Effects of annealing temperature on the optical properties of
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Abstract The optical properties of ZnO nanoparticles synthesised using a sol-gel method and
water as a solvent are reported. The effects of annealing at different temperatures (300, 400,
500 and 600 °C) on the optical properties were investigated. The scanning electron microscopy
images indicate that ZnO nanoflakes were synthesized. The X-ray diffraction (XRD) peaks
were indexed as the hexagonal wurtzite structure of ZnO referenced in JCPDS 36-1451. The
photoluminescent (PL) emission peaks were observed at 381, 423, 486 and 535 nm. From the
UV-Vis spectra the vacancy energy level was determined and the effect of the post-preparation
annealing temperature on the energy level is illustrated. The vacancy energy level of ZnO was
shown to decrease from 2.63 to 2.20 eV with increasing annealing temperature.

1. Introduction

Nanostructured ZnO semiconductor has drawn enormous attention due to its unique optical properties
and its variety of application in, among other things, sensors, photonics and optoelectronics [1].
Different research groups worldwide are studying the optical properties of the ZnO nanostructures
with different morphologies. Some properties of ZnO nanostructures change after annealing at
different temperatures [2]. Different wet chemistry methods and different solvents are used to prepare
ZnO with different particle morphologies. In this study, ZnO nanoparticles were synthesized using the
sol-gel method and water as a solvent. Water is a dipolar, amphiprotic solvent with a high dielectric
constant and, as a consequence, most salts dissolve readily in water. The zinc cation is soluble in water
and growth is controlled by the diffusion of Zn®" ions in the ethanol-rich layer [3]. In this report
nanostructure ZnO particles were prepared by adding NaOH into the aqueous solution of
Zn(CH;CO0),.2H,0 (zinc acetate). The aim of this work was to investigate the effect of annealing
temperature on the optical properties of ZnO nanoparticles.

2. Experimental

ZnO nanoparticles were prepared by dissolving 4.4g of zinc acetate [Zn (CH;C0OO),.2H,0] in 100 ml
of water (0.2 M) using vigorous stirring until the solution turned clear (transparent) and was cooled in
ice water. Then 3.2 g of NaOH was dissolved in 130 ml of water (0.8 M) in an ultrasonic bath and was
also cooled in ice water. This solution was slowly added to the transparent Zn”"solution using vigorous
stirring at room temperature for 1 hour before centrifuging. The unwanted CH;COO™ and Na' ions
were removed by washing the precipitate repeatedly with deionised water. The precipitate was then
dried at 60°C for an hour and then annealed in air at 600 °C, 500 °C, 400 °C and 300 °C for 1 hour.



The X-ray diffraction (XRD) patterns were recorded using a D8 Bruker Advanced AXS GmbH X-ray
diffractometer (XRD).The room temperature photoluminescence (PL) of the samples was measured
using a He—Cd laser (325 nm) as excitation sources The particle morphology of was analyzed using a
Shimadzu Superscan SSX-550 scanning electron microscope (SEM) operated at 20 kV and also
equipped with energy dispersive X-ray spectroscopy (EDS). Optical absorption measurements were
carried out using a Perkin Elmer Lamb 950 UV-visible spectrophotometer (UV).

3. Results and Discussion

3.1. Structure

Figures 1 a) shows the SEM micrographs of the as prepared ZnO nanoparticles b) and c) depict the
highly agglomerated ZnO nanoflakes resulting from overlapping of small particles when calcined at
300 °C and 600 °C respectively. The post-preparation annealing temperature was shown to play an
important role on the surface, the growth and the shape of the ZnO nanoparticles. The XRD patterns
consistent with the well-known wurtzite ZnO (JCPDS file No. 36-1451) are shown in Figure 2. The
peak intensities especially the (101) diffraction increased with increasing annealing temperature. The
as grown ZnO shows to be crystalline with a grain size of 33 nm. The ZnO nanoparticles become
more crystalline with an increase in the annealing temperature. The strong and narrow diffraction
peaks at high annealing temperature point to the crystallinity and grain sizes. The grain sizes for the
annealing temperatures 300, 400, 500 and 600 °C were determined to be 38, 38, 44 and 46 nm.

Table 1. The calculated grain sizes of the ZnO nanostructure annealed at
various temperature.

Temperature (°C) Grain size (nm)
As grown 33
300 38
400 38
500 44
600 46

3.2. Optical properties

The PL emission spectra of the ZnO nanoflakes at various annealing temperatures (300, 400, 500, 600
°C), shown in figure 3 consist of four emission peaks, these are a strong blue emission at ~423 nm, a
blue-green emission at ~486 nm, and a weak green emission at 535 nm. The 423 nm peak can be
attributed to the interstitial zinc or oxygen [4]. The weak green emission of the ZnO prepared
presumably due to the vacancies or defects that are intrinsic to most synthesis methods, and this
emission is a result of capturing of a photo-generated hole by the oxygen vacancy [5]. The presence
of oxygen vacancies (V,), zinc vacancies (Vz,) and interstitial zinc (Zn;) have been attributed to
corresponding to the green emission of ZnO [6]. The spectra of ZnO annealed at 300, 400, 500 and
600 °C shows a strong emission peak at ~381 nm, it is well known that the UV emission peak (381
nm) originates from the near band-edge emission from the recombination of free excitons [7]. The
weak blue-green emissions at 486 nm might be due to surface defects in the ZnO powder as in the case
of ZnO nanowires reported by Wang and Gao [8]. An increase on the annealing temperature is known
to move the oxygen and zinc atoms from interstitial to lattice sites [9]. The PL intensity reduction was
observed in figure 3 and the nanoparticles grain size increase was detected by XRD, as shown in



Figure 1: SEM images of ZnO nanoparticles at different temperatures of a) as prepared b) 300 °C and
c) 600 °C. 45
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Figure 2: XRD patterns of ZnO prepared at different annealing temperatures: 300, 400, 500 and
600°C.



figure 2. The decrease in PL intensity can be attributed to the dependence of the PL spectra on the
number and distribution of the defects in the grains which will change with an increase in annealing
temperature and size of the nanoparticles.
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Figure 3: PL emission spectra of ZnO prepared annealed at various temperatures.

The UV absorption spectra showed the absorption peak centred at 375 nm at an annealing temperature
of 300, 400, 500 and 600 °C (Figure 4). It is known that the bulk ZnO has an absorption band edge at
~3.30 eV in the UV-visible spectrum [10]. The absorption peak intensity at 375 nm decreased with
increasing annealing temperature. Figure 4(b) shows the (ahv)’ plots (where o is absorption coefficient
and Av is the photon energy) as a function of #v. ZnO nanoflakes/flower annealed at 300 °C has an
energy of 2.63 eV, annealed at 400 °C has an energy of 2.43 eV, annealed at 500 °C has an energy of
2.23 eV, and annealed at 600 °C has an energy of 2.20 eV. These values are too low to be an
indication of the band gap energies but rather an indication of the vacancy/defect energy levels. This is
highly speculative at this stage and need more investigation in future. This shows that an increase in
the annealing temperature decreased the vacancy energy level. The decrease in the vacancy energy
levels of ZnO nanoflakes as annealing temperature increases may be attributed to the defects that are
in the ZnO powder. The decrease in the vacancy/defect energy levels when the temperature increased
may be explained by the effects of the increase in grain size from the agglomeration of nanoparticles.
This shifting of the levels may also be the effect of the lattice thermal expansion which is related to the
change of electron energies with the volume. That is, the variation of Eg with temperature may be
attributed to a shift in the relative positions of the valance and conduction bands due to the
temperature dependence of the dilation of the lattice.



w— 300 'C
B w— 400 °C
s 500 °C
22 w— 00 °C
23 ~
p—
22} o)
360 3;0 4;0 4;0 560 5;0 S;U -=
3
:Temperature 0c S’

'4—=375 nm

Abs.(a.u.)

200 300 400 500 600 70

Wavelength (nm)

Figure 4: (a) Absorption spectra of ZnO nanoparticles prepared with water annealed at different
temperatures (b) Plots of (ahv) versus photon energy (hv) at different temperatures.

4. Conclusion

ZnO nanostructures were successfully prepared using water as a solvent by a sol-gel process. The
effects of annealing temperatures on the optical properties were investigated. SEM images showed that
agglomerated nanoflakes/flowers of ZnO were synthesized. The photoluminescence emission intensity
was influenced by various temperatures. The UV-vis absorption exhibited absorption peaks at 375 nm
which was shown to decrease with an increase in annealing temperature. The vacancy energy levels of
the ZnO decreased with an increase in the annealing temperatures.
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