thioacetamide (1 M). The solutions of zinc chloride (30 mL),
thioacetamide (30 mL), and urea (20 mL) were mixed in a
beaker to get total volume of 80 mL bath solution. The pH of
bath solution was adjusted to 4.0 by the drop wise addition
of 1.0 M HCL. The stirred bath solution was maintained at a
temperature of 80 °C. Glass substrates (cleaned ultrasonically
by acetone, 2-propanol and de-ionized water for ten minutes
each) were immersed vertically in the chemical bath
after few minutes of visible turbidity. Substrates were
removed from the bath after 3 h, washed and sonicated in
de-ionized water to remove any non-adherent particulates.
As-deposited films were adherent transparent white. The
films were allowed to dry under ambient conditions before
characterization.

3. Results and discussion

Reproducibility of the results in CBD experiments have
been an issue due to variations in phase, composition and

effect of the substrate used. The uniformity and smoothness
of the films is also desired due to its important role in
properties of the devices fabricated from ZnS thin films.
Previously, we have reported the growth of hexagonal ZnS
thin films on low iron content glass substrates by CBD using
slightly lower pH (3.8) and much lower concentrations of
starting materials ie. zinc chloride (0.02 mol dm~3), urea
(0.05 mol dm~3) and thioacetamide (0.2 moldm~3) [34].
In the present work ZnS thin films were grown on glass
substrates using solutions of much higher concentration of
zinc chloride (0.15 M), urea (5 M) and thioacetamide (1 M) at
pH 4.0. Multiple depositions were required to get thick
enough films for p-XRD characterization. The ZnS films
deposited in this work are cubic phase in contrast to those
reported earlier [34]. Films were reproducibly deposited on
soda glass, low iron content glass, ITO coated glass and
silicon substrates.

3.1. Structural studies

The deposited ZnS films from CBD showed very weak
and broad p-XRD peaks, so multi-deposition experiments
were carried out on the same glass substrate. The p-XRD
pattern of the films deposited after two depositions
showed strong diffraction peaks corresponding to cubic
ZnS. Subsequent depositions gradually enhanced the
intensity of p-XRD pattern (Fig. 1). The observed diffrac-
tion peaks in all depositions correspond to (111), (220) and
(311) lattice planes of cubic phase and are well matched
with reported data (ICSD # 01-080-0020). No diffraction
peaks other than ZnS were detected. The broad peaks
show the nanocrystalline nature of the deposited films.
The broad hump observed between 26 values of 20-25° is
due to glass substrate.
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Fig. 1. p-XRD pattern of CBD-deposited ZnS films, onto glass substrates
using ([Zn?*]=0.15 M, [Urea]=5 M, [Thioacetamide]=1 M, pH 4, deposi-
tion time=3 h). (a)-(e) First deposition to fifth deposition respectively.

Table 1
Comparison of observed d-values and lattice constant with the standard.

a (A) a (A) d(A) d(A) (hkI)

Observed Standard Observed Standard

5.3287 5.3450 3.07654 3.08594 111
1.87959 1.88974 220
1.60222 1.61158 311
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The average crystallite size was (4.0 nm) estimated at
FWHM of most intense peak (111) by the Scherrer formula.
The lattice parameters calculated are a=5.32 A, which are
close to the literature for bulk. The comparison of observed
d-values and lattice constant with the standard ones is
given in Table 1.

3.2. Morphology and stoichiometry

The SEM micrographs at different magnifications for
the ZnS thin film after five depositions are shown in Fig. 2.
Low magnification images indicate the uniform distribu-
tion of spherical nanoparticles throughout the substrate
surface. The apparent crystallite size ranges from 65 nm to
80 nm and the size grow with each deposition. The grains
observed in the SEM micrographs are formed by coales-
cence of small crystallites as estimated from p-XRD ana-
lysis. Interface between glass substrate and deposited ZnS
thin film can be observed through cross sectional view
Fig. 2(d). Film is composed of layers since there are five
depositions on the same substrate. The total thickness of
the film is approximately 5 pm. EDAX analysis was con-
sistent with the deposition of ZnS (~1:1) on glass sub-
strate along with peaks of glass constituents.

A AN

pot Magn tDet Wi
00kv 20 2000x SE 9.0
xS o

AccV Spot Magn Det WD j—— 500 nm
100kV 20 50000x SE 9.0

Surface roughness was studied by atomic force micro-
scopy (AFM). AFM images (2D and 3D) presented in Fig. 3
show that the film is uniform and smooth. The uniformity
and flatness of surface in case of thin films is very
important from application point of view. In the present
study, area of the film examined is 5 pm?2. Low values of
roughness are observed in both types i.e. root mean square
(RMS) roughness (0.4231 nm) and average roughness
(0.3201 nm).

Further information on the microstructure of ZnS thin
film was obtained from transmission electron microscopy
(TEM), high resolution transmission electron microscopy
(HRTEM) images and selected area electron diffaraction
(SAED) Fig. 4. It was difficult to observe the actual size of
nanoparticles in TEM due to agglomeration of particles as
seen in left part of Fig. 5. HRTEM image shows that ZnS
nanoparticles are of good crystallinity, and top right inset
of Fig. 4 shows lattice spacing (0.30 A) corresponding to
(111) plane of cubic phase consistent with the results
obtained from p-XRD. SAED pattern shows a set of rings
(obtained as diffraction from different planes) instead of
spots due to the smaller size of particles and polycrystal-
line nature of thin film. SAED pattern corresponds to the
cubic phase of ZnS with (111), (220) and (311) planes.

AccV Spot Magn Det WD |-
100kv 60 2122x SE 9.0

Fig. 2. (a-c) SEM micrographs at different magnifications and (d) cross sectional image of CBD-deposited ZnS film onto glass substrate using ([Zn?*]=0.15 M,
[Urea]=5 M, [Thioacetamide]=1 M, pH 4, deposition time=3 h) after fifth deposition.
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Fig. 3. AFM (2D and 3D) image of CBD-deposited ZnS film onto glass substrate using ([Zn?>*]=0.15 M, [Urea]=>5 M, [Thioacetamide]=1 M, pH 4, deposition

time=3 h) after fifth deposition.

10 1/nm

Fig. 4. TEM micrograph with SAED pattern and d-spacing (inset) of CBD-deposited ZnS film onto glass substrate using ([Zn?>*]=0.15 M, [Urea]=5 M,

[Thioacetamide]=1 M, pH 4, deposition time=3 h) after fifth deposition.

X-ray photoelectron spectra obtained for films indicate
the shift in binding energies of zinc (1022 eV, 2ps;;
1044 eV, 2p,)2) and sulfur (165 eV, 2p,;) towards higher
values. This shift in binding energies can be attributed to
the chemical effects along with matrix effects i.e. relaxa-
tion energy, work function and crystal potential [46].
Rodriguez et al. [47] explains the electronic interactions
in bimetallic system in order to study shifts in binding
energies of core levels. They determined the shift in
binding energies depending on the number of layers on
a particular substrate. Fig. 5 shows the XPS spectra of zinc
and sulfur for ZnS thin film after five depositions. Inset of

Fig. 6 shows the complete XPS survey of ZnS thin film. The
presence of oxygen ascribed as constituent of glass sub-
strate rather than evidence of oxide material.

3.3. Optical studies

UV-vis spectrometer was used to study the absorbance
of ZnS thin films. The variation of («zhv)®> with photon
energy hv is shown in Fig. 6 and it can be seen that plot of
(ahv)? vs. hv is linear over a wide range of photon energies
indicating the direct type of transitions. The energy gap E,
of the ZnS thin films was evaluated by extrapolating the
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Fig. 5. XPS spectrum of CBD-deposited ZnS film onto glass substrate using ([Zn?*]=0.15 M, [Urea]=5M, [Thioacetamide]=1 M, pH 4, deposition

time=3 h) after fifth deposition.
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Fig. 6. Band gap plot of CBD-deposited ZnS film onto glass substrate
using ([Zn?*]=0.15 M, [Urea]=5 M, [Thioacetamide]=1 M, pH 4, deposi-
tion time=3 h) after fifth deposition.

linear portion of the curve and intercept on energy-axis
estimates the band gap energy. The band gap (3.78 eV)
being found is higher than that of bulk cubic ZnS (3.54 eV)
[48] due to nanocrystalline nature of thin films. Optical
results are completely in co-relation with the XRD analysis
since few of the reports determined the hexagonal phase
[43,45] of ZnS by the CBD method. We confirmed our
results by multiple experiments and found that the results
being presented can be reproduced.

The transmittance and absorbance plots (Fig. 7) show
70-90% transmittance in the visible region. Fig. 7 also
shows the variation of refractive index of ZnS thin film as a
function of wavelength, the inset shows the optical den-
sity. ZnS thin films with high refractive index can be used
as anti-reflecting coatings in optoelectronic devices (solar
cells). The photoluminescence of ZnS thin film was studied
at room temperature with an excitation wavelength of
340 nm. Emission spectrum of the ZnS thin film after five
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Fig. 7. (a) Transmittance and absorbance, (b) refractive index and optical
density (inset) of CBD-deposited ZnS film on glass substrate using
([Zn?*]=0.15 M, [Urea]=5 M, [Thioacetamide]=1M, pH 4, deposition
time=3 h) after fifth deposition.
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Fig. 8. PL of CBD-deposited ZnS film onto glass substrate using ([Zn?>*]=
0.15 M, [Urea]=5 M, [Thioacetamide]=1 M, pH 4, deposition time=3 h)
after fifth deposition.

depositions is shown in Fig. 8. Broad peak centered at
480 nm attributed to the nanocrystalline nature of ZnS
film with large size distribution. Green emission at 555 nm
which represent the characteristic peak of ZnS is found to
be suppressed in this case. Blue shift in the emission might
be attributed to the defect states and sulfur vacancies.

4. Conclusions

The growth of nanocrystalline ZnS thin film have been
optimized in a chemical bath deposition onto glass sub-
strates. p-XRD reveals that these nanocrystalline thin films
are cubic (zinc blende) in nature. SEM, EDAX, XPS and UV-
vis results are consistent with the XRD data and show the
nanocrystalline nature of thin films without any evidence of
impurities. The films show high crystallinity, good adhesion
and minimum reflection in the visible region and hence have
potential applications in optoelectronic or solar cell devices.
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