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Abstract. Zinc-oxide nanoparticles are well known for their novel optical and electronic properties
for applications in various fields such as solar cells, ultra violet shielding, gas sensors, paint and
heat mirrors. We report on the relation between the structure and optical properties of ZnO
nanoparticles synthesized via the sol-gel technique, with specific emphasis on the effect of growth
and reaction temperatures. High-resolution microscopy techniques, complemented by x-ray
diffraction, confirm that the crystallinity and particle size of ZnO nanoparticles is directly related
to the synthesis conditions. Optical absorption and emission spectroscopy show that optical band
gap and photoluminescence of the ZnO nanoparticles are intimately related to its structural
properties, ascribed to the quantum confinement effect. Photoluminescence spectroscopy confirm
the emission peaks in the ultraviolet (380 nm) and visible (500 nm) region; the latter attributed to
the presence of the singly ionized oxygen vacancies in the nanoparticle.

1. Introduction

ZnO is an important II-VI compound semiconductor with a wide direct band (3.37 eV) and a large
excitation binding energy (60 meV) at room temperature [1 — 5]. Room temperature photoluminescence
of ZnO typically exhibits dual emissions in the near UV and visible range. The UV near band edge
emission is at approximately 370 nm, which is a broad UV emission that is sharp and highly intense. The
other visible emission is in the range from 450 — 730 nm [6, 7] and it is relatively weak and broad. The
broad emission is due to the existence of surface defects and the band edge emissions are found to be
more stable for most of the II-IV semiconductors [7].

ZnO is widely used in various applications such as UV- photodetectors, bulk acoustic wave resonators,
gas sensors, solar cells, laser diodes and optical waveguides [8 — 10]. There are several methods reported
for the synthesis of ZnO nanoparticles, which include chemical vapor deposition [11], gas-phase method
[12], spray pyrolysis, hydrothermal synthesis, micro emulsion, electrochemical method [13], pulsed laser
deposition, microwave synthesis and the sol gel method [14, 15]. Recently, a variety of morphologies,
including thin films, nanospheres, nanorods, nanowires, nanobelts, nanotubes, nanoflowers and
nanowhiskers [16 — 20], have been prepared by some of the methods above. ZnO nanoparticles are



receiving worldwide interest because of the novel optical and electrical properties for various applications
[21]. ZnO nanoparticles, produced by the sol gel method, show excellent optical properties in which good
control of the size and morphology of the particles is achieved. This method costs is very low and it is
reliable, repeatable and simple [4].

In this paper, the sol gel method is used to synthesis ZnO nanoparticles. Investigations of the effect of
growth temperature and reaction temperature on the particles size, the morphology, crystallinity, and
optical emission and absorption properties were carried out by using x-ray diffraction, transmission
electron microscopy, photoluminescence spectroscopy and ultraviolet-visible spectroscopy.

2. Experiment

All chemicals were purchased from the supplier and were used without further purification. In the typical
synthesis, 0.46g of zinc acetate (Zn (CH;CO,),) was dissolved in 30ml of ethanol (CH;CH,OH) under
vigorous stirring at a temperature of 75 — 80°C for 1 hour. 0.22g of sodium hydroxide (NaOH) was
dissolved in 10 ml of CH;CH,OH in the ultrasonic bath. Both clear solutions were placed in a water bath
with respective temperature in the range 0 — 60°C for 15 minutes. This temperature is hereafter referred to
as the reaction temperature. The NaOH solution was added dropwise to the Zn (CH;CO,), solution under
vigorous stirring at temperatures from 0 — 60°C. This temperature is hereafter referred to as the growth
temperature. The solution was stirred for an extra 30 minutes. The solution was stored for 24 hours.
Purification for the as-prepared ZnO nanoparticles was firstly washed in ethanol. Heptane
(CH;CsH,(CH;) was further added to wash the ZnO nanoparticles. White ZnO nanoparticles precipitated
after centrifugation at 4000 rmp for 15 minutes and the unwanted ions were removed. The ZnO
precipitate was redispersed in heptane using the ultrasonic bath. The above procedure of washing the ZnO
nanoparticles in heptane was repeated three times. The ZnO precipitate was suspended in ethanol and it
was dried in the oven at a temperature of 90°C for 2 hours [22]. Thereafter the required analytical
techniques were performed.

The crystallinity and the particles sizes of the ZnO nanoparticles were measured in reflection geometry of
the PANalytical X pert pro PW3040/60 X-Ray diffractometer. The system was operated with a CuKa (A
= 1.54060 A) monochromatic radiation source at voltage 45.0 kV and the current at 40.0 mA. The XRD
pattern was collected in the step scan mode with 20-values ranging from 10.0 to 120.0° with a step size of
0.026°. The internal structure, particle size and crystallinity of the ZnO nanoparticles were recorded on a
JEOL 2100 high-resolution transmission electron microscopy (HR-TEM) operated at 200 kV accelerating
voltage. The optical transmission spectra of ZnO nanoparticles were recorded using the Perkin-Elmer
LAMDA 750S UV-VIS spectrophotometer in the range from 200 — 800 nm with a spectral resolution of 1
nm. The emission properties were performed using a Perkin-Elmer LS2 Fluorescence Spectrometer in the
range from 340 — 800 with an excitation source of 320 nm.

3. Results and Discussions
3.1. Structural Properties

The XRD patterns of the ZnO nanoparticles synthesized at different reaction and growth temperatures are
shown in figure 1. Several preferential orientations in the <100>, <002>, <101>, <102>, <110>, <103>,
<112> and <202> directions are observed, which match well with the hexagonal wurtzite structure of
Zn0O, corresponding with Joint Committee for Powder Diffraction Standards (JCPDS) File no. 36- 1451
[23]. No other diffraction peaks for the reagents are observed, illustrating the enhanced purity of the ZnO
nanoparticles. The (101) diffraction peak appears to be dominant in all spectra, implying that the majority
of crystallites have a preferred growth along the (101) plane. After quantitative analysis of the (101)
diffraction peak, the interplanar spacing (d), lattice constants (a and c) and particle size were calculated
for all spectra (not shown). From figure 1, it is clear that with increasing temperature the diffraction peaks



become sharper and stronger, which imply that the crystallinity of the nanoparticles improves. The results
show a systematic increase in the particle size with an increase in both the reaction and growth
temperature from 3.6 — 4.9 nm and 3.5 — 4.0 nm, respectively. The d-spacing, and hence the lattice
constants, remains relatively constant as both the reaction and growth temperature increases. However, a
and ¢ deviates from the standard reported values of 3.2475 - 3.2501 A and 52042 - 5.2075 A,
respectively, and the ratio c/a varies in the range 1.593 - 1.6035 [24 - 26]. The ratio c/a relates the
electronegativities of the zinc and oxygen constituents and the components undergoing a massive
difference show large departure from the ideal ratio [24].
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Figure 1. XRD spectra of ZnO nanoparticles synthesized at different reaction and growth temperatures

The crystalline nature and the internal structure of the nanoparticles have been further investigated by
HR-TEM. Figures 2 and 3 depict the respective HR-TEM images of the ZnO nanoparticles synthesized at
different reaction and growth temperatures, respectively. Clear lattice fringes are present for all samples,
indicative of the superior crystallinity. The particle size was statistically measured from the low
magnification TEM micrographs (not shown). As in the case for XRD, a growth in the particle size from
4.1 — 6.3 nm and 4.1 — 5.7 nm is observed with an increase in growth and reaction temperature,
respectively.
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Figure 2. TEM images of ZnO nanoparticles at their respective reaction temperatures at high
magnification
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Figure 3. TEM images of ZnO nanoparticles at their respective growth temperatures at high
magnification

3.2. Optical Properties

Figure 4 shows the optical absorbance spectra of ZnO nanoparticles synthesized at the respective reaction
and growth temperatures. For qualitative analysis, the optical absorption edge can be estimated from the
absorption peak centered around 320 nm. A systematic red shift in the absorption edge is observed with
an increase in the reaction and growth temperature, indicative of a reduction in the optical band gap. The
reduction in the optical band gap is attributed to a growth in the particle size and is explained by the
quantum confinement effect [27].
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Figure 4. Optical absorption spectra of ZnO nanoparticles synthesized at their respective reaction and
growth temperatures.

Figure 5 shows the optical emission (photoluminescence) spectra of ZnO nanoparticles synthesized at the
respective reaction and growth temperatures. Two emission peaks are present in the spectrum: one
consisting of ultraviolet peak located in the range from 375 — 396 nm, related to the near band gap
transition of ZnO which comes from the recombination of free excitons [28]. The other peak is located in
the visible emission in the range from 492 — 507 nm, representing the green emission due to the presence
of the singly ionized oxygen vacancies. This is caused by the radiative recombination of a photo-
generated hole with an electron occupying the oxygen vacancy.



250 250
action Temp o“s i i —— Growth Temp 24 °c
action Temp 24°C ,‘\Iv“\"”\“,‘ LM b Growth Temp 40 °C

ti

1

action Temp 40°C| 1 )
action Temp 60°C| ‘r‘l | ““ 2004 f'l“lw‘l“‘*“q*\‘ —— Growth Temp 60 °C

2004

1504 150 -

Intensity (a.u)
Intensity (a..u)

1004 100+ i i

P
%7 .’l‘r‘u N{‘
Y

s s
g o, o e,
B 40 450 500 50 &0 e 700 350 400 450 500 550 600 650 700 750 800

Wavelength (nm) Wavelength (nm)

Figure 5. Optical emission (PL) spectra of ZnO nanoparticles synthesized at their respective reaction and
growth temperatures.

The intensity of the visible emission band is higher than the ultraviolet emission band for all respective
temperatures. A reduction in the intensity of the green emission peak is observed with an increase in the
reaction and growth temperature, with the exception of the particles synthesized at a growth temperature
of 60 °C. Dijken et al [28] reported that the key features of the visible emission process are a very fast
trapping of a photogenerated hole at the surface site. It further continues to tunnel the surface trapped hole
back into the bulk of the particle to the V', oxygen vacancy and creates a V', center where it recombines
with a shallowly trapped electron to give rise to a trap emission. As the particle sizes increases the
tunneling rate of the surface trapped holes to the V', center decreases, resulting in the observed reduction
in the intensity of the visible emission [28].

4. Conclusion

XRD and HR-TEM show that an increase in reaction and growth temperature results in a growth in the
ZnO nanoparticle size with minimum effect on the crystalline structure, i.e. interplanar spacing and lattice
constants. Optical absorption spectroscopy show an expected red shift in the absorption edge with an
increase in particle size, which is attributed to the quantum confinement effect. Emission spectroscopy
show a reduction in the visible emission intensity, which has been related to a growth in the particle size.
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