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ABSTRACT

Electro-deposition approach was used to produce zinc oxide nanostructure thin films for
switching applications in optoelectronic devices. The aqueous solution of zinc nitrate (0.1, 0.5 & 1.0 M)
and potassium nitrate (1.0M) of pH 6 were prepared at 65°C with constant stirring and nanostructure
of ZnO thin film was deposited onto indium doped tin oxide (ITO) coated glass substrates. The
morphology and growth size of deposited nanostructure thin film was analysed by SEM. The structural
information was examined using XRD spectrum, which suggested that the deposited nanostructure
thin films were crystalline with wurtzite phase. FTIR results gave information about metal oxide
(Zn0O) bonds and optical properties that was supported by the synthesized nanostructure. The effect
of potential and concentration of used salts on the growth of ZnO nanostructure was also studied.
Therefore, current-voltage characteristics were measured and applied for the switching properties

in optoelectronic devices.

Keywords: Electro-deposition, Thin film, Nanostructure, Optoelectronic devices.

INTRODUCTION

Nanostructure transparent metal oxide thin
films have drawn considerable attention because
of their unique physical, chemical and optical
properties. Metal oxides that were synthesised with
the appropriate phase and structures are of great
interest because they can be used to recognise

for their special qualities, which depend not just
on their chemical composition but also on their
form, structure, phase, and size.'2 With high band
gap at room temperature, zinc oxide is a non-
toxic, technologically relevant [I-VI semiconductor
material.® The dependence of everyday life on
industrial semiconductor products has resulted in
tremendous growth in this sector. A significant and
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helpful investigation was carried out on the structural,
morphological, and luminescent aspects of ZnO thin
films, which exhibit strong optical properties and are
a strong choice for use in electro-optic devices.*
A thin film is described as an extremely thin layer
(10 nm to 1-2 pm) of material/metal oxide that is
formed by controlled condensation of vapours, ions,
or molecules via a physical or chemical process. In
comparison to other metal oxides, zinc oxide (ZnO)
is much more popular due to low cost, abundance
in nature and direct band to band transition 3.44 eV
at low temperature and 3.3 eV at room temperature.
At normal temperature, large value of exciton
binding energy is high (60 meV) which indicates that
electron hole pair are more stable.>® Zinc oxide thin
films have many applications in the field of optics,
electronics, engineering and nanotechnology due to
its range of potential application. Some of these are
UV sensors,” gas sensors,® bio sensors,® photovoltaic
cells, light-emitting diodes,'® photo detectors,!
thin film transistor (TFT), charge coupled device
(CCD) and very large-scale integrated circuits
(VLSI).">"3Various physical, chemical, and biological
techniques can be used to develop metal oxides
nanostructures. Some of these are chemical vapour
deposition, thermal evaporation, sputtering, pulsed
laser deposition and vapour phase transport. The
electro-deposition is a hybrid technique which is
simple, less expensive and solution-based which
doesn’t require high temperature and pressure
in comparison to others for the synthesis of
nanostructure thin films. The deposition process
can be carried out on various substrates such as
indium doped tin oxide (ITO) coated glass, polymers,
semiconductors and templates. There are no special
requirements for the substrates except that it must
be conductive. Due to high electrical conductivity and
excellent transparency to visible light, indium doped
tin oxide (ITO) coated glass substrate is the most
widely used substrate.* By this technique a versatile
growth of zinc oxide nanostructures thin film can be
easily designed with a range of morphologies. In
recent years, various metal oxide nanostructures like
nanowires, nanoribbons and nanotubes have been
synthesized using this technique. Some parameters
such as potential difference between electrodes,
pH value of aqua solution, current density, and
temperature were used to control the growth of thin
film. The electro-deposition technique has been used
to grow ZnO nanostructures from aqueous solutions
by Yoshida and others in 2004."5 In the present work,
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zinc oxide nanostructure thin films deposited at
different electrode potential with various molarities
of zinc nitrate solution for the switching applications
in the optoelectronic devices.

EXPERIMENT
MATERIALS AND METHOD

A conventional self-designed two electrode
electrochemical bath as shown in Fig. 1, was used
to grow the ZnO nanostructure thin film. In this bath
graphite sheet was used as counter electrode and
indium doped tin oxide (ITO) coated glass substrate
as a working electrode. Electro-deposition technique
was applied to develop thin film of ZnO nanostructure
using three distinct types of aqua solutions at varying
molarities [0.1,0.5,1 M] of zinc nitrate Zn(NO,), and 1
M of potassium nitrate (KNO,).'® The nomenclatures
for these samples were Sample A, B & C as per Zinc
nitrate molarities of 0.1, 0.5 and 1.0 M respectively.
The pH value of all three solutions was around 6 and
were stirred at 65°C on magnetic stirrer for 90 to 120
minutes.Indium doped tin oxide (ITO) coated glass
substrate was cleaned using ultrasonication process
with acetone and rinsed by ultrapure water to remove
contamination before beginning the deposition
process.'” By applying a potential difference of 2, 2.5
and 3V for 60 min by HTC power supply DC 3002,
thin layer of ZnO nanostructures were deposited.
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Fig. 1. Schematic diagram of the experimental setup

Characterization of the nanostructure

The structural characterization of the
deposited nanostructure thin films was described
by X-ray diffraction (XRD) using a Siemens
D-5000 X-ray diffractometer with CuKo[1.54A]
radiation. SEM was used to analyse the surface
morphology and microstructure of the deposited ZnO
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nanostructures. (Model: JSM-7610FPlus & make:
JEOL). Shimadzu UV-2600 UV-visible Spectrometer
was used to measure optical characteristics, and
Fourier Transform Infrared Spectrometer (FTIR)
Bruker Alpha was used to collect information about
bonds in the range 5000—400 cm™. The electrical
properties (such as I-V and current—time profile
for switching etc.) were measured by Keithley
Electrometer 6517A at CNCER, UOR Jaipur,
Rajasthan, India.

RESULTS AND DISCUSSION

Following equations (1-3) shows the
overall chemical reaction for deposition of ZnO
nanostructure thin film using nitrate solution.
Hydroxide ions were produced at the cathode as a
result of the electroreduction of nitrate to nitrite ions.®

NO,+H,0+2e~ — NO,+20H-" (1)
Zn,*+20H"— Zn(OH), — ZnO+H,O (2)
Zn,+NO,” +2e— ZnO+NO,~ (3)

X-ray Diffraction (XRD) analysis

XRD measurement was carried out to
explore the nature of the material, purity and
crystallinity of the sample. Fig. 2 shows the
appearance of diffraction peaks that correspond
to the (100), (002), (101), (102), (110), and
(103) planes of ZnO phase and suggested the
presence of some randomly oriented grains in
these structures. According to the standard XRD
ZnO pattern, it was noticeable that the various
diffraction peaks were distinct, strong, and
aligned with the hexagonal phase of the wurtzite
structure.”™ The sharp peaks illustrate that the
synthesized sample were crystalline in nature.
Using the Debye-Scherrer formula (eq. 4), the
mean crystallite size (D) was calculated based
on the broadening of the highest intensity peak
corresponding to the (101) plane.'*1°

D=0.92/(B cos 6) (4)

Where A, B, and 6 were the wavelength
of incident X-ray beam (1.54 A), full width at half
maximum (FWHM) in radian and Bragg’s diffraction
angle respectively. Using equation (4) the mean
crystalline size D was determined to be approximately
24.25nm at a diffraction angle of 34.8°.
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Fig. 2. XRD spectra of synthesized ZnO nanostructure
thin films

Full-width at half maximum (FWHM), and
dislocation density of synthesized ZnO nanostructure
thin film corresponding to all diffraction peaks in XRD
spectra were obtained and shown in Fig. 3. The
dislocation density (5) along each diffraction peaks,
were calculated that shows how many impurities
(vacancies) were present in the ZnO nanostructure
film using following equation.?°

§5=1/D? (5)

According to equation (5) dislocation
density (8) is inversely proportional to the square
of the crystalline size (D). Fig. 3 shows that the
dislocation density (8) and FWHM have a similar
pattern with a small increase with diffraction
angle, with the optimum values observed for the
mid-range diffraction angle. After that, the values for
both quantities were decreased with higher angle
diffraction patterns.?' The strain and crystallite size
of deposited nanostructure thin films for various
diffraction peaks were obtained and shown in
Fig. 4. The strain was almost constant in relation to
the diffraction angle with the same order of crystallite
size (in nm), while there was a sudden change in
behaviour and then suddenly decrease as shown in
Fig. 4. This variation could be caused by changes
in the inter planer distance values and different
peak positions in XRD spectra. It was possible that
differences in dislocation density may be caused
by local differences in thermal expansion within the
heterogeneous martensitic structure. Dislocation
densities progressively increase as particle size
decreases, with some exceptions occurring at
small particle sizes where nucleation effects are
significant in low ductility matrix alloys. The error
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in the calculated data was not more than available
data and presented in the figures with their sign. The
nucleation rate of dislocation-nucleated phases may
remarkably rise as a result of the matrix's higher than
usual dislocation density.??
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Fig. 3. FWHM and Dislocation density vs (26)
of synthesized nanostructure thin film
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Fig. 4. Strain and crystallite size vs (20) of synthesized
nanostructure thin film
Scanning Electron Micrograph (SEM) analysis
EDX detector connected to SEM was used
to measure the surface microstructure and chemical
compositions of the deposited nanostructure thin
film onto indium doped tin oxide (ITO) coated
glass substrate. The SEM micrographs and
corresponding elemental mapping of deposited
nanostructure ZnO thin films were obtained that was
shown in Fig. 5. The results indicate that the ZnO
nanostructures were adherent to the substrate and
smoothly deposited by this method. The hexagonal
flower like structures were grown in the wide
range of 22—70nm and apparent indication for the
formation of nanocrystalline materials in randomly
oriented structures with variable size. Zinc Oxide
nanostructures were prone to aggregate due to the
large surface area and high surface energy.
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Fig. 5. (a—c) Micrographs and (d—f) Elemental

mapping of synthesized ZnO nanostructure
UV-Visible analysis

The absorption spectra of the deposited

zinc oxide nanostructure thin films were recorded
using UV-Visible spectrometer in the range of 300
to 800nm which is shown in Fig. 6(a). The derivative
of the absorbance with respect to energy was also
obtained and shown in its inset, which also gives the
information about the band gap (3.38 eV) of ZnO
nanostructure.?*2' In the visible wavelength range
the deposited nanostructure thin films show a high
optical transmission, which confirms the good optical
quality of the structure.
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Fig. 6a. UV-Visible absorbance spectra of synthesized
ZnO nanostructure. (Derivative of absorbance vs energy
spectrum inset)

To verify the above calculated band gap of
deposited nanostructure we use other method which
is based on the calculation of absorption coefficient
(o). The plot of (ahv)? vs photon energy for the
deposited nanostructure thin film was obtained and
shown in Fig. 6(b). The resultant curve was linear
throughout a wide range of photon energy, showing
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that the deposited thin layer was a direct transition
material. Tauc's formula equation (6) was also used
to verify this.?*

(ahv)>=C(hv-E,) (6)

Where o, h, v, Cand Eg are the absorption
coefficient, Plank’s constant, frequency of incident
photon, a constant and the direct transition band gap
respectively. The optical band gap was determined
by extrapolating the linear portion of the graph (ahv)?
vs hv and shown in Figure 6(b).

(ahuf?

Eg*} 34 eV

T
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Fig. 6(b). Plot of (ahv)? vs photon energy (hv) of
deposited ZnO nanostructure
The calculated band gap from the help
of above equation (6) and extrapolation of the
curve was found about 3.34 eV, which is very close
measurement to value 3.38 eV. The estimated energy
band gap shows that the ZnO is suitable candidate
for the fabrication of photovoltaic solar cells. The high
conductivity and transparency of ZnO nanostructure
are important factors for various applications like
transparent conducting oxides and TFT etc. For the
fabrication of low cost, highly efficient electronic
and optoelectronic devices, including transparent
conductive films, ZnO nanostructure thin films are
the rapidly developing future material.

FTIR analysis

The presence of organic or inorganic
compounds in the deposited nanostructure were
identified using Fourier Transform Infrared (FTIR)
spectroscopy, which was linked to various functional
groups associated with various absorbance peaks in
the spectra. Fig. 7 shows the FTIR spectra of deposited
ZnO nanostructure thin films with transmission peaks
ranging from 500 to 4000 cm'. Fig. 7 (a-e) depicts
the FTIR spectra of deposited nanostructures at
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various molarities of aqua solutions containing zinc
nitrate (0.1,0.5, and 1 M) and potassium nitrate
(1 M). The variation in FTIR spectra is due to variation
in concentration of zinc nitrate. From the above said
spectrum, it appears that a strong absorption band at
468.5 cm related to the typical vibration mode of ZnO.
A series of peaks were noticed from 500-4000 cm-,
with the peak centred at 3307 cm™ corresponding
to stretching vibration of intermolecular hydrogen
(-OH) bond existing between the adsorbed water
molecule and indicating a higher amount of hydroxyl
group due to the hygroscopic nature of ZnO.% The
presence of sharp peak below 750 cm™ explains
the formation of ZnO bond as well as metal oxide
stretches. 26 Other functional groups also presented
in the sample at various peaks corresponding to
-C=0, -C=C etc., which were in the existence due to
chemicals presence during the synthesis process of
the nanostructure. All of the measured spectra were
in good agreement with the reported data for the
various molarities of zinc nitrate (0.1, 0.5 and 1 M) and
potassium nitrate (1 M) in the initial solution, so it was
not much affected the data in FTIR measurements.

-OH stretch
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Fig. 7. FTIR spectra of synthesized ZnO nanostructure

Electrical properties

Keithley Electrometer 6517A was used to
measure the current-voltage (I-V) characteristics
of deposited ZnO nanostructures thin film, which
shows linear behaviour as a function of bias voltage
in the range of 1 to 4 volts, as shown in Fig. 8a.
This characteristic behaved linearly in forward and
reverse bias voltage up to 1.2V, indicating an Ohmic
contact between the electrodes and thin films of
ZnO nanostructure. Infact, ZnO is a direct band
gap material in which the electronic configuration of
Zn is [Ar]3d'4s? and O is [He]2s?2p*. The bottom
of the conduction band in a ZnO is caused by
occupied 2p states of O, while the top of the valence
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band is caused by empty 4s states of Zn?*.2” The
conductivity of deposited thin film depends on carrier
concentration, charge mobility, and the current
through ZnO nanostructure thin film was a function
of Zn?* concentration'®?”, which applied that ZnO is
an n-type material for the optoelectronic devices.
The following equation describes how conductivity
and mobility are related.

o=nqu (7)

Where q is the charge on the electron, n
is the density of charge carriers in the conduction
band, and p is the mobility of charge carriers. Here
some measurements are done with light (visible
light: tungsten filament), LED and dark mode. There
was a notable change in the LED's current, but no
change in the visible light, as shown by Fig. (8a)
and its inset figure, which compares the data as
plotted on a wider scale. Since ZnO nanostructure
can react with environmental oxygen, electronic and
optoelectronic devices made from ZnO experience
changes in conductivity and electrical properties
over time. ZnO-based devices have some instability
due to such variation in the electrical properties.
After overcoming these technical issues, ZnO
based devices can be utilized for both industrial
and commercial applications.? Fig. (8b) displays
a relatively similar pattern for the current-time
profile at even longer times, which was strongly
dependent on the applied potential in the device.
The resistance of the interface between metal and
semiconductor determines the sensitivity in some
applications, such as photodetector, and it can be
increased under illumination to dark conditions
when the interface was Ohmic.2®
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Fig. 8(a). Current-voltage characteristics of
synthesized ZnO nanostructure thin film
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Fig. 8(b). Different behaviour of current at various voltages

The switching property of the deposited
nanostructures was measured and shown in the
Fig. (8¢c) using the ultra violet (UV lamp B). The
plotted data was represented for the switch on
and off of UV lamp for 10 seconds each time at
voltage 2V. The main goal of this experiment was
to investigate how the response behaved over
time and how current or resistance changed when
the UV lamp was illuminated in the dark for only
10 seconds. The reported findings support that the
study was successful in determining the switching
property for the gas sensing application. Sinha and
others reported that ZnO nanowire has a very high
sensitivity for hydrogen (98% to 100ppm) and CO gas
(93% to 200ppm), with an extremely quick recovery
time of 1 to 2 ms. Using standard ZnO nanowire arrays
for gas sensor applications, the current transients show
the reversible type sensing to reduce gas detection.®
Similar findings were taken into consideration for the
enhancement of Mg-doped ZnO NPs' response, which
can be related to the contribution of unpaired electrons
to the photocurrent.?63! According to earlier findings,
ZnO or dopped ZnO may be used as a photodetector
with a variety of detective wavelengths and may be
used as a sensor active material.*
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Fig. 8(c). Current-time profile at 2V for gas
sensing switching properties
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CONCLUSION

It has been confirmed that the growth
of ZnO nanostructure thin films deposited by a
simple two electrode electro-deposition technique
from aqua solution of zinc nitrate [0.1, 0.5, 1M] and
potassium nitrate [1M] solution and were investigated
by different characterisation techniques. X-ray
diffraction analysis shows that the synthesized
ZnO thin films have hexagonal wurtzite structure
according to standard ICDD and the crystalline size
was calculated as 24.25nm. SEM micrographs of
deposited nanostructures show uniform flower like
ZnO structure without any cracks and consisting
clusters with star shape and pores. The formation
of pores allocated as enhanced growth height that
show the roughness of nanostructure thin films.
SEM images of deposited thin films demonstrated
that the morphology of ZnO nanostructures depend
greatly on the potential difference for the depositions.
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The optical band gap was found to be 3.38 eV. The
On-Off switching time is considered for very small
period and the main focus was to examine the
properties of ZnO nanostructure using current-time
profile at different voltages under the dark—illumination
of UV lamp. The plotted data in profile show clear
evidence to be used for the switching properties in
optoelectronic devices. The previous reported data
in various results also support our study is good for
the gas sensing switching applications.
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