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Luminescence Properties of ZnO Nanocrystals and
Ceramics
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Abstract—The luminescence excitation spectra, luminescence
spectra and the nanosecond-scale decay kinetics were studied.
The ZnO and ZnO:Al nanopowders were prepared by vaporiza-
tion-condensation in a solar furnace using different raw powders:
commercial, hydrothermal and those obtained by plasma syn-
thesis. Exciton-phonon as well as exciton-exciton interaction
processes in nanopowders, a bulk crystal and ZnO ceramics were
studied and compared. The fast decay and low afterglow intensity
of ZnO nanopowders and ceramics support these materials for
scintillators.

Index Terms—Ceramic, fast luminescence, nanopowders, ZnO.

1. INTRODUCTION

nO luminescence properties have been intensively studied
Z recently due to progress in single crystal growth as well as
preparation of nanostructured materials by hydrothermal, vapor
condensation methods [1], [2], plasma synthesis [3] and other
methods. Zinc oxide crystal is a well known direct band (3.37
eV) semiconductor with hexagonal wurtzite structure. Due to
its unique luminescence parameters, ZnO is a promising mate-
rial for different applications (for example, light-emitters (LED,
displays) and thus the investigations of structural defects, exci-
tonic processes and donor-acceptor centers are of high interest
[1], [4], [5].

The density of ZnO is close to that of (Y,Gd)2Os:Eu,Pr
ceramic used in a computed tomography (5.6 g/cm® and 5.9
g/cm?, respectively). Large exciton binding energy (~60 meV)
allows observation of the excitonic luminescence even at room
temperature (RT). High radiation resistance allows the use of
ZnQ in radiation environments.

The time-resolved luminescence was studied in ZnO [5]-[9].
It is known that luminescence in the blue region is very fast (50
ps at 16 K [5]), therefore the ZnO is a promising material for
fast scintillators. The main problem is to prepare high quality
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material and to enhance the luminescence yield. The vaporiza-
tion-condensation (VC) technique leads to “whiskers” - type
structures with low defect level [10], [11]. We did not find any
studies of luminescence in ZnO ceramic, despite progress in the
past few years in luminescent ceramic sintering. In this paper,
we present the results of the time-resolved luminescence in ZnO
nanostructured powders obtained by means of different tech-
niques and compare the luminescence parameters of nanopow-
ders, a single crystal and ceramic.

II. EXPERIMENTAL

A. Samples

Undoped and Al-doped nanopowders were obtained by
plasma (PL) [1] and hydrothermal (HY) procedure and were
characterized by SEM and BET methods. XRD results show
presence of the only ZnO wurtzite structure for all samples
under study.

on hydrolytic precipitation of ZnO using a water solution of
zine chloride ZnCl, and KOH as starting precursors, according
to the reaction

ZnCl, + 2KOH — Zn(OH), + 2KCL. (1)

The obtained substance was filtered and repeatedly washed with
distilled water, until KCl ions were removed. Then the powder
obtained was dried at 90°C during 24 hours (Zn(OH); — ZnO
+ H20) and heated in the air to the temperature of 500°C at a
rate of 1.5°C/min and subsequently annealed at 500°C for 1.5
h and cooled (freely) to room temperature. After the treatment,
the powder was milled in a ceramic mortar. The ZnO:Al was
obtained in similar way but the aluminium salt was added in
appropriate amount to obtain the doped powder (see Table I).

PL powders consist of “wire”-like particles (Fig. 1) with the
average size <1 pum length and ~ 100 nm diameter. The HY
method is based

Commercial (com) powder (Aldrich 99.99; Sggr = 3.9
m?/g) has ~300 nm average grain size with a large size dis-
tribution and hexagonal particles are well resolved in SEM
images. Powders were prepared by the VC method in a solar re-
actor [2], [11] from PL powders (VC_PL), commercial powder
(VC_com) or HY powders (VC_HY). These powders have
tetrapods or “whisker” morphology (Fig. 2) with a diameter
<50 nm; whisker length depends on a vaporization process
conditions (air pressure in a reactor and solar power flow).

The ZnO:Al doped powders show as a rule smaller grains than
undoped samples prepared by PL or VC methods under the same
synthesis conditions.
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TABLE [
SAMPLES ABBREVIATIONS

Sample Preparation method
PL Plasma synthesis

HY Hydrothermal synthesis

com Comimercial powder

VC_PL Solar physical vapor
deposition from PL powder

VC_HY Solar physical vapor
deposition from HY powder

VC_com Solar physical vapor

deposition from commercial
powder

Fig. 1. SEM image of ZnO powder prepared by PL method.

Average grain size (~50 nm) for PL sample was estimated
from XRD and Sgrr methods. A relatively wide distribution
of particles has been observed using SEM and XRD for ZnO
prepared by VC method.

ZnQO ceramics were sintered from commercial and PL raw
powders under different sintering conditions. For the ceramic
prepared from com powder: 4§ h at 1400°C in air, the average
grain size was ~10-15 pm. The ceramic, sintering from PL
powder: a powder was pressed under 1.0 MPa pressure and sin-
tered in air for 2 h at 1150°C, the average grain size was ~3 pum
(Fig. 3).

B. Luminescence Measurements

A pulsed YAG:Nd laser (266 nm, 10 ns pulse duration) was
used for photoluminescence excitation. Luminescence measure-
ments were carried out with a photon counting head (HAMA-
MATSU H8259) and photon counting board (fastComTec Com-
munication Technology module P 7888-1E) with time resolu-
tion 2 ns.

The equipment for luminescence detection always had the
same configuration. The comparison of luminescence relative
intensities is possible since the all samples under study had the
same size.

A pulsed (10 ns) electron beam was used for cathodolumines-
cence excitation. Electron fluence was 10** el/cm?, the electron
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Fig. 2. SEM image of ZnO:Al powder prepared by VC_PL nanopowder.
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Fig.3. SEM image of ZnO ceramic sintering from PL powder.

energy ~ 270 keV. The output signal from a photomultiplier
tube was displayed on a storage oscilloscope. The time resolu-
tion of the equipment was 15 ns.

The luminescence spectra, luminescence excitation spectra
and luminescence decay kinetics were measured under VUV ex-
citation using the SUPERLUMI setup in SR HASYLAB [12].
The synchrotron excitation pulses at HASYLAB are 130 ps
fwhm and the time resolution of the registration system is ~1.0
ns.

III. RESULTS AND DISCUSSION

A. Low Temperature Luminescence Spectra

The low temperature luminescence spectra of a ZnO single
crystal were measured under 10 eV excitation (Fig. 4). The ob-
served peaks are similar to those in previous ZnO crystal studies.
The origin was discussed [4] and these peaks are due to an ex-
citon bound at a neutral donor (Ex,D?), its LO phonon replicas
and two-electron satellite (TES) band. The TES is a radiative
recombination of Ex,Dafter the donor excitation. The energy
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Fig. 4. Luminescence spectra of a ZnO single crystal (a), VC_PL ZnO:Al and
ZnO ceramic (b); delay time 2 ns.

shift Ex,D°-TES is the energy difference between donor ground
and excited states.

The spectra obtained for Al doped VC_PL nanopowder [see
Fig. 4(b)] differ from those in a single crystal. The intensity of
Ex,D° peak decreases and the TES band intensity is close to the
Ex,D® peak intensity. Note that in a single crystal the exciton
peak intensity was an order of magnitude higher that the TES
band intensity. This means that the TES mechanism is effective
in nanopowders. The bands due to exciton-phonon interaction
are broader in nanopowders. In a ceramic sample the main band
is the Ex,D°band, the TES and exciton-phonon replicas were
not observed.

B. Excitation Spectra

The luminescence excitation spectra for the Ex,D° lumines-
cence peak were measured at 8.5 K and the results obtained
for a ZnO single crystal and ceramic are shown in Fig. 5. The
spectra are normalized at 8.0 eV. The excitation spectra shapes
are similar for a single crystal and ceramic (Fig. 5), as well as
for nanopowders (not shown).

Hence, in all ZnO samples studied exciton creation under
electron-hole pair excitation is effective in the 4.0-20 eV spec-
tral range. In the spectral region >9 eV the effect of multiplica-
tion of electronic excitation was detected and it is known that it
is important effect for scintillators.
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Fig. 5. Excitation spectra for 3.36 eV luminescence in ZnQ single crystal and
ceramic.
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Fig. 6. Luminescence decay kinetics for 3.36 ¢V peak; 14 eV excitation.

C. Luminescence Decay Kinetics

In Fig. 6 the luminescence decay kinetics for the Ex,Dp band
is shown. The intensities are normalized at 2.5 ns. As stated
above, the decay time of the excitonic luminescence is sev-
eral nanoseconds and our experimental set-up has insufficient
time resolution for correct decay time measurements. However,
a comparison of decay processes in a single crystal, nanopow-
ders and ceramics can be done. The decay times for the crystal,
VC_com nanopowder and ceramic were fast and the excitation
pulse duration determines the luminescence kinetics during first
2.5 ns. The results suggest that ZnO single crystals as well as
nanopowders and ceramics could be used for fast scintillators.

A slower decay was measured for the 3.36 eV band in VC_PL
Zn0:Al (see Fig. 6). In view of the fact that the Ex,D°and TES
peaks overlap [see Fig. 4(b)], suggests that the TES is respon-
sible for the slow decay contribution in decay kinetics.

D. Luminescence Spectra at RT

It is known that the luminescence spectra, luminescence yield
and luminescence decay of nanocrystalline materials strongly
depend on synthesis methods and surface conditions. A wide
luminescence band peaking between 1.8-2.0 eV (yellow-red lu-
minescence) was observed in HY samples [13]. In powders pre-
pared by PL method as well as in powders prepared by the VC
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Fig. 7. Time-resolved luminescence spectra of VC_HY ZnO:Al (0.16 wt.%);
YAG laser excitation (266 nm); RT.
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Fig. 8. Cathodoluminescence spectra measured after different delay times after
excitation pulse starts of VC_HY ZnO:Al; RT.

process from HY target (VC_HY), a band peaking at ~2.4 eV
(green luminescence) was detected. Variation of synthesis con-
ditions results in spectra peak position shifts. We suggest that
two types of defects are responsible for this luminescence and
in some samples both bands have been detected. The three-di-
mensional (3D) plot of luminescence intensity versus time and
photon epergy for VC_HY ZnO:Al nanopowder is shown in
Fig. 7.

Similar spectra were observed under electron beam excitation
(Fig. 8).

The luminescence mechanism of the wide yellow-green
emission line is recombination at defect states. Before VC
process, the main Juminescence band.due to defects was de-
tected at 2.0 eV; the intensity of the 3.26 eV band (due to
annihilation of 1LO Ex at RT) was ~20 times weaker than
for the VC sample. The surface defect is mvolved in a ra-
diative recombination in HY powder. It is suggested that the
whisker structures obtained in the VC process are more perfect
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Fig. 9. Tifne—resolved luminescence spectra of ZnO ceramics sintering from
powder obtained by plasma method; YAG laser excitation (266 nm), RT.

nanocrystals than those obtained by the HY method [10],
[11]. Excitonic luminescence intensity was enhanced in such
structures. Hence, the VC process is very important for high
quality ZnO nanopowder preparation.

Time-resolved photoluminescence of ZnO ceramics at RT
(Fig. 9) shows the luminescence bands at 2.2-2.4 eV and 3.26
eV known in ZnO single crystals and nanopowders. The lumi-
nescence spectra show that the same defect states occur in ce-
ramics and raw powders, though the ceramic sintering tempera-
ture is high (> 1000°C). The decay kinetics in defect band was
not exponential: a rough estimate shows that the luminescence
intensity falls by an order of magnitude at first 150 ns in a single
crystal, at 100 ns in nanopowders and at ~50 ns in ceramic.
The afterglow level in a ceramic sample is quite low (<1% at
400 ns). Therefore, the decay time for the defect luminescence
peak is significantly faster in ceramics than that in ZnO single
crystals and ZnO raw powders.

We compare the luminescence kinetics obtained under the
same experimental conditions for well known fast scintillator
PbWO,:La and ZnO ceramic (Fig. 10). The luminescence decay
is faster for ZnO ceramic. The area under decay curve (S) is
proportional to the light yield. We calculate the areas under
decay kinetics for time range 0—45 ns and it is founding that
(8zno/Spwo) = 5. It means that the light yield in fast compo-
nent for ZnO is considerably higher than that for PbWO,:La. We
suggest that ZnO luminescence in blue spectral region is good
tool for fast scintillator.

Summing up, the fast luminescence in the blue spectral region
was observed in all ZnO ceramics studied. The exciton lumi-
nescence in sintered ceramic depends on the raw material used,
sintering conditions and luminescence excitation density. The
luminescence properties of ZnO ceramics make it promising for
Jfast scintillator, especially if transparent ZnO ceramics could be
sintered.
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Luminescence kinetics for ZnO ceramic and PbWO,:La single crystal.

IV. CONCLUSION

The intensive TES luminescence observed in nanocrystals
satisfy efficient exciton-donor interaction and energy transfer
from exciton to donor.

The luminescence properties of a single crystal, nanopowders
and ceramics, nanopowders were studied and compared. The
two well separated luminescence peaks at 2.4 eV and 3.26 eV
were observed in ZnO ceramics at room temperature. The peak
at 2.4 eV was due to defects and the band at 3.26 ¢V due to ex-
citons. The decay of both bands is fast in ceramics, particularly
for the 3.26 eV emissions (<1 ns). The fast decaying lumines-
cence shows that the ZnO ceramics is a promising material for
a fast scintillator.
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