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ZnO nanoparticles have been synthesised by thermal decomposition of zinc
acetate at ~800°C. The structural characteristics and size distribution of ZnO
nanoparticles have been investigated by X-ray powder diffraction (XRD) and
small-angle X-ray scattering (SAXS), respectively. SAXS study reveals nanopar-
ticles are of different sizes: namely 23 wt% of 8§ nm, 19 wt% of 21 nm and 58 wt%
of 51 nm. These ZnO nanoparticles possess yellow visible emission at 552 nm.
The polydispersity and single emission peak at 552nm in ZnO nanoparticles
suggest that the yellow emission might be a bulk property instead of having
a surface origin in nanostructured ZnO. The surface impurities are characterised
by Fourier-transform infrared spectroscopy. The quenching of band edge
emission in ZnO nanoparticles seems due to the presence of surface impurities.
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1. Introduction

ZnO, due to its wide band gap of ~3.37¢eV [1] and large exciton binding energy (60 meV)
[2] at room temperature, is a promising material for application in many kinds of devices.
Understanding the roles of defects in ZnO nanoparticles is important for applications of
these nanoparticles in devices. The photoluminescence (PL) spectra of ZnO nanocrys-
tallines largely depend on synthesis methods, crystalline size and, probably most
importantly, the defect contents in bulk and surfaces [3-10]. For the green emission,
oxygen vacancies [11], zinc vacancies [12] and impurities such as copper [13] are considered
the most probable causes. Apart from the green emission, some other emission bands are
also observed in ZnO. A yellow emission is often reported. Ohashi et al. [14] observed a
yellow band in polycrystalline ZnO doped with aluminium. A yellow emission was also
detected in undoped ZnO film by pulse laser deposition [15] and in lithium-doped ZnO
film by spray pyrolysis [16]. Some previous studies also suggested that a yellow emission
had been induced by doping with Li or Na [17].

In this letter, we report a yellow visible emission in ZnO nanoparticles synthesised by
thermal decomposition of zinc acetate. Small-angle X-ray scattering (SAXS) study was
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carried out for analysis of particle size distribution of ZnO nanoparticles. We discuss a
possible mechanism for the yellow emission in ZnO nanoparticles.

2. Experimental section
2.1. Chemicals

The zinc acetate extra pure Zn(CH3COO),-2H,0 (98%) was from E. Merck Limited,
Mumbai-400018, India. This chemical was directly used without special treatment.

2.2. Sample preparation

The zinc acetate dihydrate, Zn(CH;COO), - 2H,O was used as the precursor to make ZnO
nanoparticles. A typical synthesis procedure is as follows: 1 g of Zn(CH;COO), - 2H,O was
placed into a crucible and calcined at 800°C for 15h in a tubular furnace with no special
atmospheric environment. Finally, ZnO yellow photoluminescent nanoparticles were
produced after decomposing solid material zinc acetate in air at ambient condition.
Consequently, ZnO nanoparticles were obtained through a simple, low-cost and direct
mass-scale production route.

2.3. Apparatus

The crystal structure of ZnO nanoparticles was characterised by X-ray diffraction (XRD,
Rigaku D/MAX — 2200H/PC, Cu Ka radiation). The PL spectra were studied by 325 nm
radiation from He-Cd laser (KIMMON) and Mechelle 900 spectrograph. The FTIR
spectra were recorded on a ABB FTLA 2000 FTIR spectrometer (Canada) in the
wavenumber range of 4000-500cm ™' on pellets obtained by mixing the sample in KBr.

The particle size distribution of the obtained ZnO nanoparticles was characterised by
SAXS (Rigaku D/MAX — 2200H/PC, Cu-Ka radiation).

3. Results and discussion

Figure 1 shows the XRD pattern of ZnO nanoparticles synthesised by thermal
decomposition of zinc acetate. All the XRD peaks match very well with standard ZnO
of wurtzite structure (P63 mc) (JCPDS 36-1451), with the measured lattice constants of ¢
and «a of this hexagonal phase being 5.207 and 3.25 A, respectively (c¢/a=1.60). The
broadened peaks indicate that the sizes of the particles are in the nanorange. In order to
achieve more confirmative information, the Debye—Scherrer formula [18]:

L=09Xx/Bcost

has been applied to calculate the size of the nanoparticles. Here, L is the coherent length,
A is the wavelength of X-ray radiation, B is the full-width at half-maximum (FWHM) of
the peak and 6 is the angle of diffraction. The average particle size of the ZnO
nanoparticles calculated from the width of the diffraction peaks observed in Figure 1
through the Scherrer formula is 35 nm.
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Figure 1. XRD pattern of ZnO synthesised by thermal decomposition method.

Small-angle X-ray scattering is one of the best techniques to study particle size
distribution of nanoparticles [19]. As is well known, particle size distribution is an
important feature of nanopowders. Figure 2 shows the SAXS pattern of ZnO
nanoparticles. The particle size distributions are obtained through Guinier plot of the
SAXS profile of ZnO nanoparticles, as it is well known that the size of the particles can
be estimated from the slope of the Guinier plot [20]. The ZnO sample consists of
nanoparticles of different sizes such as 23 wt% of 8 nm, 19 wt% of 21 nm and 58 wt% of
51 nm. Particle size distributions analysis was done by the grain size analysis program
provided with Rigaku D/MAX-2200H/PC.

Figure 3 shows FTIR spectra of ZnO nanoparticles synthesised by the thermal
decomposition method. A series of absorption peaks from 500 to 4000 cm ™' can be found,
corresponding to the vibration mode of impurities. To be more specific, a broadband at
3200-3500 cm ! is assigned to the OH stretching mode of hydroxyl group. Peaks between
2830 and 3000cm ™" are due to C—H stretching vibration of alkane groups. The peaks
observed at 1630 and 1384 cm ™! are due to the asymmetrical and symmetrical stretching of
the zinc carboxylate (COO™), respectively. One absorption band due to C—OH bond is
observed at 890 cm™'. These impurities identified by FTIR analysis mainly exist near the
surface of the ZnO nanoparticles. These surface impurities such as hydroxyl, carboxylate
and alkane serve as nonradiative recombination. For example, surface hydroxyl groups
quench the band edge emission in ZnO nanoparticles [3].

In ZnO nanoparticles, the visible emissions are still a subject of controversy and
different explanations have been proposed, all based on defect effect. The most referred
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Figure 2. Small-angle X-ray scattering pattern of ZnO nanoparticles synthesised by thermal
decomposition method.
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Figure 3. FTIR spectra of ZnO nanoparticles synthesised by thermal decomposition method.

defects in ZnO are Zn;, V,, O;, Vz,, Oz, etc. [21]. The defects V,,, Zn; act as shallow donor
states and V,,,, O;, Oz, as deep level acceptor states in the band gap. These defects are very
sensitive to higher temperature [22]. Figure 4 illustrates the PL spectrum of ZnO
nanoparticles synthesised at ~800°C under photon excitation of 325 nm. The PL spectrum



11: 15 15 January 2011

Downl oaded At:

Journal of Experimental Nanoscience 143

30,000
25,000 -
20,000 A
15,000

10,000

PL Intensity (a.u.)

5000

0_

200 400 600 800 1000 1200
Wavelength (nm)

Figure 4. PL spectrum of ZnO nanoparticles synthesised by thermal decomposition method.

revealed that the ZnO nanocrystals have a yellow visible emission band at ~552nm,
whereas no UV band edge emission ~384 nm was observed. The quenching of excitonic
transition at ~384 nm of ZnO nanoparticles seems due to presence of surface impurities in
ZnO nanoparticles. Van Dijken et al. [23] reported a change in green luminescence
intensity when the size of the ZnO nanoparticles was changed. However, the size of our
sample is larger than the sample investigated by van Dijken (0.7-1nm) [23]. Therefore,
trapped electron tunnelling to the surface can be a significant source contributing to the
green luminescence in ZnO nanoparticles, but probably not for the particles of much larger
size, as in our sample (23wt% of 8§nm, 19wt% of 21 nm and 58 wt% of 51 nm). It is
because the probability of tunnelling recombination between a surface trapped hole and
ionised oxygen vacancy centre decreases rapidly versus the distance, due to the limited
wave function overlapping between trapped electrons and holes. Furthermore, there exist
fewer surface states per volume for a larger particle, which also discourages surface
recombination. Therefore, we believe that the majority of carriers responsible for the
yellow visible emission in our sample is trapped within the ZnO nanoparticles. The origin
of such a yellow visible emission in ZnO nanoparticles may be the recombination of
a shallow trapped electron with a deeply trapped hole [24]. In this scheme, the
photogenerated hole is first trapped at the surface of the nanoparticles by surface defects
such as O*7/O~ and then migrates to vacancy levels located deep in the ZnO
nanoparticles, leading to the formation of a deep hole trapped levels above the valence
band. The yellow emission at ~552 nm occurs when the photogenerated hole trapped in
the deep oxygen vacancy recombines with the photogenerated electron trapped in the
shallow level located just below the conduction band (Figure 5).

The ZnO sample consists of nanoparticles of different sizes, such as 23wt% of
8nm, 19wt% of 21nm and 58wt% of 51nm; but no significant size effects are
observed in the PL spectrum. Since the particle sizes discussed are in the weak exciton
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Figure 5. Schematic illustration of (a) band edge emission at ~384nm and (b) yellow visible
emission at ~552nm from ZnO nanoparticles.

confinement regime, the sizes are much larger than the exciton Bohr radius:
approximately 2.34nm in ZnO, where exciton wave function coherence may be
expected to achieve some enhancement of oscillator strength, where bulk ZnO
properties may begin to be approached, and yet where surface trapping, quenching,
and other dead-layer effects can still be significant. Therefore, yellow luminescence is
not due to the red-shift effect that occurs as nanoparticle size increases, but involves
the recombination of a shallow trapped clectron with a deep trapped hole due to the
presence of oxygen vacancies. These traps appeared to be size independent and are
considered as bulk defects. The yellow luminescence in GaN is also a subject of much
debate, as several studies have suggested that is originates at surface states [25-27]
while other studies suggested have a bulk state [28]. The results suggested in this study
may prove useful in resolving this controversy.

4. Conclusion

We have investigated the particle size of ZnO nanoparticles by SAXS study.
These nanoparticles are of different sizes: namely 23 wt% of 8 nm, 19 wt% of 21 nm and
58 wt% of 51 nm. There is no size-dependent emission peak in the PL spectrum of ZnO
nanoparticles synthesised by thermal decomposition at ~800C. The yellow emission band
seems due to the recombination of a shallow trapped electron with a deep trapped hole due
to the presence of oxygen vacancies, and quenching of band edge emission seems due to
the presence of surface impurities such as hydroxyl, carboxylate, etc., confirmed by FTIR
analysis.
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