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Abstract: Preferred orientation of ZnO thin films deposited by sol-gel deposition techmque could be
manipulated by changing annealing temperature. In this study, we used spin coating method to coat glass
slides with sol-gel ZnO thin filims, composed of zinc acetate dihydrate Monoethanolamine (MEA), de-ionized
water and isopropanol. The effect of the annealing temperature on the structural properties of these films is
mvestigated. These ZnO thin films were preheated at 275°C for 10 min and annealed either at 350, 450 or 550°C
for 80 min. After heat treatment, each sample was taken out for ex situ Atomic Force Microscopy (AFM)
measurements to study the swface morphology. Fractal analysis has been applied to describe the surface
morphology and extracting structural parameters of thin films. Thin films also were characterized by X-ray
Diffractometery (XRD) method. XRD analysis revealed that the annealed ZnO thin films consist of single phase
ZnO with wurtzite structure (JCPDS 36-1451) and show the c-axis grain orientation. Increasing annealing
temperature increased the crystallite size and the c-axis orientation of the film after 450°C. Tt was found that there
was a significant effect of annealing temperature on the structural parameters of the film such as roughness
exponent, fractal dimension and strain along the c-axis.

Key words: Surface morphology, zinc acetate dihydrate monoethanolamine, annealing temperature, fractal

analysis, X-ray diffractometery

INTRODUCTION

Zinc oxide is a wide direct-gap TI-VT semiconductor of
wurzite structure. It has a direct band gap of 3.37 ev at
room temperature which 1s mn ultraviolet rang. However,
since the 1960s, preparation of ZnQ Thin films has been
an active field of study due to application i transducers
(Kim et af., 2000) and catalysts (Geis et al., 1995). Between
1970s and early 1990s, a quasi- two-dimensional form of
Zn0O was studied roughly for potential application in
surface and bulk acoustic ware devices for filtering
(Teo et al, 2002, Zhu et al., 1999) sensing (Dean and
Chalamala, 2000; Jo et al., 2003) and micromechanical
devices like accelerometers, force sensors, tactile sensors
and microphones (Jo et al, 2004). With an increasing
capability of controlling the deposition techniques
plezoelectric properties of ZnO thin film were explored
(Service, 1997). Since it is transparent in visible light and
conductive by doping, ZnO has also been explored as an
altemative to Indium Tin oxide (ITO) for display
application (Huang et al., 2001). In addition to all of these
applications, the potential use of ZnQ in optoelectronic
systems such as Light Emitting Diodes (LED)
(Tseng et al, 2003), photo detectors (Xu and Sun

2003), electroluminescence devices (Zhu et al., 2003),
solar cells (Xu et al., 2004) and ultraviolet lasers has
recently attracted significant attention.

Almost all the surfaces in nature are microscopically
rough although they appear to be smooth for naked eye
or even for most of the microscopes. All surface
properties have become critical m improving the
technology on which our modern life is built. For example,
semiconductor technology which 1s backbone of modem
technology, involves depositing thin layers of a
semiconductor, insulator or metal, then structuring and
processing these films with various techmques. In
almost all the deposition methods in this technology,
self-affine surface gets formed in a growth mode in which
average orientation of the surface is maintained but it
becomes rough. Surface roughness can affect electrical
properties such as electrical capacity, electronic
conductivity, surface energy, critical area, peak electric
field, surface tension, sheet resistance, etc. (Asenov and
Kaya, 2000).

For characterization of thin film surface, Atomic Force
Microscopy (AFM) provides very useful numerical data
of surface height at digitized locations on a film. Various
analyses have been developed to utilize the data,
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including the root-mean-square of height in wide use,
Power Spectrum Density (PSD) (Fang et af., 1997) and
fractal analyses. These analyses are aiming at finding
appropriate morphological parameter (s) to interpret
physical properties of the film, or studying the growth
mechanism of film, 1e., the ‘evolution” of surface
morphology.

X-ray Diffraction (XRD) is very widespread and
efficient nondestructive tool to mvestigate the structure
and microstructure of bulk as well as surface materials.
From the standpoint of thin film X-ray characterization,
Grazing Incidence Small Angle X-ray Scattering (GISAXS)
15 a more recent technique (Levine ef al., 1989) which
combines X-ray Reflectometery (XRR) and transmission
mode SAXS theory. XRR and GISAXS studies of sol gel
oxide thm films, either alone or in combination have
recently attracted considerable research interest leading
to a very rapid mcrease of the number of published papers
and more particularly in the field of sol gel mesoporous
thin films (Levine et al., 1991).

The influence of substituting low concentration
Alat Zn site in ZnO thin films were investigated by
Abdullah et al (2009a). Also they simulated single layer
Anti-reflective coating on silicon solar cell used on
the refractive index limit of Zinc Oxide (Abdullah et al.,
2009b). The structural and morphological properties of Sn
doped ZnO thin films, deposited by spray pyrolysis and
chemical bath deposition techmques, were mvestigated
(Baneto et al, 2010). The effect of color removal
percentage, followed by the effect of ZnO, pH, stirring
time and solar photo-catalytic as a final treatment have
been investigated by using coagulation as pretreatment
(Makhtar et al., 2010). Also the effect of CuO content on
the microstructure, electrical properties and density of
Zn0 based varistor ceramics have been investigated
(Desouky et al., 2010).

In this study, the ZnO thin films were prepared by
sol-gel spin coating method and annealed at different
temperatures. The effect of annealing temperature on
the structural properties of ZnO thin films deposited on
microscope glass was investigated by AFM and X-ray.

MATERIALS AND METHODS

Thin film preparation: All the chemicals were analytic
grade reagents without further purification and purchased
from Merck Company. Nano-crystalline ZnO thin films
were prepared on microscope glass slide (75%25x%1 mm)
substrate (washed with ethanol and dilute acid) by a
sol-gel method. Sol solution was prepared by adding

310 g Zinc acetate dihydrate (Zn(CH,COOQ),*2H,O:
ZnAce2H,0), 0.86 g mono-ethanolamine (MEA) and
adequate deionized water to 15 mL isopropanol alcohol,
then heated to 60°C with continuous sturing for
60 min (Habibi and Sardashti, 2008a). The coating
substrate (microscope glass slid) was preheated at 275°C
for 10 min 1n air after each coating. The sol-gel coating
was made usually a day after the sol solution was
prepared and the molar ratio of MEA to Zinc acetate was
maintained at 1:1. Then the films were coated by spin
coating method.

The films of ZnO were prepared by spin coating
method onto substrate with 3000 rpm for 45 sec
(the spmmner reached 3000 rpm after 5 sec which was
maintained for 40 sec) (Habibi and Sardashti, 2008b).
Precursor solution did not produce any precipitation after
30 days. Film deposition was carried out in air at room
temperature by a rate 3000 rpm for 30 sec. After each
coating, the films were preheated at 275°C for 10 min and
post-heated at 350, 450 and 550°C, for 80 min. The
deposition was repeated to obtam a film with proper
thickness.

X-ray diffraction: X-ray diffraction measurements were
carried out in order to study the crystal structure of ZnO
thin films. The phase composition of ZnO thin films
fabricated by sol-gel spin and dip coating methods were
determined using XRD technique with a D8 Advance
Bruker X-ray diffractometery at room temperature, with
monochromated Cu K, (A = 0.154 nm) radiation, m the
scan range of 20 between 25° and 70° with a scan rate
of 0.03 deg sec™".

Atomic force microscopy: Ex situ measurements of
surface morphology of the films were carried out following
heating process. For obtaining surface morphology of
thin films we used an Atomic Force Microscopy (AFM)
instrument (TM Microscopes Veeco Metrology Group) on
contact mode. A commercial standard pyramidal Si3N4 tip
was used. AFM images were acquired in ambient air and
digitized in to 256%256 pixels. AFM images of ZnO thin
films annealed at different temperatures are shown in the
Fig. la-c.

RESULTS AND DISCUSSION

The concept of fractal dimensionality, in contrast with
traditional techniques, has proven very successful both
in applying to a wide range of complex surface geometries
and 1n advancing our understanding of how the geometry
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Fig. 1(a-c): AFM images of ZnO thin films annealed at (a) 350, (b) 450 and (¢) 550°C

affects the physical properties of the system. In order to
study the fractal properties of ZnO thin films, we
computed the height-height correlation functions of both
samples from AFM images.

Denoting by h (1, j), the height of the surface
measured by AFM at the point (1, J), NxN the total number
of points at which the surface heights have been
measured and d the horizontal distance between two
adjacent pixels then the mterface width w {or rms) value of
the surface roughness is defined as:

N
w:% Y h G- <h G, »)? (1)

il

where, <h (i, j)= is the average overall surface points:

L 13,
<h (i )>=—5 Y h.)
N i,j=1

The height-height correlation function H (r) is
calculated along the fast scan direction (x direction)
through the formula (loannou-Sougleridis et af., 2004):

Shasmp-nap (2

B

N
H (r=md)=m2
=

for self-affine surfaces, the dynamic scaling hypothesis
suggests that the height-height correlation function H (r)
has the scaling form:

. (r):{ rz“;for---r <= (3)
2We for--.rx £

where « is the roughness exponent, W is the interface

width (rms of surface roughness) and £ 1s the lateral

correlation length.

Table 1: The mms of roughness, roughness exponents, fractal dimensions and
correlation lengths of samples annealed at different temperatures

Annealing temperature (T,) Whm) 2 *Dy 4 (nm)
350°C 71 0.89 2.10 56.2
450°C 18.5 0.35 2.64 354.8
550°C 28.4 0.16 2.83 562.3

rms of roughness, *Roughness exponent, *Fractal dimension, “Correlation
length

From height-height correlation function of the surface
we can determine the interface width W, the lateral
correlation length £ and the roughness exponent.
Figure 2a-c¢ shows the Log of height-height correlation
function as a function of Log (r) for ZnO thin films that
annealed at different temperatures.

The results of root mean square (rms) of roughness,
roughness exponent, fractal dimensions and correlation
length for different annealing temperatures that extracted
from height-height correlation functions, are summarized
in the Table 1. @ is the roughness exponent which
describes how locally ““wiggly®’ the sample surface is, W
18 the rms of surface roughness and £ is the lateral
correlation length which 1s defined as the largest distance
in which the height 1s still comrelated. The relationship
between roughness exponent h and fractal dimension Dy
18 Dy = E+1- o with O<g <1, where E+1 is the dimension of
the embedded space. Fractal dimension D; describes the
total profile complexity and takes into account the
changes of the normalized profile length as a function of
the observation scale. The value of D; can theoretically
change from 2 for a flat profile to 3 for profiles which fill
whole area defined by the square constructed by height
roughness. If the D; value 1s between 2 and 3, then the
analyzed profiles have some fractal properties. If the
fractal dimension 1s higher, it suggests that the profile
complexity 1s more pronounced. Also larger value of o
corresponds to a locally flat swface structure while a
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Fig. 2(a-c): Correlation functions of ZnO thin films annealed at (a) 350, (b) 450 and (¢) 530°C
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Fig. 3: The XRD pattern of the ZnO thin film on a glass
substrate by spin-coating annealed at (a) 350°C,
(b) 450°C and (c) 5350°C
smaller one comesponds to more locally rough
morphology. Surface structural parameters ¢, W and & are
independent from each other and they vary according to
the process by which the surface morphology is formed.
These parameters completely characterize a self-affine
surface.
Figure 3 shows the XRD patterns of the ZnO thin film
on glass, pre-heated at 275°C and annealed at 350, 450
and 550°C, respectively. It found that the quality of the

thin films by sol-gel spm coating process and

crystallization was influenced on annealing temperature.
Presence of several peaks in all the thin films indicates
random orientation of the crystallites. Also, the results
clearly show that (002) orientation 18 preferred when the
ZnO films are annealed at 550°C. The preferred c-axis
orientation is reported by Wang et al. (2006), when the
ZnO thin film 1s annealed at 800°C.

Comparing the XRD patterns of the thin films with
ZnO powder showed that thin films have lower intensity
and higher FWHM (fully width at half maximum) than the
powder and the films are predominantly (002) oriented and
films are crystallized at 550°C with highest intensity.
Compared to powder diffraction data of zincate (wurzite)
structure (JCPDS 36-1451), the XRD patterns of all the
films indicated enhanced intensities for the peaks
corresponding to (002) plene, mndicating preferential
orientation along the c-axis. The relative intensity of the
peaks corresponding to the (002) plane increased with
increasing annealing temperature. The ZnO films grow
with a (002) orientation 1s kinetically preferred which
i turn likely reflects the fact that the ighest density
of Zn atoms is found along the (002) plane
(Amirhaghi et al., 1994).

The crystalline size of ZnO mn the films was calculated
by Scherrer’s formula D = 0.94/p Cos0, where D is the
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Fig. 4: Therelative intensity of (002) peaks vs. armealing
temperature (T,,) for ZnO thin films

grain size, A (1.548 °A) is the wavelength of X-ray
radiation used, P is the full width at half maximum
(FWHM) of the diffraction peak and 0 is the Bragg
diffraction angle of the XRD peak. The average crystalline
size of ZnO m the films annealed at 350, 450 and 550°C
was about 19, 22 and 24 nm, respectively. It was observed
that the c-axis orientation mmproves and the grain size
increases as indicated by an increase in intensity of the
(002) peak and the decrease in the FWHM (Fully Width at
Half Maximum) high with the increase of ammealed
temperature. An average grain size was about 22 nm
(Fig. 3).

The relation between relative intensity I(002)/[1(100)
+I(002H1(101)] and ammealing temperature (T,,) shown in
Fig. 4. In view of the fact that c-axis oriented ZnO films
were also acquired by using other fabrication methods
such as chemical deposition (Kashiwaba et al., 2000),
Radio Frequency (RF) sputtering ( Sundaram and Khan,
1997) and laser ablation (Ryu et al., 2000), this fact could
be a common aspect in all ZnO thin films. Tt is believed
that the preferential
mimmization of surface energy and mternal stress
(Dinghua et al., 1998). Also, the c-orientation might be
resulted from the facilitated growth of the film along the
c-axis as a result of the highest atomic density found
along the (002) plane (Amirhaghi ef al., 1994).

The lattice parameters can be calculated by using the
following formula:

orientation is due to the

L (4

d.. =
M a7 k) 327 4 B G

where, a, ¢ are the lattice parameters and dy is the
crystalline surface distance for h ke 1 indices. First, we have
calculated the values of lattice parameters from the X-ray

Table 2: Lattice parameters, relative intensity and strain along the c-axis of
(002) peaks of ZnO thin films

Sample T (0) ¢ SIO02Y[I(100+I(002)+I(10D]  *
a 350 5.26 042 0.0101
b 450 5.18 0.50 -0.005
c 550 512 0.64 -0.016
JCPDS - 5207 (.2189 -

! Annealing temperature, “Lattice paremeter, *Relative intensity, *Strain along
the c-axis

diffraction data and then calculated the values of strain

along the c-axis (g,) by using the following formula
(Ghosh et al., 2004):

(% ()

where, ¢ 15 the lattice parameter of the strained ZnO films
calculated from X-ray diffraction data and ¢, (5.207) is the
unstrained lattice parameter of ZnO. At the same time, the
strain can be negative (compressive) or positive (tensile).
The lattice parameters of ZnO thin films, annealed at
different annealing temperatures, yield an hexagonal unit
cell which are very close to the parameter ¢, = 5.207 A°
(Raoufi and Raoufi, 2009).

As can be seen from Table 2 the heat-treated thin
films after 450°C give smaller ¢ values than the ZnOQ
powder. Also this film has the least strain along the c-axis
during growth process.

Zhang et al. (2006) have also reported slightly smaller
¢ values for nano-crystalline ZnO thin films prepared on
p-type Si (1 0 0) substrates by a sol-gel method followed
by heat-treatment (Zhang ef al., 2006). While, Lee ef al.
(2004) have reported slightly lmgher ¢ values for ZnO thin
films prepared on quartz glass substrates by a sol-gel
method. The difference in c-axis lattice parameter has to
be attributed to the occurrence of stress in the thin films.
Under compression (parallel to the surface), the c-axis
lattice parameter will decrease, leading to a somewhat
larger inter-planar distance for the (002) planes. The
mechamsm of formation of the c-axis preferentially
oriented ZnO thin film can be suggested that the value of
the surface free energy is the least for the ZnO (002) plane
at the growth stage.

CONCLUSION

(Glass plate-supported nanostructure ZnQ thin films
were deposited by sol-gel spin coating. Films were
preheated at 27 5°C for 10 min and annealed at 350, 450 and
550°C for 80 min. The effect of annealing temperatures on
the quality characteristics of ZnO thin films was studied.
XRD pattern of ZnO thin films showed polycrystalline
wurtzite with a preferential (002) orientation. Increasing
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annealing temperature increased the crystallite size of the
thin film and the c-axis orientation after 450°C. Using
fractal analysis of AFM data for extracting surface
parameters of ZnO thin films at different temperatures
showed that, increasing annealing temperature increased
lateral correlation length, fractal dimension and rms of
roughness. These results suggest that increasing
annealing temperature produces jagged thin film and this
film can be used for photo-catalytic applications.
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