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Effect of pH values on the structural, morphological and sensing properties
of ZnO nanostructure
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In the present investigation ZnO thin films have been prepared by sol-gel spin coating
technique with different pH values. The effect of pH values of precursor solution on the
crystal structural, morphological and humidity sensing properties of ZnO nanostructures
have been investigated using different characterization technique. The crystal structure and
phase analysis has been examined by powder X-ray diffraction (PXRD) technique. The
PXRD pattern clearly revealed the ZnO thin films have hexagonal wurtzite crystal
structure. The average crystallite size of ZnO thin films have been calculated using
Scherer formula and found to be ~24 nm to ~30 nm. The microstrain (¢,) and (g.) of ZnO
thin films for different pH values 8 and 11, have been calculated and found to be 7.59,
0.1017; 7.57, 0.1094 respectively. The scanning electron microscopy (SEM) image depicts
the formation of spherical nanostructurewith diameter range 80 to 95 nm distributed
throughout the surface. The atomic force microscopy (AFM) image also shows the
spherical nanostructureconsistently distributed throughout the surface with diameter range
75 to 80 nm.It was also found that increasing the pH values from 8 to 11 modified the
grains and grains boundary. The humidity sensing properties of ZnO thin films prepared
from pH values of § to 11 and found to be lower hysteresis loss, less aging effect and good
sensitivity in the range of 8.37 MQ/%RH to 12.25 MCQ/%RH respectively.
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1. Introduction

Metal oxides semiconducting nanostructures such as zinc oxide (ZnO), tin oxide (TiO,),
tin oxide(SnO,) etc. have been extensively investigated in current years due to its prospective
applications in functional device [1-6]. Among these metal oxides, ZnO nanomaterials have gained
more importance compared to others because of its non-toxicity and low inexpensive. ZnO
nanostructures is a wide optical band gap(3.37 e¢V) semiconducting nanomaterials with a large
exciton binding energy of 60 meV at room temperature with unique chemical, optical, physical,
dielectric and sensing properties. ZnO semiconducting nanomaterial has attracted great attention
due to its considerable significance of variousnovelfunctional applications such as humidity and
gas sensor, optoelectronics devices, solar cells and several other essential modern applications.
There are various methodologies have been reported by several research groups for deposition of
ZnO nanostructures. The researchers have used various other synthesis techniques, for preparation
of ZnO nanomaterials such as wet chemical techniques, physical vapor deposition, metal organic
chemical vapor deposition, hydrothermal, pulsed laser deposition, molecular beam epitaxy (MBE),
sputtering, electro spinning etc. [9-22]. The preponderance of these synthesis techniques is
performed at high temperature and requires very expensive instrumentation. Furthermore synthetic
fabrication of metal oxide nanomaterials is very dangerous for human being due to its
environmental pollution. To suppress the above problem, the sol-gel spin coating chemical
approach is comparatively very simple, less expensive and easy to doping and reliable method a
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non-toxic, easy to doping, inexpensive, and environmental eco-friendly sol-gel spin coating
technique using ethylene glycol as stabilizing and reducing agent. In the present research paper we
have studied the effect of pH values on the structural, morphological and dielectric properties of
ZnO nanostructure synthesized by sol-gel spin coating method.

2. Experimental section

In the present research work, ZnO nanostructure thin films have been synthesized by sol-
gel spin coating technique. The zinc acetate[Zn(CH3COQO),.2H,0Olhave been dissolve in
concentrated nitric acid and adding 1N sodium hydroxide for basic bath. The resultant precursor
solutions were continuously stirred for 6 hours on a magnetic stirrer. As a result the homogeneous
and transparent precursor solution was obtained. The pH values of precursor solutions were
adjusted by adding different quantities of 1N sodium hydroxide (NaOH) in the transparent aqueous
solution. The transparent precursor solutions have been prepared with different pH values varied
from 8 and 11. These homogeneous transparent precursor solutions were stirred using magnetic
starrer for 8 h at room temperature. The prepared precursor solution with different pH values 8 and
11was used for preparations of ZnO nanostructure thin films. The synthesized thin films were
annelid at 450 °C for 2 h in an open atmosphere. The synthesize ZnO thin films have been
characterized by X-ray diffraction (XRD), using Rigaku Ultima IV,CuKa (~1.5406 A) radiation,
scanning electron microscopy (SEM) and Agilent network with impedance analyzer with LCR

meter.

3. Results and discussion

3.1.X-ray diffractionanalysis
The powder X-ray diffraction (XRD) patterns of ZnO thin films synthesized with different

pH values 8 and 11are shown in figure 1.

(101)

(100)
(002)

)
(110)
103)
112)

102

(
| (
200) (
201)

Intensity (a.u.)

| g

1 2 1 L 1
20 30 40 50 60 70
20 (degree)

Fig. 1. XRD patterns of ZnO thin films for pH 8 and 11 precursor solution.

The X-ray diffraction pattern of ZnO thin films well matches with the (JCPDS card No 75-
0576) and clearly shows that hexagonal wurtzite crystal structure with P6smc space group.
However X-ray diffraction pattern of ZnO thin films shows no other reflection of impurities peaks
indicating that sample is highly pure. The presence of broad diffraction peaks in X-ray diffraction
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patterns such as (100), (002), (101), (102), (110), (103), (200), (112), (201) plane present in
sample shows the polycrystalline hexagonal wurtzite structure of ZnO with P63mc space group.

The average crystallite size (1)) of the ZnO thin films samples have been calculated by Scherrer
formula [20]:
p—_KA (1)
[ cos @

whereK is constant (K=0.9), A is the X-ray wavelength used in XRD (CuKa), @is the Bragg
angle, ,3 is full-width at half-maximum (FWHM). Theaverage crystallite size of ZnO thin
filmprepared with different pH concentration 8 and 11 was calculated from Scherrer formula and
found to be ~24 and ~30 nm respectively.

The structural characteristics lattice-constants (a & c)arealsocalculated from XRD data
using peak-position (0) and A is X-ray diffraction wavelength 1.5406 A.
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The lattice parameters of ZnO thin films unit cell have been calculated using equation 2 &
3 and found to be a=b =3.0031 A, ¢ =5.2047 A; a=b=3.0039 A, c =5.2043 A at different pH
values 8 and 11 respectively.The micro-strains (g,) and (g.) ofZnO thin films for different pH
values 8 and 11, have been calculated along a & ¢ axis respectively.
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where a, and ¢, are standard lattice constant without micro-strain to be; a, = 3.25 A andc, = 5.21 A
used with JCPDS card No 75-0576.The micro-strain (g,) and (g.) of ZnO thin films for different
pH values 8 and 11, have been calculated and found to be 7.59, 0.1017; 7.57, 0.1094
respectively.The values of micro-strain (g,) slightly decreases along a-axis from 7.59 to 7.57 and
(e.) increases along c-axis from 0.1017 to 0.1094 may be due to lattice mismatch between ZnO
thin films and glass substrate. The positive sign of micro-strains values signify that tensile-strain
present in ZnO thin films due to expansion of the lattice constants.

§=— ()

DZ
The dislocation density (defects) present in ZnO thin films crystal is estimated by the

equation 6. The bond length (L) and volume (V) of hexagonalcrystal of ZnO nanostructures can be
calculated by following equations,

L=\/[‘13—2+(%—u)202] @)
u =% +025] ®)
- [©)ed 0

where u is the positional parameter of hexagonal crystal of ZnO nanostructures associated with
lattice constant (a/c)ratio. The bond length of ZnO nanostructure have been calculated and found
to be 0.3609 A and 0.3611 Afor different pH values 8 and 11 respectively. It is also found that
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bond length increases with increasing pH values may be due to modification of lattice constant
constant (a/c) ratio. Furthermore volume of hexagonal crystal of ZnO nanostructures have been
also calculated and found to be 41.588 A and 41.6070 A for different pH values 8 and 11
respectively. The volume of hexagonal unit cell of ZnO thin films also slightly increases with
increasing pH values it may be due to increasing the lattice constant.

3.2. Scanning electron microscopy analysis

The SEM micrographs of ZnO thin films for different pH values 8 and 11 have been
observed at constant magnifications X3000 as shown in figure 2(a)-(b). The surface morphology
reveals the formation of spherical shaped nanoparticles with granular structures for different pH
values 8 and 11. The SEM image also clearly visualizes the asymmetrical spherical shape
nanostructure uniformly distributed throughout the sample surface formation with high packing
density. The SEM images of ZnO thin films for different pH values 8 and 11showsdiffused grains
and grain boundary with particles size ranging between 80 and 95 nm. The particles sizes were
seen to slightly increase with increasing pH concentrations. These SEM micrographs clearly
revealed that the particles have very small agglomeration as a result they have asymmetrical and
spherical irregular in shape. The observed asymmetrical and irregularity shape particles in SEM
images indicates that synthesized nanoparticles containing large volume to surface ratio. Figure
2(c)-(d) shows the histogram of SEM image which exhibits that ZnO thin films for different pH
values 8 and 11 have uniform particles size distribution. The software program Image J (version
1.46r) was used for SEM image analysis. The observed standard deviations and mean deviations of
ZnO thin films for different pH values 8 and 11 using Image J software and found to be 34.479,
38.586 and 129.460, 136.359 respectively. Consequently, the standard deviation revealed that
pixels spread out around the mean of the crystallite. The mean deviation is measured the closest
alternative to standard deviation. Thus, the instability of the SEM micrograph is expressed as a
significance of standard deviation. Figure 3(a-b) shows the hill stack surface plot of SEM image
using the Image J software. Hill stack surface plot show that improved crystalline behavior of the
ZnO thin films for increases the pH values of precursor solutions.

0 2550 255
Count: 1228800 Min: 16 Count: 1228800 Min: 38
Mean: 129.460 Max: 255 Mean: 136.395 Max: 255
StdDev: 34.795 Mode: 129 (13398) StdDev: 38.586 Mode: 90 (19128)

Fig. 2. SEM images of ZnO thin films for pH 8 and 11 precursor solution.
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Fig. 3.Figure 3(a-b) shows the hill stack surface plot of SEM image.

3.3. Atomic force microscopy analysis
The figure 4(a)-(b) shows surface morphology of ZnO thin films prepared to different pH
values 8 and 11 by sol gel spin coating technique.
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Fig. 4. (a-b) 2D, AFM images and (c-d) high resolution contour plot of ZnO thin films.



38

It micrograph reveals that the formation of spherical particles with granular growth of ZnO
thin films sample. The particle sizes of ZnO thin films prepared to different pH values 8 and 11
have been observed from AFM imageand found to be about ~75 nm and ~80 nm respectively. The
particles sizes slightly increases with increasing pH values of precursor solution which is in
venerable consistency with the powder X-ray diffraction result. The SEM measurements also
revealed that particles size increases with increasing pH concentration of precursor solution. The
surface parameters, such as root mean square (RMS) surface roughness of ZnO thin films prepared
for different pH values 8 and 11 have been observed and found to be ~13.56 nm to 8.67 nm
respectively. Thus decrease the surface roughness with increasing pH values indicating the
enhancement of surfaces smoothness and uniformity of the sample. Figure 4(c)-(d) exhibited the
high resolution contour plot of AFM images, which demonstrate that ZnO thin films prepared for
different pH values 8 and 11 have asymmetric growth of grains in-plane shapes with spherical and
elliptical bases. Furthermore ZnO thin films prepared for different pH values 11 contour plots
clearly revealed that suppress the asymmetric growth and increase the in-plane symmetrical
growth with spherical bases.

3.4. Humidity sensing andsensitivity analysis

The studies of humidity sensing properties of ZnO thin films have been prepared on glass
substrate form different pH values 8 and 11. For humidity sensing applicationsZnO thin films
sampleplaced in a humidity control chamber in which purified of potassium sulphate (K,SO4) has
been used as a humidifier and potassium hydroxide (KOH) as a dehumidifier. The variation of
resistance was recorded corresponding to the change in humidity level. The variation of resistance
verses change in %RH have been recorded by using standard hygrometerfor the sensing materials
of different pH values 8 and 11 shown in figure 5. It is observed that resistance continuously
decrease with increasing the %RH in the range of (<50%RH) which may be due to excellent
conductivity of the ZnO thin films sample. The humidity gas sensing measurement results revealed
thatZnO thin filmsprepared fromdifferent pH values 8 and 11 displayed fast response
characteristics as well as good reproducibility. Sensitivity = AR/A %RH of ZnO thin films
prepared from different pH values 8 and 11 shows good sensitivity in the range of 8.37 MCQ/%RH
to 12.25 MQ/%RH respectively. Therefore synthesized ZnO thin films can be used as a humidity
gas sensor for promising potentials application.
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Fig. 5. Variation of resistance with change in relative humidity %RH for pH 8 and
11 of precursor solution.

3.5. Aging characteristic of samples

The aging effect of the nanomaterials is a very indispensable problem and significantly
hindrance the application of sensing mechanism. The humidity sensing properties of ZnO thin
films prepared from different pH values 8 and 11was observed and recorded. Thereafter the aging
effectof ZnO thin films were also examinedusing the humidity well control chamber after
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6months. The variations of resistance versus %RH of ZnO thin films revealed the aging
characteristic of sample shown in figure 6 and 7. The ZnO thin films prepared at a pH values of 8
illustrate little hysteresis loop shown in variations of resistance versus %RH shown in figure 6.
However ZnO thin films prepared at pH values11 significantly less aging effect and no hysteresis
loop, thus giving good quality performance up to 6 months as shown in figure 7. Thus it was
observed and found that, increasing pH value from 8 to 11 leads to tuningpotential application of
humidity gas sensor.
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Fig. 6. Aging behavior of for pH 8 of precursor solution.
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Fig. 7. Aging behaviour of for pH 11 of precursor solution.

4. Conclusions

In the present work, ZnO NPs have been successfully synthesized by sol-gel method. This
method is a low expensive, exceptionally simple and reproducible route for the large-scale
synthesis of ZnO nanomaterials. The powder X-ray diffraction pattern exhibited prepared samples
has hexagonal wurtzite crystallinestructure of synthesized zinc oxide nanomaterial. The average
crystalline size has been calculated from Scherer formula and found to bein the range of ~24 nm to
~30 nm. The SEM image exhibited spherical shape grains distributed throughout the surfacewith
diameter range 80 to 95 nm. The AFM image also shows the spherical nanostructure consistently
distributed throughout the surface with diameter range 75 to 80 nm.The humidity sensing
properties of ZnO thin films prepared from pH values of 8 to 11 found to good sensitivity in the
range of 8.37 MCQ/%RH to 12.25 MCQ/%RH respectively.
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