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ABSTRACT

This paper presents the investigation of the thickness of the ZnO thin
films by varying the number of deposition layers during the spin coating
deposition process. ZnO thin films were deposited with a different number
of layers (ranging from 1, 3, and 5), and the main purpose of this study is
to explore the effect of the thickness on the properties of ZnO thin films.
The deposited thin films were characterised using field emission scanning
electron microscope, surface profilometer, and X-ray diffraction. From the
characterisation results, the morphology of the ZnO thin films changed
significantly with the number of layers and their thickness value. As
expected, the thickness increased as the number of layers increased. The
crystalline quality of the deposited film improved as the thickness increased.
A change in crystallographic orientation was also observed in which the
thicker, thin films showed crystal growth in the (102) direction, whereas the
thinner one was in the (101) direction. A slight increase in crystallite size for
dominant orientation also was observed with the increase of film thickness.
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INTRODUCTION

In recent years, semiconductor thin films have received intense research
interest among researchers due to their wide potential in various applications
[1-3]. In between all available semiconductors, zinc oxide (ZnO) has
shown great potential as a promising candidate for application in many
applications, including electronics and optoelectronics devices. ZnO is
a type of semiconductor material that has a direct band gap of 3.37 eV
with hexagonal wurtzite structure and belongs to group II-VI having a
large exciton binding energy (60 meV) [4]. In addition, ZnO is also one
of the richest families of nanostructures, demonstrating many types of
nanostructures such as nanorods, nanobelts, nanoflowers, tetrapods, and
nanofiber [5-7]. All of these nanostructures have novel applications as
sensors, biomedical sciences field, as well as transducers.

More interestingly, ZnO can be prepared using various methods and
techniques. For instance, physical vapor deposition (PVD) [8], pulsed
laser deposition (PLD) [9], dip coating [10], and chemical bath deposition
(CBD) [11]. Among all, the sol-gel spin coating technique is favorable
among researchers due to its versatility. Sol-gel technique offers a low-cost
method, is environmentally friendly, and can be conducted at relatively low
temperatures [12]. The sol-gel method is based on the wet chemistry process
that involves the preparation of sol, the gelation of a sol, and the removal
of the liquid existing in fine interconnected channels within the gel [13].
While the spin coating technique is a common method used to coat the
prepared solution onto the desired substrate, the primary advantage of this
technique is it can quickly and easily produce a very uniform thin film [14].

By using this technique also, the thickness of the thin film could
be easily adjusted. The concentration of the prepared sol-gel, spinning
condition, duration, and heat treatment duration, and temperature are some
of the factors that will determine the thin film thickness. Other than these
factors, increasing or varying the number of layers during the deposition
process also will alter the thickness of the thin film produced. The thickness
of the thin film plays an important role depending on the application chosen
[15]. For example, electrical properties will be improved when the thin
film has a higher thickness value due to the improvement in crystallinity. A
suitable thickness will decrease the resistivity, thus improve the electrical
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properties [16]. However, if the film has a very high thickness, it also will
affect the electrical properties due to the increase in resistivity. Other than
that, the thickness of the thin film also would influence the structures and
the morphology of the films. E. Mohajerani et al. reported that their polymer
blends structures constantly change when the film thickness increases [17].

In a reported study conducted by N. Mulfti ef al., ZnO thin films were
spin-coated at different spin speeds (2000-4000 rpm), produced different
thickness values, in the range of 0.2 — 1.0 um [18]. Besides thickness, the
crystal size of spin-coated ZnO thin films is also affected by the thickness
of the thin film. U. Chaitra et al. also explored the effect of thickness on
their ZnO properties [19]. Sol-gel spin coating technique had been chosen
to deposit their ZnO thin films; thus, the molarity of the precursor had been
varied. Different molarity had produced different thicknesses, and the optical
and electrical of the thin films were affected by this thickness. Based on
these studies, it could be concluded that the thickness of the deposited thin
films would affect and influence the properties of thin films. To prove this
statement, in this study, the effect of the film thickness was investigated by
varying the number of layers during the spin coating deposition process.
The different layers of ZnO thin films were characterised to study how the
thickness would affect their physical and structural properties.

METHODOLOGY

ZnO thin films with different number of layers/thicknesses were prepared
using the sol-gel spin coating technique. First, the substrate used in this
study, indium tin oxide (ITO), was cleaned by a standard cleaning process
using ethanol and deionized water to eliminate all the contaminants and
stains on the surface. Before the deposition process was conducted, the sol-
gel ZnO solution was first prepared. Zinc acetate dihydrate, Zn(CHsCO2):
was used as the precursor. Monoethanolamine (MEA), C,H.NO, was added
to the solution as the stabiliser, and 2-methoxy ethanol C,H,O,, act as the
solvent. 0.4M ZnO solution was stirred at 300 rpm, at 80 °C. After three
hours, the heat was switched off, and the solution was continued to be stirred.
The solution was aged for 24 hours to produce a clear and homogenous
ZnO solution.
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After 0.4M ZnO sol-gel solution was prepared, the deposition process
was conducted via spin coating, using a spin coater (Laurell WS-650HZ-
23NPP/UD2). The spin coater speed was set at 3000 rpm, with 60 seconds
rotation. ITO substrate was placed at the center of the spin coater’s stage,
and when the rotation was started, ten drops of ZnO solution were dropped
onto the substrate as the first layer. To produce ZnO thin films with a different
number of layers (1, 3, and 5 layers), each of the layers undergoes the same
process, which is spin-coated with ten drops of ZnO solution and dried
at 150°C for ten minutes. To complete the fabrication process, deposited
films were annealed at 400°C for one hour. Other deposition conditions,
such as solution concentration, spin speed and duration, drying time and
temperature, also annealing duration and temperature, were set to constant.
The number of layers was increased before the samples were annealed, and
each of the increased layers was dried before another layer was deposited.

The prepared ZnO thin films with a different number of layers were
characterised by a few characterisations. The characterisations include
field emission scanning electron microscope (FESEM, Hitachi SU-8030)
to observe the thin films' morphology, and the surface profilometer (SP,
KLA-Tencor P-6 Stylus Profiler) was used to determine the thickness of the
different layers of ZnO thin films. Lastly, the crystalline quality of deposited
ZnO films was analysed using x-ray diffraction (XRD, PANalytical X’Pert
PRO). All of the obtained results were presented and discussed in the results
and discussion section.

RESULTS AND DISCUSSION

As presented in the FESEM images of Figure 1 below, there is a significant
difference in the ZnO thin films surface morphology for the thin film with
1-layer and 5-layers. For the 1-layer film in Figure 1(a), a uniform ZnO
surface can be observed from the FESEM images, whereas the surface for
the film with 5-layers shows a clear particle agglomeration (Figure 1(b)).
Also, small cracks can be seen in Figure 1(a); however, in Figure 1(b),
the film seems crack-free, although agglomeration can be observed. The
explanation behind this occurrence might be due to the uniformity during
the spin-coating process. For the 1-layer thin film, the distribution of the
ZnO particles was not spread evenly onto the ITO substrate. Thus when

150



VoL. 18, No. 2, SEPT 2021

the number of layers was increased, it improves the uniformity of the ZnO
particles. Based on the FESEM images provided, the structures of ZnO
thin films improve significantly with the increment of the deposition layers.
Dense and crack-free ZnO particles could be clearly observed in Figure
1 (b), indicating good quality of ZnO thin film. Findings obtained in this
study were supported by the results reported by V. Kumar ef al., in which
the morphology and structures of ZnO thin films also improved when the
thickness of the thin film was increased [20]. V. Kumar et al. had varied
the ZnO thin films' thickness by constantly depositing a 19-nm thin layer
of ZnO films during each deposition layer and proven that the thicker film
has better morphology. Besides, the structure of ZnO thin films deposited
with 5-layer shows that the particles have a thicker thickness, correlated
with the increase in the number of layers, which is expected and measured
by the surface profiler.

S s i
ZNO_1L 5.0KV 4.7fmm x10:0k SE(UL)

Figure 1: Morphology of ZnO Thin Film Deposited with (a) 1- Layer and (b)
5- Layers at 10K Magnification

Table 1 and Figure 2 below show the thickness value measured by
the surface profilometer for all samples. The thickness value has a directly
proportional relationship with the number of layers. As expected, when the
number of layers was increased, significant changes in thickness can be
observed. As shown in Table 1, for the thin film deposited with 1-layer, the
thickness was below 100 nm, which is 58.52 nm. After further layers were
deposited, the films become thicker. ZnO thin films deposited with 5-layers
(highest number of layers) gave the highest thickness, with a value 0of 284.20
nm, almost five times the thickness of the 1-layer thin film. The thickness
of the thin film increases due to more ZnO particles being deposited on top
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of one another. S. S. Shariffudin et al. also obtained the same result trend
when they varied the number of deposition layers for their ZnO thin films
[21]. In their study, they varied the number of layers from 1-6 layers; thus,
the thickness of the deposited ZnO thin films increases significantly with the
number of layers and the grain size. Since the total thickness of the 5-layer
thin film is almost five times the 1-layer thin film, we attribute the linear
increment of the thickness to the drying process conducted at the end of
each layer deposition. This drying process allowed the particles in one layer
to be stable and dense before the subsequent layer was deposited. Thus,
the number of particles increased with the addition of the layers increasing
thickness [22]. The effect of the drying also was reported by M. Addamo
[23]. In their study, M. Addamo et al. stated that when the deposited layer
was dried layer by layer, each of the layers would grow over irregularly
and preformed the crystalline surface or structure, which produced a film
with thicker thickness [23].

Table 1: Thickness Value for all ZnO Thin Films Deposited with Different Layers

Number of layers Thickness (nm)
58.52
195.03
284.20
300 4
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Figure 2: Comparison of Thickness Value for All ZnO Thin Films
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To investigate the crystallinity quality of the deposited seed layer, all
of the thin films were characterised using XRD. The XRD patterns for all
of the thin films deposited with different layers are shown in Figure 3. As
presented in Figure 3, ZnO thin film with 1-layer shows only a small peak
of (101) orientation. As the thickness increases, significant changes in the
crystallographic direction can be observed where a strong (102) peak can
be seen for the 3-layer and 5-layer thin films. Also, small but clear (103)
peaks can be seen for the thicker films. The improved intensity of (101) peak
proportionally with the increase of film thickness might be due to the atomic
layer that increased with the increment of the number of layers (thickness).

*
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—
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Figure 3: XRD Analysis for ZnO Thin Films Deposited with Different Layers

R. S. Goncalves et al, reported in their study that thicker film has more
atomic layers to diffract x-rays [24]. This statement also had been supported
by the findings by [25-27]. For the changes in the crystal orientation, we
assume that as the layer increases, more atoms somehow tend to align
in the (102) direction and pass the crystallographic information to the
subsequent layers. Based on the XRD results, the mean crystallite size
D, lattice constants a and ¢, and dislocation line density for all samples
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were calculated based on the dominant peaks. Crystallite size, D, was
calculated using Scherer’s formula, as stated in Equation (1) below. While
for dislocation line density, 6, lattice constants a and c, the calculations were
calculated based on the formula in equations (2), (3), and (4), respectively.

D= 0.941
pcosé

(M

Where D is crystallite size, A is the source of wavelength, [ is the diffraction
line broadening at half of the maximum intensity (FWHM) of the peak, and
0 is the peak position (obtained from 20).

1
=3

For dislocation line density calculation, & (Equation 2), D is the value
of crystallite size, calculated using the formula in Equation (1). For lattice
constants a and c, A is the constant value of wavelength for x-ray radiation
source (0.154 A), while 0, is the value obtained from 20 in XRD spectra.
Both lattice constants a and ¢ were calculated using Equation (3) and
Equation (4) stated below:

5 2

A
a= 3
\/§sin¢9 ®)

A
c= 4
sin@ @

Table 2 presents the crystallite size and other descriptions for peaks
obtained from ZnO thin films deposited with different layers, analysed from
XRD analysis. As presented in Table 2, crystallite sizes for all existing peaks
increase as the number of layers increase. According to the data analysed, for
the (101) peak, a significant increment of crystallite size could be observed,
in which the value increase from 27.66 — 76.78 nm when further layers were
deposited. The same trend was shown by (102) and (103) peaks, in which
the crystallite size shows the highest value, proportionally with the thickness
of ZnO thin films. Besides, by referring to the tubulated data, FWHM for
all samples is inversely proportional to the crystallite size value. FWHM
value showed a decrement trend when the number of layers was increased.
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M. 1. Khan ef al. and A. Kamalianfar et al. also reported the same
findings in their study [28-29]. The thickness of the thin film affects the
crystallinity and crystallite size of the ZnO thin film. According to A.
Kamalianfar, the thicker film would give better crystalline quality because
thicker film tends to have a smaller value of 6 (dislocation line density) [29].
This statement was supported by the findings obtained in this study, in which
the value for d in this study decrease as the number of layers increases. A
smaller value of  means that the film has less atom arrangement dislocation,
thus improving crystallinity quality.

Table 2: The Relative Orientation, 2 Theta (20), FWHM, Crystallite Size,
Dislocation Line Density, and Lattice Constants Value for ZnO Thin Films with
Different Number of Layers

Number | Orientation, | 2 theta | FWHM | Crystallite | Dislocation Lattice
of hkl (26) size, D line constants
layers (nm) density, 0 a c
(dx10°
line/nm?)
1 101 37.84 | 0.5341 27.66 1.307 2.742 | 4.749
3 101 38.06 | 0.3245 45.52 0.483 2727 | 4.723
102 44.55 | 0.2838 52.06 0.369 2.346 | 4.063
103 64.99 | 0.3147 46.96 0.437 1.655 | 2.867
5 101 38.48 | 0.1885 76.78 0.169 2.698 | 4.673
102 44.68 | 0.2787 53.02 0.356 2.339 | 4.052
103 65.12 | 0.3059 48.31 0.425 1.652 | 2.861

The decrement of dislocation line density can also be linked to the
crystallographic defect in the materials used. Referring to this statement, o
value could determine the defects of the materials, thus smaller 6 value, less
defect in crystallographic. Besides, M. I. Khan stated that if the crystallite is
larger, more atoms will be in order; thus, there will be fewer grain boundaries
[28]. Therefore, atoms will easily move from grain to grain due to the fewer
grain boundaries. Consequently, from this effect, the electrical properties
of deposited ZnO thin films will be improved. As for the lattice constants,
a and c, the value for all peak’s orientation decrease with the increasing
thickness of ZnO thin films. Data presented in Table 2 showed a slight
decrement of lattice constants value when further layers were deposited.
This decrement of lattice constant might be due to the crystallite size, which
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increases when the thickness increase. This increment will cause the lattice
restoration, hence influencing the lattice constants' value [30].

CONCLUSION

In summary, ZnO thin films with the different number of layers, prepared
using the sol-gel spin coating technique had been presented in this study.
The denser and crack-free structure was obtained by the 5-layers sample, as
observed by FESEM. The thickness of the sample was also affected, which
5-layers ZnO thin films increase almost five times (289 nm) compared with
the 1-layer sample (58nm). This increment had improved the crystalline
quality of the ZnO thin films, as the intensity of (101), (102), and (103)
peaks increase. Also, the crystallite size had increased with the increment of
the film thickness with the range from 27 ~ 77 nm. Besides, the decrease of
dislocation line density, & and lattice constants (a and c) shows that thicker
film has better crystalline quality with less defect crystallographic. Based
on these findings, ZnO thin films deposited with 5-layers can be a suitable
candidate to be the seed layer to grow the zinc oxide nanorod (ZNR). The
grown ZNR could be used as the n-type material in solar cell application
because ZNR can improve the efficiency of a solar cell by increasing the
amount of light trapping during the measurement process.

ACKNOWLEDGEMENT

The authors would like to thank all members of Nano Electronic Center
(NET), Integrated Sensor Research Group (DERIA), and Nano-Science
Technology Center (NST), Universiti Teknologi MARA (UiTM) Shah
Alam for all the research facilities. This work is partially supported by the
Ministry of Higher Education Malaysia under the Fundamental Research
Grant Scheme (600-IRMI/FRGS 5/3 (080/2017)).

REFERENCES
[1] D.K.Sharma, S. Shukla, K. K. Sharma, and V. Kumar, 2020. A review

on ZnO : Fundamental properties and applications. Mater. Today Proc.,
2020(10), 1-8, https://doi.org/10.1016/j.matpr.2020.10.238

156



(2]

(3]

[4]

[3]

(6]

[7]

(8]

VoL. 18, No. 2, SEPT 2021

B. Ulhaq, S. AlFairy, T. Al-shahrani, S. Al-Qaisi, R. Ahmed, A.
Laref, and S. A. Tahir, 2021. First principles investigations of ZnO
monolayers derived from zinc-blende and 5-5 phases for advanced
thermoelectric applications. J. Phys. Chem. Solids, 149(2021), 1-6,
https://doi.org/10.1016/j.jpcs.2020.109780

S. Rafique, A. K. Kasi, J. K. Kasi, and M. Bokhari, 2020. Fabrication
of Br doped ZnO nanosheets nanogenerator for pressure and position
sensing application. Curr. Appl. Phys., 21(2021) 1-15, https://doi.
org/10.1016/j.cap.2020.10.004

A. E. Princess, P. Karpagavinayagam, S. Kulandaivel, and C.
Vedhi, 2020. Investigation on zinc oxide nanoparticle incorporated
polyaniline nano composites for solar cell applications. Mater. Today
Proc. 17(2020), 1-8, https://doi.org/10.1016/j.matpr.2020.07.076

Y. K. Mishra and R. Adelung, 2017. ZnO tetrapod materials for
functional applications, Mater. Today, 21(6), 1-21, https://doi.
org/10.1016/j.mattod.2017.11.003

Y. Qu, R. Huang, W. Qi, M. Shi, R. Su, and Z. He, 2019. Controllable
synthesis of ZnO nano flowers with structure-dependent photocatalytic
activity. Catal. Today, 355(2020), 397-407, https://doi.org/10.1016/.
cattod.2019.07.056

V. Singh, M. Hojamberdiev, and M. Kumar, 2019. Enhanced
sensing performance of ZnO nanostructures-based gas sensors:
A review. Energy Reports, 6(4), 46-62, https://doi.org/10.1016/j.
egyr.2019.08.070

E. Comini, M. Ferroni, A. Vomiero, and G. Sberveglieri, 2010. Synthesis
of different ZnO nanostructures by modified PVD process and potential
use for 1dye-sensitized solar cells. Mater. Chem. Phys., vol. 124(1)
694698, https://doi.org/10.1016/j.matchemphys.2010.07.035

157



SCIENTIFIC RESEARCH JOURNAL

[9]

[10]

[11]

[12]

[13]

[14]

M. S. Al-assiri, M. M. Mostafa, M. A. Ali, and M. M. El-desoky,
2014. Synthesis, structural and electrical properties of annealed ZnO
thin films deposited by pulsed laser deposition (PLD). Superlattices
and Microstructure, 75(2014), 127135, https://doi.org/10.1016/].
spmi.2014.07.043

W. Allag, H. Guessas, M. Hemissi, and M. Boudissa, 2020. Study
of erbium doping effect on structural, morphological, and optical
properties of dip coated ZnO under alkaline conditions. Optik, 219(
April), 1-11, https://doi.org/10.1016/].ijle0.2020.165287

M. A. Boda and Z. Demir, 2019. Facile synthesis of hybrid ZnO
nanostructures by combined electrodeposition and chemical bath
deposition for improved performance of dye-sensitized solar cell,
Material Letters, 248(2019), 143—145, https://doi.org/10.1016/].
matlet.2019.04.023

M. D. Tyona, 2013. A theoretical study on spin coating technique,
Advances in Materials Research, 2(4), 195-208, http://dx.doi.
org/10.12989/amr.2013.2.4.195

B. Parija and S. Panigrahi, 2009. Fundamental understanding and
modeling of spin coating process : A review. Indian J. Phys, 83(4),
493-502, DOI: 10.1007/512648-009-0009-z

M. Baradaran, F. E. Ghodsi, C. Bittencourt, and E. Llobet, 2019.
The role of Al concentration on improving the photocatalytic
performance of nanostructured ZnO/ZnO:Al/ZnO multilayer thin
films. J. Alloys Compd., 788(2019), 289-301, https://doi.org/10.1016/.
jallcom.2019.02.184

[15] L. Eckertova, 1977. Thin Film Thickness and Deposition Rate, Springer,

[16]

Boston, United State of America

I. H. Khudayer and A. H. A. Alrazak, 2014. Effect of thickness on the
electrical conductivity and hall effect measurements of (CIGS) films.
Journal for Pure and Applied Science, 27(3), 300-308, http://csw.
uobaghdad.edu.iq/jih/index.php/j/article/view/296

158



[17]

VoL. 18, No. 2, SEPT 2021

E. Mohajerani, F. Farajollahi, R. Mahzoon, and S. Baghery, 2014.
Morphological and thickness analysis for PMMA spin coated films.

Journal of Optoelectronics and Advanced Materials, 9(12),3901-3906

[18] N. Mufti, D. Arista, M. Diantoro, A. Fuad, A. Taufiq, and SUnaryono,

2017. The effect of thickness of ZnO thin films on hydrophobic
self-cleaning properties. /OP Conf. Series: Materials Science and
Engineering, 202(2017), 1-7, DOI: 10.1088/1757-899X/202/1/012006

[19] U. Chaitra, D. Kekuda, and K. Mohan Rao, 2016. Dependence of

[20]

solution molarity on structural, optical, and electrical properties of
spin coated ZnO thin films. Journal of Material Science: Materials
in Electronics, 27, 7614-7621, https://doi.org/10.1007/s10854-016-
4745-5

V. Kumar, N. Singh, R. M. Mehra, A. Kapoor, L. P. Purohit, and H.
C. Swart, 2013. Role of film thickness on the properties of ZnO thin
films grown by sol-gel method. Thin Solid Films, 539(2013), 161-165,
DOIL: https://doi.org/10.1016/j.ts£.2013.05.088.

[21] S. S. Shariffudin, M. H. Mamat, S. H. Herman and M. Rusop, 2012.

[22]

[23]

Characteristics of layer-by-layer ZnO nanoparticles thin films prepared
with different deposition layer, 2012 IEEE Symposium on Humanities,
Science and Engineering Research, Kuala Lumpur, 899-902, DOI:
10.1109/SHUSER.2012.6269005

A. Basar, S. Debnath, and A. B. Ismail, 2014. An experimental study
on the effect of film layer and annealing on morphology by AFM of
tin dioxide thin film prepared by spin-coating method. Mater. Res.
Express, 1(2014), 1-10, https://doi.org/10.1088/2053-1591/1/2/026402

M. Addamo, V. Augugliaro, A. Di Paola, V. Loddo, G. Marci, and L.
Palmisano, 2008. Photocatalytic thin films of TiO, formed by a sol-gel
process using titanium tetraisopropoxide as the precursor. Thin Solid
Films, 516(12), 3802-3807, https://doi.org/10.1016/j.tsf.2007.06.139

159



SCIENTIFIC RESEARCH JOURNAL

[24]

[25]

[26]

[27]

[28]

R. S. Gongalves, P. Barrozo, G. L. Brito, B. C. Viana, and F. Cunha,
2017. The effect thickness on optical, structural, and growth mechanism
of ZnO thin film prepared by magnetron sputtering. Thin Solid Films,
661(2018), 40-45, https://doi.org/10.1016/j.ts£.2018.07.008

S. S. Shariffudin, M. Salina, and S. H. Herman, 2012. Effect of film
thickness on structural, electrical, and optical properties of sol-
gel deposited layer-by-layer ZnO nanoparticles, Transactions on
Electrical and Electronic Materials, 13(2), 102—105, DOI: 10.4313/
TEEM.2012.13.2.102

J. Tian, H. Zhang, G. Wang, X. Wang, and R. Sun, 2015. Influence of
film thickness and annealing temperature on the structural and optical
properties of ZnO thin films on Si (100) substrates grown by atomic
layer deposition, Superlattices Microstruct., 83(2015), pp. 719-729,
https://doi.org/10.1016/j.spmi.2015.03.062

B. Abdallah, S. A. Shaker, and M. Kakhia, 2015. Thickness effect
on stress, structural, electrical, and sensing properties of (002)
preferentially oriented undoped ZnO thin films. Compos. Interfaces,
22(3), 221-231, https://doi.org/10.1080/15685543.2015.1002259

M. 1. Khan, K. A. Bhatti, R. Qindeel, N. Alonizan, and H. Saeed, 2017.
Characterizations of multilayer ZnO thin films deposited by sol-gel
spin coating technique. Results in Physics., 7(2017) 651-665, https://
doi.org/10.1016/j.rinp.2016.12.029

[29] A. Kamalianfar, S. A. Halim, K. Behzad, M. G. Naseri, M. Navaser, F.

[30]

U. Din, J. A. M. Zahedi, K. P. Lim, S. K. Chen, and H. A. A. Sidek,
2013. Effect of thickness on structural, optical, and magnetic properties
of Co doped ZnO thin film by pulsed laser deposition, Journal of
Optoelectronics and Advanced Materials, 15(3), 239- 243, DOI:
10.1016/j.apsusc.2008.07.153

C.R. Li, B. T. Liu, A. J. Zhu, X. M. Jiang, B. R. Zhao, and Z. H.
Mai, 1998. Dependence of lattice constant on layer thickness of Pb
( Zr0.52Ti0.48 )O3 thin films, Journal of Materials Science Letters,
7(1998), 1263—1266, https://doi.org/10.1063/1.4848017

160





