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In this work, the ZnO were fabricated with the sol–gel spin coating method, and the
effects of the Dea:water ratios on the properties of the as-prepared ZnO thin films were
determined by using a X-ray diffractometer, transmission electron microscope, scanning
electron microscope, atomic force microscope, ultraviolet–visible spectrophotometer, and
spectrophotometer. Experimental results indicated that the Dea:water ratio affected the
structural and optical properties of the ZnO films considerably. The activation energy for
the particle growth of ZnO nanofilms and the effects of the Dea:water ratios on the band
gap values of the ZnO films were investigated. The film has an activation energy of 26.3 kJ/
mol, and optical band gap of 3.27–3.31 eV is proportional to the Dea:water ratio.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is a semiconductor material that has a
wide band gap, large exciton binding energy, wide range
resistivity, high mobility and high transparency [1–4]. ZnO
structures usually exhibit n-type conductivity due to their
defects of zinc interstitials and oxygen vacancies. They are
economic, non-toxic and chemically stable metal oxide
materials. ZnO structures have a number of applications in
thin-film solar cells, thin film transistors, surface acoustic
wave devices and sensors, solar cells and display devices
[1–7]. Various growth methods have been used to prepare
ZnO films such as sol–gel [7–10], chemical vapor deposi-
tion (CVD) [11–16], pulsed laser deposition (PLD) [17–20],
sputtering [21–25], and molecular beam epitaxy (MBE)
[26–29]. Among the above mentioned preparation techni-
ques, the easiest and low-cost sol–gel method allows to
control the structures of films. ZnO nanoparticles have
a Arıer).
been very important structures for solar energy conver-
sion, photocatalysis, luminescence, and sensors applica-
tions in recent years [10,30,31]. The purpose of this study
is controlling the structural and optical properties of
nanostructured ZnO films which were deposited on glass
substrates using the spin-coating method by changing
Dea:water ratios. The calculated activation energy for the
particle growth of ZnO nanofilms was found to be lower
than the values reported in the literature. These quantita-
tive findings in this work would be useful for the con-
trolled synthesis and study of growth kinetics of ZnO
nanoparticles for potential applications.

2. Experimental

2.1. Preparation of ZnO films

ZnO thin films were prepared using the sol–gel chem-
istry method. The sol was prepared by dissolving zinc
acetate dehydrate (ZnAc) in 2propanol. Dea (Diethanola-
mine), which is a surface active material, is used to acce-
lerate solving. Water was added for hydrolysis reactions.
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Fig. 1. X-ray diffraction patterns of ZnO nanofilms for different Dea:water
volume ratios: (a) 16, (b) 8, (c) 4, and (d) 2.

Ü.Ö. Akkaya Arıer, B.Ö. Uysal / Materials Science in Semiconductor Processing 24 (2014) 157–163158
As a precursor solution of ZnAc:2propanol:Dea:water, a
volume ratio of 0.4:4:0.1:0.2 was used. ZnAc, 2propanol
and Dea concentrations were held fixed, and crystallite size
was controlled only by changing the Dea:water volume
ratio, e.g., to 16, 8, 4, and 2. These sols were mixed using
magnetic stirring for 1 h at 60 1C. The obtained solutionwas
deposited on Corning 2947 glass substrates by spin-coating
deposition (1000 rpm/30 s), using a spin coater in the room
temperature (21 1C). After coating, ZnO films were imme-
diately placed in a microprocessor-controlled (CWF 1100)
furnace which was already heated at 450 1C. The films were
taken out of the furnace and were left at the room
temperature at the end of 1 h. The thickness of ZnO films
was measured to be approximately 60 nm.

2.2. Sample characterization

Structures of produced films deposited on glass sub-
strates were characterized by X-ray diffractometer (XRD,
GBC-MMA, Cu-Kα radiation). The surface morphology
was characterized by a transmission electron microscope
(HR-TEM), scanning electron microscope (SEM, S-3100H,
Hitachi Ltd.), and atomic force microscope (AFM, Shi-
madzu scanning probe microscope SPM-9500J3). Optical
transmittance of films was determined by a spectro-
photometer (Perkin Elmer). Spectroscopic analysis of ZnO
films was performed using a UV visible spectrophotometer
(Agilent 8453).

3. Results and discussion

The XRD spectra of the ZnO films prepared at 450 1C for
various Dea:water volume ratios are shown in Fig. 1. The
films prepared at room temperature exhibit an amorphous
structure while the films prepared at 400–550 1C show
crystalline structure. The XRD spectrum reveals that the
films have hexagonal wurtzite structure (JCPDS: 36-1451)
with peaks at {1 0 0}, {0 0 2}, and {1 0 1} diffraction planes
of the ZnO crystal structure. Among these diffraction
peaks, the {0 0 2} diffraction located at 34.51 is the most
intensive one.

The crystallite size of ZnO film is calculated according
to the XRD results using the Debye–Scherrer [32] equation

D¼ Kλ
B cos θ

;

where D is the diameter of the zincoxide nanocrystallites,
K is a constant (0.89), λ is the wavelength of the incident
light (for Cu Kα radiation λ¼1.54056 Å), B is the full width
at half-maximum (FWHM) of the diffraction line and θ is
the Bragg angle. The calculated sizes of the ZnO nanocrys-
tallites determined from {1 0 0}, {0 0 2}, and {1 0 1} peaks
are listed in Table 1. The average crystallite sizes are found
to be 2.0, 4.3, 6.1, and 9.6 nm for ZnO thin film with Dea:
water volume ratios of 16; 8; 4; and 2, respectively. The
weakening and broadening of the XRD peaks are attrib-
uted to the decrease of the crystallite size.

The results show that when zinc acetate dehydrates,
2propanol and Dea concentrations were held fixed, the
crystallite size decreased with the increasing Dea:water
volume ratio. The crystallite size of films increases due to
the increase in the amount of water, which causes
agglomeration. Amount of water in ZnO solution affects
the hydrolysis and the nucleation reactions. The hydrolysis



Table 1
Crystallite sizes of nanostructured zincoxide thin films with different
ratios of Dea:water at annealing temperature of 450 1C.

Dea:
water
ratio

Crystallite size for
{1 0 0} diffraction
plane (nm)

Crystallite size for
{0 0 2} diffraction
plane (nm)

Crystallite size for
{1 0 1} diffraction
plane (nm)

16 1.93 2.19 2
8 3.1 5.1 4.7
4 5.7 6.5 6.1
2 8.64 10.2 9.83

Fig. 2. X-ray diffraction patterns of ZnO nanofilms (Dea:water volume
ratio:4) for different heat treatment temperatures: (a) 450, (b) 500, (c)
550, and (d) 600 1C.
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rates are low in the solvents for less water ratio which
include too much alkoxide. When zinc acetate dehydrated,
2propanol, Dea and water concentration were fixed, the
effects of the heat treatment temperature on the crystallite
size of the films are investigated in Fig. 2.

The crystallite size of films increases with the increase
in the heat treatment temperature due to the increased
crystallization. The crystallite size-dependence and the
temperature-dependence of activation energy, E can be
expressed using the Arrhenius equation as

E¼ �RT lnðd=aÞ;
where T is the temperature (Kelvin), and d is the average
crystallite size, a is the intercept, and R is the universal gas
constant. Fig. 3 shows the activation energy for the particle
growth of ZnO nanostructured film for Dea:water volume
ratio of 4, which was determined as 26.3 kJ/mol using the
slope of the lines of a plot of the logarithm of the crystal-
lite size versus temperature (1000/T). Low energy is
required for the particle growth of the ZnO films because
of the small size particles. Similar calculations have been
reported before for different ZnO nanostructures [33–35].
The growth activation energies of ZnO nanowires have
been estimated to be 234 kJ/mol in the work of Yang et al.
[33]. The activation energy of metal oxidation at reactions
with supercritical H2O, CO2 and their mixtures has been
calculated to be 53.23 kJ/mol using bulk zinc based on the
temperature dependence of the growth rate of Zn reacting
with H2O by Vostrikov et al. [34]. Our calculated activation
energy is much lower in comparison to reported values
in the literature. Because, among these structures the
nanoparticled thin films have a higher surface area, and
less energy is required to induce the particle growth of
nanostructured films.

TEM images of nanostructured ZnO which are fabri-
cated for various Dea:water ratios at 450 1C are exhibited
in Fig. 4. This result indicates that the grain size of the
ZnO nanoparticles increased with the decreasing Dea:
water ratio.

Fig. 5 shows the SEM images of ZnO films which are
compared for various Dea:water ratios at 450 1C. The films
exhibited a uniform pore distribution all over the surface,
and the size of the ZnO nanoparticles in films increased
with the decreasing Dea:water ratio. TEM and SEM images
present the fact that the size of nanoparticles is in
agreement with crystallite size, which is determined using
the Debye–Scherrer formula.

The AFM images of the synthesized films for various
Dea:water ratios are shown in Fig. 6. The results show that
the films are compact, and the nanoparticles cover the
whole substrate. Surface roughness of films was deter-
mined to be Rms: 3.12; 5.23; 7.61; 9.15 nm for 16; 8; 4; 2
Dea:water ratios using AFM, respectively. The roughness of
the films decreased with an increase in the Dea:water



Fig. 3. Plot of ln d versus 1000/T of ZnO nanofilms (Dea:water volume
ratio:4).

Fig. 4. TEM images of ZnO nanofilms with differen

Fig. 5. SEM images of ZnO nanofilms with differ
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ratio. It is also been observed that the grain size decreased
with the increase in Dea:water ratios.

Fig. 7 shows the optical absorption spectra of the
synthesized ZnO nanostructured films. A red shift of the
absorption band edge was observed in films with decrease
in Dea:water ratio. The ZnO nanoparticles absorb visible
light within a wavelength above 380 nm by decreasing the
ratios. The ZnO nanoparticles cause obvious absorption
edge shifts of UV–vis spectra which are sensitive to surface
characteristics as a result of the increase in Dea:water
ratios due to the quantum size and Burstein–Moss effects
[36]. These effects are very important for ZnO nanoparti-
cles in the films.

Fig. 8 shows that transmission values of ZnO nanos-
tructured films is decreased with the decrease of Dea:
t Dea:water volume ratios: (a) 4 and (b) 2.

ent Dea:water volume ratios: (a) 4 and (b) 2.



Fig. 6. AFM images of ZnO nanofilms for different Dea:water volume ratios: (a) 16, (b) 8, (c) 4, and (d) 2.

Fig. 7. UV–vis spectra of ZnO nanofilms for different Dea:water volume
ratios.

Fig. 8. Transmittance spectra of ZnO nanofilms for different Dea:water
volume ratios.
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Fig. 9. (αhν)2–hν graphs of ZnO nanofilms for different Dea:water
volume ratios.

Fig. 10. Plot of band gap energy versus Dea:water volume ratio.
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water ratio at the wavelength range from 300 nm to
1000 nm. The optical band gap (Eg) of direct-transitive
ZnO thin film can be determined using Tauc's relation [37]

αhν¼ Aðhν�EgÞ1=2

where α is the linear portion of absorption coefficient, hν is
the photon energy and A is a constant. Band gap energies
of ZnO films are determined to be between 3.31 and
3.27 eV for different Dea:water ratios, as illustrated in
Figs. 9 and 10. These values are very close to the band
gap of ZnO which have been reported before [38–40]. Band
gap energy values of ZnO nanofilms increased with
increasing Dea:water ratios.

4. Conclusions

ZnO nanofilms, which were prepared using the sol–gel
spin coating method, and the effects of Dea:water ratios on
the optical, electrical and structural properties of the film
have been investigated. The characteristics of the film
depend on the Dea:water ratio. The effect of the Dea:
water volume ratio on the crystallinity of film was also
investigated. A decrease in the Dea:water ratio leads to the
increase in the crystallite size of ZnO films due to the
agglomeration. The results indicate that the absorption
spectrum shows a red-shift with the increase of Dea:water
concentration. Absorption spectrum of ZnO films shifts to
a longer wavelength region with the increase of the
crystallite size, which decreases the band gap values of
films. The activation energy for the particle growth of the
films was calculated as 26.3 kJ/mol. The ZnO films with
small nanosized particles have a large surface area, and
low energy is required for the particle growth of the films.
Due to the possibility of controlling the properties easily,
ZnO nanofilms can be preferred to be used in electronics
and optical applications.
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