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Abstract. We explore the interrelationships between the X-ray diffraction patterns, the photoluminescence spectra and
the positron lifetimes obtained from circular pellets composed of commercial ZnO nanoparticles. The experimental
results are studied as a function of thermal treatment at different temperatures. X-ray diffractograms reveal the tem-
perature-independent wurtzite phase structure of nanocrystals and show huge enlargement of ZnO grains after annealing
at temperatures higher than 700°C. Photoluminescence measurements exhibit two emission bands: a near band edge
emission in UV (~378 nm) and a defect-related broad visible peak with a maximum in the green region (~502 nm).
The significant enhancement of the green emission at the expense of UV luminescence is observed after sample sintering
at 800 and 1000°C. The positron annihilation lifetime spectroscopy (PALS) is applied in order to study the thermally
induced evolution of defects. The lifetime components show a step-like dependence on the thermal treatment, but do
not follow exactly the variation in crystallographic phases and only vaguely follow differences in photoluminescence.
The positron data indicate therefore some additional structural and/or defect changes. The possible origin of green
luminescence from ZnO pellets is discussed.
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Introduction

Zinc oxide (ZnO) is a material with great potential for
a variety of practical applications due to the unique
physical and chemical properties such as wide and di-
rect energy band gap (~3.37 eV), large exciton binding
energy (~60 meV), high electron mobility, high thermal
conductivity, high radiation damage resistance and
biocompatibility. The recent progress in nanoscaling
of ZnO structures attracts also attention towards the
use of ZnO in nanotechnological applications. There-
fore, mechanical, electrical and optical properties of
nanostructured ZnO crystals are widely investigated
in different conditions by many research groups [5,
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excitonic transitions. Whereas the visible emissions are
assigned to defects and/or impurities. However finding
the exact explanations for each peak are complicated
because their spectral positions and the intensities
strongly depend on the fabrication process [18]. Growth
procedures determine concentrations of intrinsic and
extrinsic defects as well as the spices of impurities. The
created luminescent centres must to be identified as a
function of preparation procedure in order to under-
stand and control ZnO properties. Particularly, a num-
ber of different hypothesis have been proposed in order
to explain the most frequently observed green emission.
Propositions include the involvement of Cu impurities
[8], Zn vacancies [27, 29, 34], oxygen vacancies [9, 12,
25,28, 32], oxide antisite defects [19] or surface defects/
defects complexes [4, 11]. However, no consensus has
been reached and the topic remains controversial. What
is worse, there are also huge discrepancies between
theoretical models of defects in ZnO. Different stud-
ies predict different energy levels for the same type of
defect and, consequently, no constructive conclusions
can be made (see Ref. [6] and references therein). As
pointed out in Ref. [6], the difficulties in identifying
the origin of defects bands in ZnO is the fact that the
bands are broad and overlapping. In the light of all these
problems it is necessary to make as many measure-
ments as possible on different samples using different
characterization techniques in various experimental
conditions in order to obtain a final reliable picture of
phenomenon. The aim of this paper is to add another
contribution to studies on green luminescence in ZnO.
In particular, we investigated the effect of thermal treat-
ment on spontaneous emission from circular pellets
composed of ZnO nanocrystals. The study is supported
by two complementary characterization techniques:
X-ray diffraction (XRD) and positron annihilation
lifetime spectroscopy (PALS). Both methods provide
valuable insights into defects, structure and size of nano-
particles. The correlation between results obtained from
these different experiments is presented and the possible
origin of green luminescence in ZnO is discussed.

Experiments

Commercially available powders composed of ZnO
nanoparticles were purchased from Sigma Aldrich
with a purity of 99.7% and a specific surface area of
15-25 m?/g. Pellets of 1 cm diameter and 1 mm thickness
were formed under 250 MPa pressure at room tempera-
ture. They were subsequently annealed in open air at
8 different temperatures: 150, 200, 400, 500, 600, 700,
800 and 1000°C for 12 h in an electric muffle furnace.
Crystallinity and size of nanoparticles were investigated
by the standard XRD measurement (theta-2 theta
mode) using powder X-ray diffractometer (Siemens
D5000). The setup was equipped with a copper X-ray
lamp, nickel K filter and 8° wide position sensitive de-
tector (PSD) used with an argon (90%)-methane (10%)
mixture gas. The room temperature photoluminescence
spectra were recorded on a Horiba-Jobin-Ivon SPEX
Fluorog 3-22 spectrometer. A xenon lamp was used
as excitation light source with excitation wavelength
at 325 nm.

Positron annihilation lifetime spectroscopy was used
to investigate thermally induced evolution of defects in
ZnO nanocrystals. Positron trapping in open-volume
defects, such as in vacancies and their agglomerates,
causes an increase of the positron lifetime with respect
to the defect-free samples. This is due to the locally
reduced electron density of the defects. PALS is a pow-
erful method to identify defects since the annihilation
characteristics of positrons can be often assigned to
particular trapped states. The experiments were carried
out using the fast-fast coincidence ORTEC PLS system
equipped with plastic scintillators (St. Gobain BC418)
and RCA 8850 photomultipliers [16]. The prompt time
resolution of the system was 180 ps in full width at
half maximum (FWHM). The positron source *NaCl
(10 pCi) in a kapton 7 pum thick foil was sandwiched
between two identical ZnO pellets. At least 10° total
counts were accumulated in each measurement. Sev-
eral runs were performed for each of the two identical
samples. The analysis of lifetime spectra was realized
with the LT package created by Kansy [15].

Results and discussion
X-ray diffraction

Typical XRD patterns of the ZnO pellets prepared
from as-purchased powder and powders annealed at
400, 800 and 1000°C are shown in Fig. 1. The ZnO
samples exhibit good crystallinity with no obvious
indication for the existence of amorphous domains —all
diffraction peaks can be readily indexed as hexagonal
wurtzite ZnO crystal structure. No phase transition was
observed between as-purchased and annealed at 1000°C
powders. In addition, the intensity of the peaks increases
and the FWHM decreases with the increasing annealed
temperature, which indicates a possible change in the
grain size. This aspect was analyzed with Bruker Physic
TOPAS software [17].
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Fig. 1. XRD patterns for the as-purchased and annealed at
400, 800 and 1000°C ZnO nanocrystals.
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Table 1. ZnO nanocrystallite size depending on temperature
of sintering

Lorentz diameter ~ Volume diameter

No. Sample

(nm) (nm)
1 powder 94.9 = 0.6 84.42 = 0.54
2 400°C 953+ 0.6 84.8 + 0.6
3 800°C 246.8 £ 4.2 220 = 4
4 1000°C 293 £ 7 261 £ 6

Whole pattern fitting was performed using ZnO
structure data (the hexagonal wurtzite phase) with fun-
damental parameters (FP) profile shape of diffraction
reflexes. This procedure allowed to eliminate impact of
Ko, emission line of copper on the registered diffraction
data. The average diameters of nanocrystallites were
estimated using two algorithms: one Scherrer-like algo-
rithm using a Lorentz shape peak and the second cal-
culated as volume mean weighted using a Lorentz and
Gauss convoluted peak shape. The determined sizes are
presented in Table 1. Both numerical procedures give
results which are in very good agreement. Annealing up
to 400°C does not change noticeably the size of ZnO
nanoparticles, while sintering at higher temperatures
corresponds to a significant increase of nanocrystallites.
The particle diameters are enlarged by approximately
180-200 nm after annealing at 1000°C. This can be ex-
plained by a thermally-induced agglomeration of grains
in the samples [29]. A similar effect has been already
observed in Ref. [12] where ZnO pellets have been
investigated in the same temperature range.

It has to be highlighted that no quantum confine-
ment effect should be expected for these samples since
the sizes are much larger than the exciton Bohr radius in
ZnO (approximately 2.34 nm [10]). Hence the quantum
effects are expected to have no influence on spontane-
ous emission spectra presented in the next section.

Photoluminescence
Figure 2a presents the room temperature photolumines-

cence spectra of ZnO nanocrystals annealed at different
temperatures. As typically the spectra exhibit two emis-
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sion peaks: one in UV with a maximum at 375-380 nm
and the second in the visible (green) region peaking at
502-510 nm. Several interesting things can be noticed
from the measured data. The luminescence spectrum
obtained from the as-purchased powder (RT) consists of
approximately equal UV and visible peaks. Whereas the
annealing at elevated temperatures to 600-700°C induces
continuous quenching of UV emission such that the ratio
of heights of the visible-to-UV peaks, shown in Fig. 2b,
is increased by a factor of two. Moreover, the shift of
the visible peak towards the longer wavelengths is also
observed in this range of temperatures. Further increase
of sintering temperature up to 800 and 1000°C results
in significant enhancement of visible emission and very
deep reduction of UV peak. The small shift of the UV
emission towards shorter wavelengths is also observed.
A plausible explanation of thermally induced quenching
of excitonic emission could be the energy band bending
due to the chemisorption of oxygen at the ZnO surface as
described recently in Ref. [30]. This adsorption can occur
in the air in normal conditions and increase with ambient
temperature, producing an upward band bending and a
surface depletion. A large ZnO absorption coefficient of
~160 000 cm™ at 325 nm corresponds to a penetration
depth of ~60 nm. Therefore, upon excitation, most of
the electrons and holes are generated near the surface
where they are swept to the opposite directions across
the depletion region, thus reducing their chances of
recombination through excitonic processes. This model
is confirmed by many experiments showing that surface
passivation by coating ZnO nanostructures with different
materials results in suppressing green emission and en-
hancing UV luminescence (see Ref. [30] and references
therein). Furthermore, the authors of Ref. [30] suggest
that the oxygen chemisorption is accompanied by the
creation of oxygen vacancies (V) in the depletion region.
This can explain the significant enhancement of green
luminescence observed in this work after annealing the
samples at temperatures higher than 700°C. Neverthe-
less, this phenomenon requires further investigation,
especially the attention should be paid to the obvious cor-
relation of the latter effects with the thermally-induced
grain enlargement reported in the previous section as
well as in Ref. [29] for similar samples.

12 ; ! ! :

-1 o

n

Ivis / Tuy
=)

=

b L
T

=°—?

200 . 400 600 800
annealing temperature (°C)

1000

Fig. 2. (a) Photoluminescence spectra of ZnO pellets annealed at different temperatures for an excitation wavelength of
325 nm; (b) the ratio of heights of visible to UV emission peaks (Ivis/Iyv) in function of annealing temperature.
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Fig. 3. (a) Positron lifetimes 1, and 7, and (b) relative intensities /; and I, as a function of annealing temperatures in ZnO

samples.

Positron annihilation lifetime spectroscopy

The LT analysis of measured positron lifetime spectra
reveals three components: a short lifetime t; of about
220-230 ps (see Fig. 3a), an intermediate lifetime 1,
of about 430-440 ps (see Fig. 3a) and very long lifetime
73 of about 60 ns (see Fig. 4a) obtained in the sample
prepared from as-purchased powder. The existence
of three components is in very good agreement with
positron lifetime data published on ZnO nanoparticles
by other research groups [21, 26, 29].

According to the most popular hypothesis, the short-
est lifetime (t,) corresponds to positron trapping in zinc
vacancies (Vz,) [2, 3, 21, 29, 30] located either in the
bulk or/and on the particle surface referred to as grain
boundary. This assumptions is based on experimental
and theoretical works showing that 17z, together with
oxygen vacancy (Vo) are dominant in ZnO because
they are characterized by low formation energies [13].
However, only the negatively charged 1z, is visible to
the positrons since the positively charged V5 has too
low positron binding energy [3, 27]. Additionally, it is
expected that the most efficient trapping occurs on the
grain boundaries. This is because the average positron
diffusion length could be as large as 150-200 nm [1],
so it is usually enough to let positrons reach the grain
boundaries during thermalization inside nanocrystal-
lites. Moreover, theoretical calculations [7] predict that
the formation energy of zinc vacancy is lower at grain
boundaries than that in the bulk, hence the surface
of ZnO nanoparticles is rich in vacancy defects. This
experimental work shows that after sample treatment
at 150-700°C, 1, keeps relatively constant (230-240 ps,
see Fig. 3a). It means that the grain growth does not
influence noticeably on positron annihilations centres
responsible for this component. But after annealing at
1000°C, 1, decreases rapidly to 184 ps. The latter value
is close to the positron bulk lifetime reported in hydro-
thermal grown ZnO [29]. The sudden fall in 1, value can
be explained by a thermally induced recovery of both,
grain boundary and bulk located Zn vacancies. Conse-
quently, most positrons annihilate in the bulk and/or in
other kind of defects or imperfection left in the sample.
If this interpretation is correct, one could conclude that
zinc vacancies (Jz,) are not responsible for a green
luminescence. Indeed, the reduction of Iz, concentra-

tion cannot explain the observed enhancement of green
emission at the very same samples. Nevertheless, the
ultimate conclusion cannot be made yet due to a dif-
ference in sample penetration depths in PL and PALS
methods. The penetration depth for the excitation light
(A =325 nm) is about 60 nm and PL occurs mainly on
the surface [30], while positrons penetrate the whole
volume of the sample. Hence the contributions of de-
fects on surface and in bulk of nanocrystals to positron
lifetimes should be separated in order to obtain clearer
picture. Depth-resolved positron annihilation studies
would help in solving this question.

The second lifetime 1, does not have such a straight-
forward interpretation as t;. For example, in Ref. [21]
this component is assigned to positron trapping in
nanovoids at the intersection of grain boundaries, while
in Ref. [29] 1, is related to the 6-V7,V, vacancy cluster
located at the grain surface. Nevertheless, it can be
generally assumed that this component is somehow as-
sociated with positron annihilation in the grain interface
region. Therefore, the reason of the reduction in I, at
temperatures higher than 400°C shown in Fig. 3b can
be attributed to the smaller fraction of positrons anni-
hilating at the surface and interface region as a result
of grain enlargement. The observed increase of 1, from
430 ps to about 470 ps after annealing at 150-700°C
should be assigned to the formation of some vacancy
clusters in this region, while a sudden decrease of 1, to
390 ps at 1000°C can be related to decompositions of
this complex defects (see Fig. 3a).

There is common agreement that the longest life-
time component t;should be assigned to the annihila-
tion of ortho-positronium formed in large voids in the
intercrystalline regions [21, 29]. Figure 4 shows that
when the annealing temperature increases from 150 to
1000°C, 75 decreases very fast from 60 to 2 ns and the
relative intensity /5 changes from 5.5 to 0.8%. This drop
is particularly rapid between 400 to 500°C. These results
are in very good agreement with the data reported in
Refs. [21, 29] and are to be attributed to the sintering
process. Namely, the gradual decrease of t; suggests the
reduction of intercrystalline free volume concentration
due to the thermally induced agglomeration of grains
in the samples.
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Fig. 4. (a) Long lifetime component t; and (b) relative intensities I; as a function of annealing temperatures in ZnO samples.

Conclusions

The disc-shape pellets composed of ZnO nanoparticles
were prepared and annealed at different temperatures in
the range of 150-1000°C, and then subsequently studied
by X-ray diffraction, photoluminescence and positron
lifetime annihilation methods. All techniques reveal
significant changes in properties of nanoparticles with
annealing temperatures. In particular the large enhance-
ment of green luminescence at the expense of near-band-
-edge UV emission is observed after thermal treatment
at temperatures higher than 700°C. Moreover, PALS
measurements show no correlation between zinc vacan-
cies (Vz,) and defect-induced green emission — the drop
in the intensity of the intermediate component (about
450 ps) occurs rapidly between 500 and 700°C, distinctly
below the temperature (800°C) where the green photo-
luminescence starts to dominate. More studies should
be carried out in order to identify the kind of structural
and/or defect variations in this (500 to 800°C) range of
temperatures and to exclude ultimately V7, as green
luminescence centres. Since it is expected that the green
emission originates mainly from the surface of ZnO
nanocrystals, thus PL and PALS should be measured
and compared in samples treated thermally in different
atmospheric conditions. Particularly, oxygen-rich and
oxygen-poor environments should be considered in order
to investigate the influence of oxidation on PL and PALS
measurements. These studies are in progress.
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