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a b s t r a c t
ZnO is synthesized by using conventional chemical route which is known as the “sol – gel” method and
deposited on glass and silicon substrate. Morphological and optical properties have been investigated
using XRD, AFM, FESEM and UV – vis test. In order to optimize the synthesized ZnO thin ﬁlm, the ZnO
thin ﬁlm is coated with thin ﬁlm of different thickness associated with various annealing temperature.
Thicknesses of ZnO thin ﬁlm coated for 3, 5 and 9 coating cycles of coating are 40 nm2 , 60 nm2 and
200 nm2 , respectively. The data report that the grain size of the seed solution increases from 80 nm to
110 nm as the thickness of ZnO thin ﬁlm increases. As the thin ﬁlm is treated with annealing temperature
from 200 ◦ C to 450 ◦ C, the grain size of thin ﬁlm also increases from 100 nm2 to 450 nm2 . The RMS value
of thin ﬁlm also increases due to intense surface roughness on ZnO thin ﬁlm. The band gap value of thin
ﬁlm decreased from 3.26 eV to 3.18 eV for coating ZnO thin ﬁlm with thickness 40 nm2 – 200 nm2 .
© 2015 Elsevier GmbH. All rights reserved.

1. Introduction
Development of nanotechnology has lead to many novelist ﬁnding for fabricating biosensors which is associated with tailored
transducer for fast response of the sensor. Development of tailored
transducer in a respective optoelectronic application is very critical
due to various criteria that need to be achieved such as size dimension of the nanostructure, stability, sensitivity etc. Recent interest
for the development of transducer for biosensor application has
utilized transition metal oxide due to its unique morphological
and electrical characteristic. In present years, ZnO has become a
remarkable choice as a platform for various applications such as
photovoltaic, solar cell, optoelectronic biosensor [1–5] etc due to
large band gap which is 3.37 eV [6] and bio compatibility [7].
Intensive reviews have proven that ZnO has become an emerging choice for environmental purpose due to considerable cost,
non-toxic and high reactivity. Studies focused on morphological
properties of ZnO material which is prepared by the sol – gel
method has lead to novelist application as sensing material for
biosensor development. ZnO seed solution which is indexed to

the wurtzite structure and associated with high crystalline characteristic have high tendency to synthesis quasi 1D nanowires
of ZnO by using bottom up approach or growth process such
as VLS mechanism, pulsed laser, hydrothermal [8–10] method
etc. Prior to the formation of ZnO nanostructures, close studies
regarding the crystallographic and the morphological properties
of ZnO thin ﬁlm is conducted by adjusting various parameters of
the seed solution to form tailored thin ﬁlm for respective application. Parameters which are involved in synthesizing ZnO thin ﬁlm
are the thickness, annealing temperature processing, pre-annealing
temperature, post-annealing temperature, sol seed concentration,
annealing period time processing etc. In this study, ZnO seed solution is synthesized by using chemical route, which is the sol – gel
method and the thickness of the seed solution is altered to investigate the optical and structural properties of ZnO thin ﬁlm coated
on glass and silicon substrate. In order to further optimize ZnO
thin ﬁlm, the coated thin ﬁlm is annealed with different annealing
temperature.
2. Experimental
2.1. ZnO thin ﬁlm preparation process

∗ Corresponding author. Tel.: +60 0165179766.
∗∗ Corresponding author. Tel.: +60 0165179766.
E-mail addresses: haarindraprasad@yahoo.com, uda@unimap.edu.my
(R. Haarindraprasad).
http://dx.doi.org/10.1016/j.ijleo.2015.12.052
0030-4026/© 2015 Elsevier GmbH. All rights reserved.

Chemical route is used to synthesis ZnO thin ﬁlms, which is
known as the sol – gel method. The sol – gel method involves
three main essential chemicals which are the precursor, solvent
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and sol-stabilizer. The precursor used for synthesizing ZnO seed
solution is zinc acetate dihydrate or [Zn(CH3 COO)2. 2H2 O] powder, which is purchased from Sigma-Aldrich (98%; Sigma-Aldrich).
The solvent used is isopropanol (IPA) and the sol-stabilizer is
monoethanolamine (MEA; 99%; Merck). Zinc acetate powder was
measured and ensured that 1632 mg of zinc acetate powder is dissolved in 40-ml IPA solvent to obtain 0.2 mol of ZnO seed solution.
The solute solution is then stirred with speed rotation of 1000 rpm
for 20 min. The heating temperature is maintained at 60 ◦ C. The
volume of the sol stabilizer, MEA will be measured to ensure that
the ratio between the solvent and sol stabilizer is 1:1. After stirring
the solvent for 20 min, the MEA is added subsequently for the next
120 min until the solution becomes a stabile ZnO seed solution. The
prepared ZnO seed solution was left for ageing at room temperature
for more than 24 h.
2.2. ZnO coating procedure
Prepared ZnO seed solution is then coated on silicon and glass
substrate. The size sample of silicon substrate and glass substrate
are both 2 × 2 cm2 . Both the silicon and glass substrates initially
undergo standard cleaning procedure process before being coated
with ZnO seed solution. Prepared ZnO seed solution is coated by
using the coating method. The coated samples is heated at temperature 60 ◦ C for 20 min. Then the temperature is ramped up to
150 ◦ C and kept constant for 10 min. After 10 min, the samples
where cooled down till the temperature drop to 50 ◦ C. The purpose
of heating the sample after coating is to remove the residue moisture and enhance the adhesion force between the surface of the
silicon/glass substrate and ZnO seed solution. The step is repeated
for coating another layer of ZnO solution on the samples [11–13].

Fig. 1. 2D AFM image of ZnO thin ﬁlm coated with various thickness layer.

2.3. Sample characterization
ZnO samples undergo morphological and optical characterization to investigate the effect of different thicknesses of ZnO thin
ﬁlms. The morphology of the ZnO thin ﬁlms was examined using
ﬁeld emission scanning electron microscopy (FESEM; Carl Zeiss AGULTRA 55, Gemini). Crystallization and micro-structures of the ZnO
thin ﬁlms were characterized using an atomic force microscope
(AFM; SPA400-SPI3800, Seiko Instruments Inc., Japan) and X-ray
diffraction (XRD; Bruker D8) with Cu-K˛ radiation from 30◦ to 80◦
2 operated at 40 kV and 40 mA. Optical transmittance measurements were carried out using an ultraviolet – visible – near infrared
spectrophotometer (UV – vis – NIR; Perkin-Elmer Lambda 950)
with a slit width of 2 nm at normal incidence. All measurements
were carried out at room temperature.
3. Results and discussion
3.1. AFM characterization
Atomic force microscopic (AFM) analysis is conducted to investigate the morphology characteristic of coated ZnO thin ﬁlm which
is prepared by conventional the sol – gel method. In this studies,
six main samples which are labeled as samples a,b,c,d,e and f are
prepared to monitor the surface morphological properties. Initially,
samples a, b, and c are prepared based on different thickness layer
of ZnO thin ﬁlm which is coated on glass substrate.
Fig. 1 illustrates 2D AFM image ZnO thin ﬁlm which is obtained
by utilizing tapping mode with the scan area of 500 × 500 nm2 . The
scan speed is synchronized to a speed of 2 MHz to obtain the desired
image of the grain particles on ZnO thin ﬁlm which can be visualized clearly. From the observation in Fig. 1, the grain size of ZnO
thin ﬁlm is increasing proportional as the thickness of thin ﬁlm is
increased. At lowest thickness of ZnO thin ﬁlm, the island structure

Fig. 2. 2D AFM image of ZnO thin ﬁlm treated with different annealing temperature.

of grain is exhibited. Hence, the number of grains observed in lowest thickness of ZnO thin ﬁlm is largest and the amount of grain is
reduced as the thickness of ZnO thin ﬁlm is increased which shows
that the coalescence of grain are merging together to form larger
grain size. The uniformity of the ZnO thin ﬁlm can be observed
based on the surface analysis in Fig. 1(a – c). The surface roughness of the thin ﬁlm is measured based on the different height (H
− H1 ) of the grain thickness. As obtained from Fig. 1(a – c), the
differential height of grain for ZnO thin ﬁlm for samples a, b and
c are 7.29 nm, 13.96 nm and 23.87 nm, respectively. As the value
of different height of grain increases, the roughness intensity of
the surface increases gradually. This shows signiﬁcantly that the
roughness of the surface thickness is inﬂuenced by the thickness of
the thin ﬁlm. The roughness intensity value of ZnO thin ﬁlm surface with different thickness layer is consistent with the RMS (Root
Mean Square) value which is illustrated in Fig. 3. The RMS value is
increased as the thickness of the ZnO thin ﬁlm increases. The ZnO
of sample b which has thickness of 60 nm2 is further characterized
with different annealing temperature to investigate the inﬂuence
of annealing temperature of ZnO thin ﬁlm.
Fig. 2 shows the morphological effect of ZnO thin ﬁlm which is
treated with different annealing temperature. ZnO thin ﬁlm samples which is treated with annealing temperature of 200 ◦ C, 350 ◦ C
and 450 ◦ C is labeled as samples d, e and f. All the samples d, e
and f has identical thin ﬁlm thickness of 60 nm2 . As the temperature of annealing process is increased from 200 ◦ C to 450 ◦ C, the
grain size of ZnO thin ﬁlm is increased gradually. The increment
of grain size occurred when the thin ﬁlm is treated with higher
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Fig. 4. FESEM image of ZnO thin ﬁlm coated with various thickness of thin ﬁlm.

Fig. 3. RMS value of ZnO thin ﬁlm with different thickness and different annealing
temperature.

temperature due to the formation of crystallite when the nucleus
of ZnO gel ﬁlm is pre-heated. As the crystallite is further treated
with higher temperature, the neighboring crystallite will coalescence to form large grain crystal [14]. Hence, larger grain will be
formed at higher temperature annealing due to sufﬁcient activation energy of individual zinc and oxygen atoms which will tend
to re-bond with the adjacent grain to form larger grain size [12].
Drawbacks of excessive re-bonded mechanism between zinc and
oxygen atoms at higher annealing temperature treatment will lead
to structural defect of wurtzite hexagonal structure of ZnO due to
co-existence of biaxial stress which is contributed by imbalance of
Zn:O ratio [15]. Low temperature annealing will also cause defect
due to insufﬁcient grain size of ZnO thin ﬁlm, which in turn will
cause voids on the structure, and the dislocation density defect will
be increased. Hence, suitable annealing temperature is essential to
treat thin ﬁlm to form a stable thin ﬁlm which is associated with
1:1 ratio of Zn:O.
According to the results obtained in Fig. 3, the RMS value for ZnO
thin ﬁlm increases as the samples is treated with higher temperature of annealing process and high thickness of coated thin ﬁlms.
Hence, the surface roughness of the thin ﬁlm is strongly inﬂuenced
by the thickness and annealing temperature. Previous studies have
mentioned that the increase of grain crystal size also will cause
enhancement in surface roughness of ZnO thin [16]. From Fig. 3, the
effect of ZnO thin ﬁlm thickness has stronger inﬂuence in altering
the surface roughness of thin ﬁlm compared to the treatment of
increased annealing temperature which is consistent with XRD data
whereby the grain size of ZnO thin ﬁlm increased more rapidly
when the sample is coated with higher thickness compared to the
treatment of annealing at different annealing temperature. As the
thickness of thin ﬁlm increases, the number of grain in the homogeneous thin ﬁlm is increased and shorter time is required for the
grain to coalesce to form larger grain compared to when thin ﬁlm
is treated with higher annealing temperature which require time
for each individual grain to obtain sufﬁcient activation energy to
coalescence to form large grain size. Rough surface of thin ﬁlm is
tailored for sensor application due to large surface area to volume
ratio. Based on the result of AFM and XRD, the scattering effect in
ZnO thin ﬁlm is reduced when it is treated with larger thickness
and higher annealing temperature [17].
3.2. SEM characterization
Fig. 4(i) and (ii) represent the FESEM image of ZnO thin ﬁlm
which is coated with 40 nm2 and 100 nm2 thickness. It is clearly
illustrated that as the thickness of thin ﬁlm increases the grain
size of the ZnO thin ﬁlm also increases, the result of which is

Fig. 5. FESEM image of ZnO thin ﬁlm treated with different annealing temperature.

Fig. 6. XRD data of ZnO thin ﬁlm with various thickness.

consistent with XRD data which is illustrated in Fig. 6. The uniformity of ZnO thin ﬁlm also reduces as the thickness of coated
ZnO thin ﬁlm increases. Fig. 5(i) and (ii) represent FESEM image of
ZnO thin ﬁlm which is treated with annealing temperature of 200 ◦ C
and 450 ◦ C. From the observation, it clearly illustrates that the grain
size of ZnO thin ﬁlm gradually increased as it is treated with higher
annealing temperature. Hence, from results of Figs. 4 and 5, the
grain size of ZnO thin ﬁlm can be altered easily when the thin ﬁlm
is treated with different annealing temperature.
3.3. XRD characterization
Fig. 6 illustrates the X-ray Diffraction data of ZnO thin ﬁlm which
is coated with different thickness layer of thin ﬁlm on glass substrate. The relative peak intensity exhibited is (1 0 0), (0 0 2), (1 0 1),
(1 0 2) and (1 1 0). This shows that pure ZnO thin ﬁlm is coated
which is in agreement with standard data (JCPDS36-1451). Accordance to the value of lattice structure “a” and “c”, the ZnO thin ﬁlm is
indexed to hexagonal wurzite structure. Table 1 also shows that the
parameter lattice “c” is larger than “a” which signiﬁcantly indicates
that the preferential growth of ZnO thin ﬁlm is c-axis. The value
of lattice structure “a” and “c” is calculated based on the following
formula:



a=

1 
3 sin 

(1)
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Table 1
Morphological characteristic of ZnO thin ﬁlm coated with different thickness layer
and treated with different annealing temperature.
Sample
a
b
c
d
e
f

Thickness
(nm2 )
40
60
100
60
60
60

Annealing
temperature (◦ C)

Grain size,
D (nm)

a (Å)

c (Å)

200
200
200
200
350
450

80
100
110
100
140
420

3.22
3.00
3.00
2.98
3.00
3.01

5.00
5.21
5.21
5.17
5.19
5.21

Fig. 8. UV – vis transmission peak of ZnO thin ﬁlm with various thickness layer.

3.4. Optical characterization

Fig. 7. XRD result of ZnO thin ﬁlm treated with different annealing temperature.

c=


sin 

(2)

where,  represent the X-ray wavelength of the incident Cu K˛
radiation (0.154056 nm). The preferential growth orientation for
ZnO thin ﬁlm with various thickness is (0 0 2) peak which shows
peak (0 0 2) is exhibited at highest intensity. Hence, the grain size
is measured by utilizing Scherrer’s equation based on (0 0 2) peak
intensity, since (0 0 2) plane is the dominant plane which shows
highest peak intensity in the XRD data [17]. ZnO thin ﬁlm has preferential growth at c-axis due to sufﬁcient kinetic energy of individual
Zn and O atoms which will be situated on the lattice position [18].
With the references of Table 1, the grain size of individual ZnO
thin ﬁlm increases as the thickness of ZnO thin ﬁlm in increased.
Enlargement of grain size of ZnO thin ﬁlm with different thickness is
consistent with the AFM data obtained in Fig. 1. Hence, thicker thin
ﬁlm of ZnO contributes larger grain due to reformation of individual
Zn and O atoms. Hence, the dislocation density of the lattice structure of ZnO is improved as the thickness of ZnO thin ﬁlm increases.
Dislocation density, ı, of ZnO thin ﬁlm is calculated based on the
formula:
ı=

1
D2

(3)

Reviews have stated that the dislocation density can measure
the crystalline quality of ZnO thin ﬁlm [16]. If the value of dislocation density is high, it indicates that there exist many voids which
will cause structural defect of the ZnO thin ﬁlm. Hence, coating ZnO
thin ﬁlm will increase thickness layer which will curb the void and
structural defect of the hexagonal structure of thin ﬁlm. Annealing treatment of elevated temperature also improve the dislocation
density which in agreement with the result obtained illustrated in
Table 1 due to increase of crystal grain size of ZnO thin ﬁlm. Further
optical investigation is conducted on the ZnO thin ﬁlm coated with
various thickness layer (Fig. 7).

Fig. 8 illustrate the UV – vis transmission peak of ZnO thin
ﬁlm which is coated with different thickness layer. The transmission peak is exhibited at the visible wavelength range of 380 nm
– 700 nm. More than 60% of transmission is exhibited at visible
wavelength. From the observation of Fig. 6, the transmission percentage of ZnO thin ﬁlm deteriorates as the thickness of ZnO thin
ﬁlm reduces. The reduction factor of transmission percentage is due
to increase of grain crystal size of ZnO thin ﬁlm as the thickness of
coated ZnO thin ﬁlm is increased. Previous literature has mentioned
that the transmission spectra of respective thin ﬁlm are strongly
affected by surface scattering, grain-boundary scattering and thickness of coated thin ﬁlm [19]. From these studies, it is revealed that
as the thickness layer of coated ZnO thin ﬁlm increases the grain
size of thin ﬁlm is increased which is consistent with XRD data in
table one. Hence, at larger thickness layer, the transmission peak
intensity is reduced due to larger grain size. It also can be concluded
that ZnO which is associated with large grain size has high absorption UV-light properties which is tailored for solar cell application
[20].
Fig. 9(a – c) illustrate the band gap value of ZnO thin ﬁlm which
is coated with thickness of 40 nm2 , 60 nm2 and 100 nm2 . The band
gap, Eg value is obtained by plotting the tauc plot graph which is
h versus (ah)2 where (ah)2 represent the absorption coefﬁcient
[21]. Absorption coefﬁcient derives from the following formula:

a=

A(hv − Eg)
hv

1/2

(4)

where, A is constant, Eg is the energy band gap, v represents
the frequency of the incident radiation and h is the plank’s constant and 1/2 is referred as the direct allowed transition which is
the parameter associated for electronic transition. From Fig. 7, a
signiﬁcant decrement in band gap, Eg, is shown as the thickness
of ZnO thin ﬁlm increases. The band gap value obtained for ZnO
thin ﬁlm with thickness of 40 nm2 , 60 nm2 and 100 nm2 is 3.26 eV,
3.23 eV and 3.18 eV, respectively. According to the previous AFM
and XRD data for ZnO thin ﬁlm with various thickness, the main
factor which affects the reduction of band gap value of thin ﬁlm is
due to the increase in grain size of ZnO thin ﬁlm [22]. Quantum size
effects (QSE) is occurred due to electron conﬁnement perpendicular
to the surface of grain boundaries. Hence, when the grain size of ZnO
thin ﬁlm is increased, the grain boundaries in thin ﬁlm is reduced,
which in turn reduces the quantum size effect. The main factor
which inﬂuences the reduction of effective band gap, Eg, due to
increase in grain size, is elimination of quantum size effects [23,24].
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Fig. 9. Tauc plot bandgap value of ZnO thin ﬁlm with various thickness layer.

Following formula will explain the mechanism of relative quantum
size effect with various grain size:
E(gap, nancrystal) = E(gap, bulk) +

2 h2
2R2

 1
me

+

1
mh



− 0.248ERy

(5)

changing the grain size of ZnO thin ﬁlm compared to coating of
different thickness of ZnO thin ﬁlm.
Acknowledgments

where, ZnO bulk band gap, E(gap, bulk) value is 3.20 eV [20] and
ERy is the bulk binding energy, which is 60 meV. The electron and
hole effective masses are taken as me = 0.24 mo and mh = 2.31 mo .
Besides that h represents the plank constant and R is the radius of
the grain crystal. According to the band gap equation, increment
of radius of grain crystal will cause reduction in effective band gap
of the respective thin ﬁlm and vice versa for reduction of radius of
grain crystal. Hence, as the intensity of quantum size effect deteriorates, the band gap value of the respective thin ﬁlm will tend to
reduce.

Author Haarindraprasad gratefully acknowledges collaborators
at the Institute of Nano Electronic Engineering (INEE) at University Malaysia Perlis (UniMAP) and Ministry of Higher Education
Malaysia for the ﬁnancial support through MTUN-COE grant 901600004 for giving the opportunities to conduct the research in the
Biochip Lab, Failure analysis lab and Microfabrication cleanroom.
This project was aided by INEE at (UniMAP) through the Nano Technology project. The views expressed in this publication are those
of the authors and do not necessarily reﬂect the ofﬁcial view of the
funding agencies on the subject.

4. Conclusions

References

Investigations of the morphological and optical properties of
ZnO thin ﬁlm have been conducted and several objectives have
been achieved from the conducted studies. Gradual changes in the
morphological and optical properties of ZnO thin ﬁlm, which is
associated with thickness ranging from 40 nm2 to 200 nm2 , have
occurred. AFM data reports that the RMS value of thin ﬁlm increase
from 4.908 nm to 82.25 nm as thickness of thin ﬁlm is enhanced.
RMS value of thin ﬁlm is further increased when ZnO thin ﬁlm
is treated with elevated temperature. Surface roughness becomes
more intense and the grain size obtained from AFM and XRD result
exhibits elevated grain size of thin ﬁlms. FESEM results also show
that the grain size of ZnO thin ﬁlm is increased when the thin ﬁlm
is treated with higher annealing temperature and the grain size
of thin ﬁlm is increased when higher thickness of ZnO thin ﬁlm is
coated on substrate. Optical transmission of ZnO thin ﬁlm exhibits
highest transmission percentage for glass substrate coated with
lowest thickness value of ZnO thin ﬁlm. Hence, the studies can
contribute for optimization procedure to synthesize desired size
dimension of ZnO nanowires through bottom-up approach. Alteration of band gap energy of thin ﬁlm can also be done by adjusting
the thickness layer of thin ﬁlm. Studies also reveal that increment of different annealing temperatures has stronger inﬂuence in

[1] C.M. Chang, M.H. Hon, I.C. Leu, Preparation of ZnO nanorod arrays with tailored
defect-related characterisitcs and their effect on the ethanol gas sensing performance, Sens. Actuators B Chem. 151 (1) (2010) 5–20, http://dx.doi.org/10.
1016/j.snb.2010.09.072.
[2] A. Janotti, C.G. Van de Walle, Fundamentals of zinc oxide as a semiconductor,
Rep. Prog. Phys. 72 (2009) 126501, http://dx.doi.org/10.1088/0034-4885/72/
12/126501.
[3] S. Kushwaha, L. Bahadur, Studies of structural and morphological characteristics of ﬂower-like ZnO thin ﬁlm and its application as photovoltaic material,
Optik. Int. J. Light Electron Optik. 124 (2013) 5696–5701, http://dx.doi.org/10.
1016/j.ijleo.2013.04.019.
[4] M. Shi, X. Pan, W. Qiu, D. Zheng, M. Xu, H. Chen, Si/ZnO core–shell nanowire
arrays for photoelectrochemical water splitting, Int. J. Hydrog. Energy 36 (2011)
15153–15159, http://dx.doi.org/10.1016/j.ijhydene.2011.07.145.
[5] H.a. Wahab, a.a. Salama, a.a. El-Saeid, O. Nur, M. Willander, I.K. Battisha, Optical,
structural and morphological studies of (ZnO) nano-rod thin ﬁlms for biosensor
applications using sol gel technique, Results Phys. 3 (2013) 46–51, http://dx.
doi.org/10.1016/j.rinp.2013.01.005.
[6] L. Cao, J. Jiang, L. Zhu, Realization of band-gap engineering of ZnO thin ﬁlms
via Ca alloying, Mater. Lett. 100 (2013) 201–203, http://dx.doi.org/10.1016/j.
matlet.2013.03.031.
[7] Y. Liu, M. Zhong, G. Shan, Y. Li, B. Huang, G. Yang, Biocompatible ZnO/Au
nanocomposites for ultrasensitive DNA detection using resonance Raman scattering, J. Phys. Chem. B. 112 (2008) 6484–6489, http://dx.doi.org/10.1021/
jp710399d.
[8] J. Zhang, W. Que, Preparation and characterization of sol–gel Al-doped ZnO
thin ﬁlms and ZnO nanowire arrays grown on Al-doped ZnO seed layer by
hydrothermal method, Sol. Energy Mater. Sol. Cells 94 (2010) 2181–2186,
http://dx.doi.org/10.1016/j.solmat.2010.07.009.

3074

R. Haarindraprasad et al. / Optik 127 (2016) 3069–3074

[9] S. Benramache, B. Benhaoua, F. Chabane, A. Guettaf, A comparative study on the
nanocrystalline ZnO thin ﬁlms prepared by ultrasonic spray and solgel method,
Optik. Int. J. Light Electron Optik. 124 (2013) 3221–3224, http://dx.doi.org/10.
1016/j.ijleo.2012.10.001.
[10] K. Khun, Z.H. Ibupoto, C.O. Chey, J. Lu, O. Nur, M. Willander, Comparative study
of ZnO nanorods and thin ﬁlms for chemical and biosensing applications and
the development of ZnO nanorods based potentiometric strontium ion sensor,
Appl. Surf. Sci. 268 (2013) 37–43, http://dx.doi.org/10.1016/j.apsusc.2012.11.
141.
[11] V. Kumar, N. Singh, R.M. Mehra, A. Kapoor, L.P. Purohit, H.C. Swart, Role of ﬁlm
thickness on the properties of ZnO thin ﬁlms grown by sol–gel method, Thin
Solid Films 539 (2013) 161–165, http://dx.doi.org/10.1016/j.tsf.2013.05.088.
[12] L.-Y. Lin, D.-E. Kim, Effect of annealing temperature on the tribological behavior of ZnO ﬁlms prepared by sol–gel method, Thin Solid Films 517 (2009)
1690–1700, http://dx.doi.org/10.1016/j.tsf.2008.10.018.
[13] L. Miao, S. Tanemura, L. Zhao, X. Xiao, X.T. Zhang, Ellipsometric studies of optical
properties of Er-doped ZnO thin ﬁlms synthesized by sol–gel method, Thin Solid
Films 543 (2013) 125–129, http://dx.doi.org/10.1016/j.tsf.2013.02.034.
[14] L. Xu, F. Gu, J. Su, Y. Chen, X. Li, X. Wang, The evolution behavior of structures and
photoluminescence of K-doped ZnO thin ﬁlms under different annealing temperatures, J. Alloy. Compd. 509 (2011) 2942–2947, http://dx.doi.org/10.1016/j.
jallcom.2010.11.164.
[15] B. Zhang, B. Yao, S. Wang, Y. Li, C. Shan, J. Zhang, et al., Inﬂuence of Zn/O ratio
on structural, electrical and optical properties of ZnO thin ﬁlms fabricated by
plasma-assisted molecular beam epitaxy, J. Alloy. Compd. 503 (2010) 155–158,
http://dx.doi.org/10.1016/j.jallcom.2010.04.220.
[16] K. Saravanakumar, K. Arts, V. Ganesan, N.P. Lalla, K. Road, C. Gopinathan, et al.,
Columnar growth of nanocrystalline zno thin ﬁlms prepared through RF, Magn.
Sputtering 5 (2011) 143–154.

[17] B. Oh, M., Jeong, M. Ham, Effects of the channel thickness on the
structural and electrical characteristics of room-temperature fabricated ZnO thin-ﬁlm transistors, 608 (n.d.). doi:10.1088/0268-1242/22/6/
004.
[18] X. Zhang, S. Ma, F. Li, F. Yang, J. Liu, Q. Zhao, Effects of substrate temperature
on the growth orientation and optical properties of ZnO:Fe ﬁlms synthesized
via magnetron sputtering, J. Alloys Compd. 574 (2013) 149–154, http://dx.doi.
org/10.1016/j.jallcom.2013.04.055.
[19] Y. Zhang, H. Jia, P. Li, F. Yang, Z. Zheng, Inﬂuence of glucose on the structural
and optical properties of ZnO thin ﬁlms prepared by sol–gel method, Opt.
Commun. 284 (2011) 236–239, http://dx.doi.org/10.1016/j.optcom.2010.08.
084.
[20] S. Singh, P. Chakrabarti, Comparison of the structural and optical properties of
ZnO thin ﬁlms deposited by three different methods for optoelectronic applications, Superlattices Microstruct. 64 (2013) 283–293, http://dx.doi.org/10.1016/
j.spmi.2013.09.031.
[21] K.K. Nagaraja, S. Pramodini, P. Poornesh, H.S. Nagaraja, Effect of annealing on the
structural and nonlinear optical properties of ZnO thin ﬁlms under cw regime,
J. Phys. D. Appl. Phys. 46 (2013) 055106, http://dx.doi.org/10.1088/0022-3727/
46/5/055106.
[22] A.I. Ali, A.H. Ammar, A. Abdel Moez, Inﬂuence of substrate temperature on structural, optical properties and dielectric results of nano-ZnO thin ﬁlms prepared
by radio frequency technique, Superlattices Microstruct. 65 (2014) 285–298,
http://dx.doi.org/10.1016/j.spmi.2013.11.007.
[23] K. Biswas, C.N.R. Rao, Nanocrystalline Janus ﬁlms of inorganic materials prepared at the liquid-liquid interface, J. Colloid Interface Sci. 333 (2009) 404–410,
http://dx.doi.org/10.1016/j.jcis.2009.01.060.
[24] M. Oztas,;1; Inﬂuence of Grain Size on Electrical and Optical Properties of InP
Films, 25 (2008) 4090–4092.

