Science
Press

Trans. Nonferrous Met. Soc. China 17(2007) s814-s817

Transactions of
Nonferrous Metals
Society of China

www.csu.edu.cn/ysxb/

Optical properties of nanosized ZnO films prepared by sol-gel process

LOU Xiao-bo (#£%3), SHEN Hong-lie (JL1%

), ZHANG Hui (5% ), LI Bin-bin (2= iX)

College of Materials Science and Technology, Nanjing University of Aeronautics and Astronautics,
Nanjing 210016, China

Received 15 July 2007; accepted 10 September 2007

Abstract: Nanosized ZnO films were prepared by sol-gel process on quartz substrates. The effects of sol concentration and annealing

temperature on the surface morphology, microstructure and optical properties of the films were investigated. The results show that

the sols remain stable and usable for spin-coating within 7 d. The ZnO films have a homogeneous and dense surface with grain size
about 30 nm. The ZnO thin film annealed at 500 ‘C for 1 h from the sol with Zn concentration of 0.8 mol/L shows an average
transmittance of 94% in visible wavelength range. The optical band gaps in ZnO films by various annealing temperatures are from
3.265 eV to 3.293 eV. The violet emission located at 438 nm is probably due to the recombination transitions relating to the interface

traps at the grain boundaries.
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1 Introduce

ZnO is a widely used functional material with wide
and direct band gap, large exciton binding energy, and
excellent chemical and thermal stability[1]. ZnO is a
semi-conducting material widely used as transparent
electrodes in solar cells[2], chemical and gas sensors[3],
spintronic devices[4], and light emitting diodes[5].
Different types of techniques for deposition of ZnO films
have been reported, such as sputtering[6], spray
pyrolysis[7], chemical vapour deposition[8] and sol-gel
method[9—14]. Nowadays, the sol-gel method has been
extensively used to obtain various kinds of functional
oxide films due to its simplicity and low cost. It has been
found that post-annealing plays an important role on the
properties of ZnO films[10], and the optical
transmittance and photoluminescence are very sensitive
to the quality of crystal structure and to the presence of
defects[11].

In this paper, ZnO films were obtained by spin
coating using sol-gel process. The transmittance spectra
and UV-fluorescence spectra were measured as function
of Zn concentration and annealing temperature. The
crystalline quality of the films was judged from XRD

patterns and surface morphology.
2 Experimental

ZnO films were prepared by sol-gel method on
quartz substrate. Zinc acetate dihydrate was dissolved in
a solution of isopropanol and diethanolamine (DEA).
The molar ratio of DEA to zinc acetate was maintained
at 1.0 and the concentrations of zinc acetate were 0.6
mol/L, 0.8 mol/L and 1.0 mol/L, respectively. The
solutions were stirred at 60 ‘C for 1 h by a magnetic
stirrer to yield a clear and homogeneous solution. All of
the solutions were then aged at room temperature for 2 d
before coating.

The substrates were cleaned by acetone, alcohol and
finally with deionized water before spinning-coating
(3 000 r/min for 30 s). Each newly coated layer was
dried at 200 ‘C for 15 min to evaporate the solvent and
remove the organic residuals. The process was repeated
20 times to obtain a desired thickness. The films were
finally put into a tube furnace and annealed in ambient
atmosphere at selected temperatures for 1 h. The
experimental conditions for the preparation of ZnO films
are summarized in Table 1.
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Table 1 Experimental condition for preparation of ZnO

samples
Zinc . .
Sample ) Pre-heating ~ Post-heating
concentration . N
No. o temperature/'C temperature/‘C
/(mol-L™")

A 0.6 200 500
Bl 0.8 200 400
B2 0.8 200 500
B3 0.8 200 600
C 1.0 200 500

The structure of ZnO films was analyzed by X-ray
diffractometry (BRUKER D8Advance), with Cu K,
radiation. Surface morphology was observed by scanning
electron microscopy (LEO 1530VP) and atomic force
microscopy (AFM, SPA 300 HV). The optical
transmittance of ZnO films was measured at room
temperature by UV-vi spectrometry (SHIMADZU
UV2550) and the optical band gap energy was calculated.
UV-fluorescence (VARIAN CARY100) was used to
study the luminescence property at RT.

3 Results and discussion

XRD patterns of sample B series annealed at 400 C,
500 ‘C and 600 C respectively were firstly investigated.
The peaks identified as (100), (002), (101), (102) and
(110) diffractions for wurtzite structure of ZnO were
found. The XRD results indicate that all the films are
polycrystalline and the c-axis preferred orientation is not
very significant. The full width at half maximum
(FWHM) of the (002) diffraction peak decreases when
the annealing temperature increases up to 600 C,
demonstrating that the crystalline quality of the film gets
better as the annealing temperature becomes higher. The
crystallite size could be calculated from XRD data using
Scherrer’s formula. The calculated average crystallite
sizes of the undoped ZnO thin films annealed at 400, 500
and 600 C are 17.3, 29.5 and 31.3 nm, respectively. The
results imply that the grain size of sol-gel produced films
grows with the increasing annealing temperature, which
can be understood by considering the merging process
induced in the thermal treatment.

Fig.1 shows the surface micrographs of SEM and
AFM from sample B2 preheated at 200 C and
post-heated at 500 “C for 1 h. The grain size of the film
is about 30 nm and uniform, and dense microstructure is
observed. The result is almost the same as XRD. There
exist some pores in the surface, which are partly formed
by the coalescence of microvoids[12]. This indicates that
the pores in the related with the
decomposition reaction of the precursor and the
evaporation of residual organics in gel films. The surface

surface are

roughness of the film over a 1 pmX1 pm area was
measured by AFM. The surface roughness mean square
(RMS) of the film is 25 nm, which demonstrates that the
surface morphology is smooth.

Fig.1 SEM (a) and AFM (b) micrographs of sample B2
preheated at 200 ‘C and post-heated at 500 ‘C for 1 h in air

The effect of aging time on sol stability was
investigated by optical transmittance, as shown in Fig.2,
using the sol prepared for sample B series which was
aged at RT from 1 d to 8 d. It’s observed that the
intensity of absorption increases with extending aging
time. It’s mainly because that the crystal forms and
grows gradually in the sol. Within 7 d the absorption
edge and intensity of the transmittance spectrum keep
almost the same, indicating that the sol is stable, but it
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Fig.2 Optical transmittance of sols kept for various days
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changes obviously at the eighth day (insert figure in
Fig.2). It probably means that the sol quality is changed
after 7 d, and the sol is able to be used before 8 d.

Fig.3 shows the optical transmittance spectra from
samples with different Zn>* concentrations and annealed
at 500 ‘C for 1 h in air. The transmittance within the
visible and the near infrared wavelength region is always
higher than 90% and is slightly larger than that of quartz
substrate, which reveals the superior optical properties in
our ZnO thin films produced by the sol-gel method. For
all the samples, the ZnO thin film annealed at 500 C for
1 h from the sol with a Zn concentration of 0.8 mol/L
shows a transmittance of 94% on average in visible
wavelength range. And all the samples present a sharp
absorption edge in the UV region at wavelength of about
370 nm due to the onset of fundamental absorption. It
can be seen that optical transmittance is almost the same
in the visible region, but changes obviously in the UV
region (region [ ) where it decreases with increasing
Zn** concentration. It is attributed to the film thickness
which increases with the Zn concentration. The thicker
the film is, the larger the optical absorption is.
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Fig.3 Curves of optical transmittance vs wavelength for
quartz substrate and samples A, B2 and C after annealing at
500 C for 1 hin air

The effect of annealing temperature on the optical
transmittance for sample B series was investigated from
400 C to 600 C. A slight decrease in average
transmission is observed with the increase of annealing
temperature and is attributed to the increase of surface
roughness. The optical absorption edge has a trend to
shift to a higher wavelength with increasing annealing
temperature.

It is well known that the optical absorption
determines the optical band gap and ZnO films have a
direct band gap. The optical band gap E, for direct band
gap semiconductor is given by[13]

ahv=C(h—Ey)"? (1)

where /hv is the photon energy, C is a constant for a
direct transition, and a is the optical absorption
coefficient determined by o=(1/d)In(1/T), where d is the
film thickness and 7 is the optical transmittance[14].
Fig.4 shows (ahv)® as a function of hv for obtaining
optical band gap, which was derived from transmittance
spectrum. According to Eqn.(1), the energy gap E, was
obtained by extrapolating the linear absorption edge part
of the curve to the intersection with energy axis, as
shown in Fig.4. The optical band gap of ZnO films was
found to decrease from 3.293, 3.284 to 3.265 ¢V with the
increase of annealing temperature. The decrease in band
gap of ZnO films may be attributed to the improvement
in the crystalline quality of the films along with
reduction in porosity and increase of grain size.
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Fig4 Plots of (ahv)* vs hv for ZnO films with various
annealing temperatures

Fig.5 shows the RT fluorescence spectrum of ZnO
films excited by 340 nm wavelength. It is obvious that
the spectrum presents a violet emission band centered at
around 438 nm, similar to the emission band reported by
JIN et al[15]. The energy level of the interface states
within the depletion regions located at the

438 nm
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Fig.5 RT fluorescence spectrum of sample B2 annealed at 500
C for1h



CHEN Zhen-hua, et al/Trans. Nonferrous Met. Soc. China 17(2007)

ZnO-ZnO boundaries has been found to be 0.33 eV
below the conduction-band edge. Therefore, the violet
emission is probably due to the recombination transitions
between the interface traps existing at the grain
boundaries and the valence band since the energy of this
band (2.83 eV) is well below the band gap energy (3.284
eV).

4 Conclusions

1) Nanosized ZnO thin films were prepared by
sol-gel method. The sols remain stable and were usable
for spin-coating within 7 d.

2) ZnO films have a homogeneous and dense
surface with the crystalline structure of hexagonal
wurtzite. The ZnO grain size is about 30 nm and the
surface roughness is 25 nm.

3) The ZnO thin film annealed at 500 C for 1 h
using Zn concentration of 0.8 mol/L in sol has a largest
transmittance of 94% on average in visible wavelength
range.

4) The optical band gaps in ZnO films by various
annealing temperatures are from 3.265 eV to 3.293 eV.

5) The violet emission located at 438 nm is
probably due to the recombination transitions related to
the interface traps existing at the grain boundaries.
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