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The paper presents the use of positron annihilation lifetime spectroscopy
(PALS) to characterize the thermally induced evolution of defects present in
chemically synthesized ZnO nanoparticles using chemical bath deposition (CBD)
method followed by annealing in the temperature range of 100 - 800°C. The
positron annihilation lifetime data were used to trace defect structure changes in
the samples after annealing. The positron lifetime spectra were deconvoluted
into three components in the annealing temperatures ranged from 400-800°C,
while the annealed samples at 100-300°C were analyzed with four lifetime
components. The calculated lifetime parameters of positron and positronium
atoms allowed drawing conclusions about the degree and nature of defects of
studied materials. In addition, X-ray diffraction (XRD) and scanning electron
microscopy (SEM) have been performed to determine the shapes and sizes of the
nanocrystalline ZnO samples. The UV- VIS Spectrophotometer was used to
measure the absorbance of the synthesized ZnO nanoparticles.

1. Introduction

Zinc oxide (Zn0) is one of the semiconductor materials that are widely used
in the fabrication of many photonic devices such as light emitting diodes,
ultraviolet laser devices, varistors, thermoelectric devices, ...... etc. It has a wide
energy band gap (~3.37 eV) and high excitonic binding energy (60 meV) [1].
Therefore, the optical and electrical properties of nanostructured ZnO crystals
were widely investigated by many research groups [2-4]. It is reported that the
properties of ZnO strongly depend on various kinds of defects present in the ZnO
nanostructure [5, 6]. Many of these structural defects such as the grain
boundaries can strongly affect the electronic and optoelectronic properties of the
nanostructured ZnO. Therefore, characterization of defects in nanocrystalline
ZnO is very important.

Positron annihilation lifetime spectroscopy (PALS) is one of the powerful
tools to characterize the various defects in a system like ZnO and can provide
valuable information about the nature and abundance of these defects. It is well
known that, positrons select to trap in a localized region or a vacancy defect with
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very low electron density. Annihilation characteristics of positrons are
consequently different in the perfect bulk state and vacancy trapped state;
therefore, the identification of vacancies is very straightforward.

Recently, many researchers employed the PALS to characterize the
nanocrystalline ZnO [7-11]. On the other hand, several works were published
using PALS technique to study the effect of thermal treatment on the interfacial
defects in ZnO nanocrystals [10-17].

In the present work, x-ray diffraction (XRD), scanning electron microscope
(SEM) and positron annihilation lifetime studies on nanocrystalline ZnO are
reported. The samples are prepared by Chemical Bath Deposition (CBD) method,
and the structure of the ZnO nanocrystals are confirmed by x-ray diffraction
analysis. Both methods provide valuable insights into defects and structure of the
nanoparticles.

2. Experimental technique
2.1. Sample preparation and characterization

ZnO nanoparticles were prepared using Chemical Bath Deposition (CBD)
method at 80°C. Zinc nitrate hexahydrate N,OgZn6H,0 (Sigma—Aldrich, purity >
99%) and KOH (Sigma-Aldrich, assay 85-100.5%) were selected as starting
materials to prepare ZnO nanoparticles. The N,OgZn6H,0 was the source of the
Zn?*cation, and KOH acted as both a stabilizer and mineralizer. Solutions were
prepared by dissolving 0.25M N,0OsZn6H,0 and 2.135M KOH in the deionized
water under magnetic stirring for 10 minutes for each one separately. Solutions
are added to each other and heated at 80°C in oil bath for 4 h, and naturally
cooled to room temperature to obtain precipitate of ZnO nanoparticles, that are
washed by deionized water several times, and dried for further characterization.

The morphology of the ZnO nanoparticles were investigated with a
scanning electron microscope (SEM, JEOL JSM 6360 LA), while the crystalline
structure was examined with an x-ray diffractometer (XRD, Shimadzu 6000).
The absorbance of the synthesized ZnO nanoparticles were measured with UV-
VIS Spectrophotometer (Shimadzu UV-2450).

2.2. Positron lifetime measurements

Positron lifetime measurements were carried out using the fast-fast
coincidence ORTEC system. The specification of the system is found in
reference [18]. The time resolution of the spectrometer was ~350 ps (full-width
at half maximum, FWHM), measured with a ®*Co source at ?Na energy window
settings. The positron source *NaCl (10 uCi) is deposited on a 7.6 um thick
Kapton foil and sandwiched between two identical and plane faced pellets of
ZnO samples. About 10° total counts were accumulated in each measurement.
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The lifetime spectra were measured in air at room temperature. The analysis of
lifetime spectra was realized by computer programme LT created by Kansy [19],
with a suitable correction for the positrons annihilated in the Kapton. The
lifetime spectra for the samples annealed at temperature ranges 400-800°C, were
decomposed into three lifetime components, a short lived (t;), an intermediate
lived (t,) and a long lived (t3). The existence of three components is in very good
agreement with positron lifetime data published on ZnO nanoparticles by other
research groups [11, 17, 20, 21]. While the samples annealed at temperature
ranges 100-300 °C where decomposed into four components t;, 1, T3 and t,.
These components were determined by the best-fitting parameter ranged from
~1.0t01.2.

3. Results and Discussion:

Figure (1) shows XRD patterns of the as-synthesized ZnO nanoparticles
with CBD method. It can be seen that the samples exhibit the standard wurtzite
structure of zinc oxide (The observed peaks are 100,002,101,102,110,103,200,
112,201 and 202) and no impurity phase is observed. The crystallite size
determined by the Debye—Sherrer equation with XRD data is found to be 50 nm.
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Fig. (1): X-ray diffraction patterns of ZnO nanoparticles prepared by CBD

method.

Figure (2) shows the SEM image of ZnO nanoparticles prepared by CBD.
The SEM image was taken at X30,000 magnification. The image shows ZnO
particles are hexagonal nanorods in shape with smooth surface and the diameter
of the rods is around 75-200 nm.
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Fig. (2): Shows the SEM image of ZnO nanoparticles

Figure (3) shows the UV-Vis spectra of ZnO nanoparticles prepared with
CBD method, where there is absorption edge at about 376 nm, which is the
characteristic band of pure ZnO nanoparticles. This is a good evidence for the
ZnO nanoparticles formation.
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Fig. (3): UV-visible absorption spectra of ZnO nanoparticles prepared by
Chemical Bath  Deposition method

The positron lifetime spectra measured for the samples annealed at
(100 - 300°C) were fitted with four lifetime components (11, 15, T3 and t4) with
relative intensities (I3, I, 13 and 1,) respectively. While samples annealed at
(400- 800°C) were analyzed with only three lifetime component 13, T, and 13 with
relative intensities Iy, 1, and I3 respectively. The shortest lifetime t; corresponds
to annihilation of positrons at in the bulk of the ZnO. The intermediate lifetime t,
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has been assigned to trapping of positrons at the intersection of three or more
grain boundaries. The longest lifetimes t; and t, (t4 in the case of samples
annealed at 100-300°C) are attributed to the pick-off annihilation of ortho-
positronium formed at the surface regions characterized by a large volume and
low intensity. The variation of positron lifetime t; and its relative intensity I,
with annealing temperatures are shown in Fig. 4. The results indicated that, the 1,
values are ranged from 93 — 150 ps with an average of 111.4 + 19 ps for all the
studied samples in the annealing temperature range (100 - 800°C). The measured
values of t; are of the same order of magnitude as measured by Xiao et al [12]
for bulk ZnO single crystal. At the same time, the values of 1, are less than the
bulk lifetime of positrons (~158 ps) in ZnO reported by Chen et al [22].
However, most of references have considered the shortest lifetime (t;)
corresponds to positron trapping in zinc vacancies (Vz,) located either in the bulk
and/or on the particle surface referred to as grain boundary [17, 22-24]. It is
reported that the Zinc vacancies (Vz,) together with oxygen vacancies (Vo) are
dominant defect in ZnO [17], because they are characterized by low formation
energies [25]. These kinds of defects are visible to positrons and considered
strong trapping centers for them.

The results in Fig. (4), also showed that, as the annealing temperature
increases from 100 to 500°C, the value of 1, increases gradually from 105 to 150
ps due to the increase of the grain growth that influences positron annihilation
centers responsible for this component. For the samples heat treated at annealing
temperature larger than 500°C to 800°C, the value of 1; decreases to 98ps due to
the thermal induced recovery of both, grain boundary and bulk located Zn
vacancies. Consequently, most positrons annihilate in the bulk and/or in other
kind of defects or imperfection left in the sample.
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Fig. (4): Variation of positron annihilation lifetime component t; and
corresponding intensity I, with the annealing temperature of the
measured samples.

The variation of the intensity of the shorter component (l,), which is the
fraction of positron annihilating at the different defect sites, as a function of the
annealing temperature is shown in Fig. (4). The results indicated that, the
obtained I, values ranged from 15.5 — 37.8% with an average of 28.4 + 6.8% for
all the studied samples in the annealing temperatures range (100 - 800°C). It was
also observed from Fig. (4), that the general trend of I, is the gradual increase in
the temperature range of 100 - 800°C. This means, that the fraction of positron
annihilating at the different defect sites increases with increasing the annealing
temperature.

The intermediate lifetime component, (1) ranging from 265- 349 ps , is the
positron annihilation lifetime in defect sites and/or arises from the annihilation of
positrons in the Zn related large open volume vacancy complexes [23, 26]. In
addition, due to the presentence of vacancy clusters located at the surface of the
nanocrystal ZnO, it is prospective that positrons are mainly probing the grain
boundary regions in the nanocrystalline ZnO samples because of the large
positron diffusion length. This is in a good agreement with the observed lifetime
results of Chakrabarti et al [16] that the surface of the nanocrystalline ZnO
contains a large number of vacancy clusters and open volume Zn. Variation of
positron annihilation lifetime component, t,, and corresponding intensity 1, with
the annealing temperatures (100-800°C) of the measured samples is shown in
Fig. (5). The results indicated that the intermediate lifetime 1, slightly increases
in the temperature range 200-500°C, which might be due to the slight increase of
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the average size of vacancy cluster. After that, 1, showed a rapid decrease at
annealing temperatures above 500°C, which indicates that the average size of
vacancy cluster decreases. The relative intensity I, in the temperature range
100-500°C showed a little change after that, 1, showed a little decrease at above
500°C. The reason for the reduction in |, can be attributed to the smaller fraction
of positrons annihilating at the surface and the interface region because of grain
growth. While, the decreasing in 1, probably reveals recovery of the vacancy
clusters, which begin to collapse and cause shrinking of the vacancy clusters.
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Fig. (5): Variation of positron annihilation lifetime component t, and

corresponding intensity |, with the annealing temperature of the
measured samples.

According to the most popular hypothesis, the longest lifetime components
(13 and 14) are attributed to the pick-off annihilation of ortho-positronium formed
in the inter-crystalline regions characterized by a large volumes [11, 17]. In our
case, this corresponds to the very long lifetime components 14 (4.6£0.6, 9.9+0.8
and 6.6+0.70) ns with relative intensity I, (0.91+0.14, 0.7+0.17 and 0.36+0.06)%
for the samples annealed at temperature 100, 200 and 300°C respectively. The
very weak intensity of this long lifetime component originates from the
formation of positroniums at the sample surface and can be neglected. The most
important component is the long lifetime 3. Fig. (6), shows the variation of T3
and corresponding intensity I; with the annealing temperature ranged from 100-
800°C. It is clear from Fig. (6), that t; dramatically increases from 1.2+0.22 ns to
5+0.28 ns when the annealing temperature increases from 100 to 600°C, after
that t3 decreases at higher annealing temperatures. The decrease of 13 may be due
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to the reduction of inter-crystalline free volume concentration due to the
thermally induced agglomeration of grains in the samples. The results in Fig. (6),
also showed that the relative intensity I; decreases very fast from 10.13+0.9 % at
annealing temperature 100°C to 1.4+0.02 % at annealing temperature 400°C. A
similar behavior was also shown in the data reported by Karbowski et al [27],
and is to be attributed to the sintering process. The relative intensity I3 does not
change noticeably and nearly constant at temperature above 400°C.
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Fig. (6): Variation of the longest lifetime component t3 and corresponding
intensity I; with the annealing temperature of the measured samples.

The variation of the overall defect (vacancy) concentration in the samples
can be understood from the variation of the mean positron lifetime, which is
defined as:

Tav = (Ilrl+ |2T2+ |3T1)/(|1+|2+|3)

Figure (7), shows the variations of the average positron lifetime (t5,) as a
function of annealing temperature of the measured samples. The value of 1,
shows a systematic decrease trend as the annealing temperature increases. This
clearly indicates a gradual reduction of overall defect concentration in the
samples with increasing the annealing temperature. However, the calculated
values of t,, ranged from 0.22 to 0.4ns which are quite high than the bulk
lifetime of positron in ZnO (158 ps) [22], which confirm the presence of large
vacancies in the samples.
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Fig. (7): Variations of the average positron lifetime (tav) with the annealing
temperature of the measured samples.

4. Conclusion

Samples of ZnO nanoparticles were synthesized by chemical bath
deposition (CBD) method, then annealed at different temperatures in the range of
100-800°C, were studied by X-ray diffraction, SEM, UV and positron lifetime
annihilation technique. Positron annihilation lifetime studies revealed significant
changes in properties of ZnO nanoparticles with annealing temperatures and
indicated the presence of vacancy defects at the surface of these nanocrystaline
ZnO. The crystal quality of the ZnO nanocrystals were investigated by x-ray
diffraction (XRD) technique and showed that the ZnO particles are hexagonal
nanorods in shape with smooth surface and the diameter of the rods around
75-200 nm. The UV-Vis spectra of ZnO nanoparticles has an absorption edge at
about 376 nm, which is the characteristic band of pure ZnO nanoparticles. The
positron annihilation lifetime results revealed that there are two long lifetimes
components (13 and t4) Which are attributed to the pick-off annihilation of ortho-
positronium formed in the inter-crystalline regions and surface regions
respectively.

The variation of the average positron lifetime (1) as a function of
annealing temperature showed a systematic decreasing trend as the annealing
temperature increases, which clearly indicates a gradual reduction of overall
defect concentration in the samples with increasing the annealing temperatures.
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