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Violet photoluminescence from shell layer of Zn/ZnO core-shell
nanoparticles induced by laser ablation
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A strong violet photoluminescence �PL� band at 425 nm �2.92 eV� was observed from the ZnO shell
layer of the Zn/ZnO core-shell nanoparticles prepared by laser ablation in liquid media. Such violet
PL decreases with increase of the shell thickness or annealing temperature, showing good
controllability. Based on the electron paramagnetic resonance measurements, the violet emission is
attributed to the electronic transition from the defect level, corresponding to high-concentration zinc
interstitials, to the valence band. This study is in favor to clarify the defect-related emissions and to
extend the optical and electronic applications of nanostructured ZnO. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2196051�
As a wide-band-gap semiconductor, wurtzite ZnO with a
band-gap energy of 3.37 eV at room temperature and exciton
binding energy of 60 meV is of many important applications
in electronic and optical devices, especially in optoelectronic
applications such as the ultraviolet �UV�/blue lasing media.1

The optical properties of different structured �including
nanostructured� ZnO have extensively been studied for sev-
eral decades. In the photoluminescence �PL� spectra of ZnO,
typically there are emission bands in the UV �Ref. 2� and
visible �green,3–7 blue,8 and violet9� regions. The UV peak
was usually considered as the characteristic emission of ZnO
and attributed to the band edge emission or the exciton tran-
sition. Although the emissions in visible region were domi-
nantly considered to be associated with the intrinsic defects
in ZnO, there still exist extensive controversies in the domi-
nant intrinsic defects.10–14 Most researchers related the green
emission to singly ionized oxygen vacancy based on the cor-
relation between green PL and g value �=1.96� in electron
paramagnetic resonance �EPR� measurements,3–5 the aging
effect,6 and on the theoretical calculations of electronic struc-
ture, atomic geometry, and formation energy.13,14 The blue8

and violet9 PL in ZnO are very unwonted and their mecha-
nism studies are thus very limited. Wang et al. observed a
violet PL at 402 nm from ZnO films deposited by rf magne-
tron sputtering and attributed it to the electronic transition
from conduction band tail states to valence band tail states,9

which is similar to the characteristic emission, and hence
cannot represent the universal violet PL. Thereby, the in-
depth understanding of the defect emission mechanism of the
violet PL in ZnO still needs imperative investigation. Com-
pared with the intensive studies about UV and green emis-
sions in nanostructured ZnO, the investigation of violet emis-
sion has been very few due to its infrequency.

Previously, the Zn/ZnO core-shell structured nanopar-
ticles were prepared by laser ablation of a zinc target in
liquid media15 at our laboratory. Recently, we have found a
strong violet PL band at 425 nm �2.92 eV� from the ZnO
shell layer in such composite nanoparticles, which is sensi-
tive to the shell thickness and annealing conditions, but is
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much stronger than the characteristic �UV� and green emis-
sions in the intensity. A g factor �2.05�, different from that
corresponding to the singly charged oxygen vacancy, was
found. It has been indicated that the strong violet PL origi-
nates from the interstitial zinc defects formed during the
laser-induced highly nonequilibrium microplasma process.
The details are reported in this letter.

The laser ablation of a zinc target is performed in an
aqueous solution with sodium dodecyl sulfate �SDS�, as pre-
viously reported in details by our group15 and others.16–18

Briefly, a zinc plate �99.99%� was fixed on a bracket in a
glass vessel filled with 10 ml SDS �99.5%� aqueous solution
�0.05M�. The plate was ablated for 30 min by the first har-
monic of a Nd:YAG �yttrium aluminum garnet� laser �
1064 nm, frequency of 10 Hz, and pulse duration of 10 ns�
with the powers from 35 to 70 mJ/pluse. After ablation, all
of the colloidal suspensions were centrifuged at 14 000 rpm,
rinsed with ethanol for several times, and dried at room tem-
perature. The structure of nanoparticles was investigated by
x-ray diffraction �XRD� using Philips X’Pert with Cu K�
line 0.154 19 nm, transmission electron microscopy �TEM,
JEM-200CX�, and highly resolved transmission electron mi-
croscopy �HRTEM, JEOL-2010�. The room-temperature PL
was measured using a HeCd laser excitation source
�325 nm�. The room-temperature EPR measurements were
preformed using an EPR-200 spectrometer using an X band
�about 9.65 GHz�.

Figure 1�a� shows the typical XRD pattern for the
sample obtained by laser ablation in 0.05M SDS aqueous
solution with power of 70 mJ/pulse. Two sets of XRD peaks
corresponding to metal Zn and wurtzite ZnO crystals were
observed. TEM examination has revealed that the products
consist of nearly spherical nanoparticles with average diam-
eter about 20 nm, as shown in Fig. 1�b�. HRTEM shows that
the particles are of core-shell structure with zinc core and
ZnO shell �the enlarged fringe image is not shown here�. The
thickness of ZnO shell decreases with the reduction of laser
power, which is in agreement with a previous report.15 The
average thicknesses of ZnO shell are roughly 6, 3.8, and
2.5 nm corresponding to laser powers of 70, 50, and
35 mJ/pulse, respectively, in the 0.05M SDS solution, as

typically shown in Figs. 1�c�–1�e�.
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Figure 2 shows PL spectra of Zn/ZnO samples with dif-
ferent shell thicknesses. All samples exhibit a strong violet
emission peak centered at 425 nm �2.92 eV� with an indis-
tinct band tail in the green region, which is associated with
oxygen vacancies in ZnO �Refs. 3–5� and is not discussed
here. This violet emission and the tail increase with the de-
crease of shell thickness, but the peak position is almost
unchanged. Such strong and near monochromatic violet PL
has not been reported so far in nanostrucrured ZnO. Subse-
quent annealing will induce decrease of this emission, as
illustrated in Fig. 3 corresponding to the sample with power
of 70 mJ/pulse �the other samples show the similar results�.
The intensity of the violet emission decreases sharply with
rise of annealing temperature up to 400 °C, at which the
emission disappears completely and two other emission
peaks are observed at UV �380 nm� and green �510 nm�
bands, respectively. No trace of the consecutive shift of the
violet emission is detected, indicating that such violet PL is a
completely different emission from the conventional UV and
green emissions. In addition, it is interesting that the primal

FIG. 1. XRD pattern �a� and TEM image �b� of Zn/ZnO nanoparticles
obtained by laser ablation in 0.05M SDS aqueous solution with 70 mJ/pulse
power. ��c�–�e�� HRTEM images for a single nanoparticles in the samples
with different laser powers: 70, 50, and 35 mJ/pulse, respectively.

FIG. 2. PL spectra of Zn/ZnO nanoparticles obtained by laser ablation with

different powers. �a� 35 mJ/pulse, �b� 50 mJ/pulse, and �c� 70 mJ/pulse.
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violet PL is much stronger than the subsequent UV and green
PL in this study.

The formation of core-shell structured Zn/ZnO nanopar-
ticles has been demonstrated in a previous report15 and will
not be discussed here in details. Briefly, it can be attributed
to the competition between aqueous oxidation and surfactant
protection of Zn clusters, which are produced in the high-
temperature and high-pressure zinc plasma on the solid-
liquid interface quickly after the interaction between pulsed
laser and the metal target. With decreasing laser power, the
density and intensity of the hot plasma will be diminished
greatly, leading to the reduction of the particle size �includ-
ing the shell thickness�.

As mentioned above, the shell thickness can be con-
trolled from 6 to 2.5 nm, which is just in the range of the
quantum size effect of nanostructured ZnO,1–3 but no shift of
the emission band with variance of the shell thickness was
observed, demonstrating that the violet PL is not associated
with the intrinsic emission of ZnO which induces the UV
emission. From the annealing experiments, the violet PL is
different from the UV and green emissions and should origi-
nate from a different kind of defects in ZnO from the famil-
iar oxygen vacancies which induce the green emission.3–5

Lin et al.7 have calculated the energy levels of various
defect centers, such as vacancies of oxygen and zinc, inter-
stitial oxygen and zinc, and antisite oxygen in ZnO. The
energy gap between the conduction band and the level of
oxygen vacancies is considered to be 2.28 eV and that from
the interstitial zinc level to the valence band is 2.9 eV. The
latter is very well consistent with the energy of the violet PL
in this study. Moreover, according to some defect centers
given by Kroger19 and Bylander,20 the defect energy level of
interstitial zinc is considered to be 0.22 eV below the con-
duction band edge when the band gap of ZnO is 3.2 eV,
which is also in agreement with our results. Hereby, we at-
tribute the violet PL from the ZnO shell layer in the Zn/ZnO
nanoparticles to the radiative transition of electrons from the
local defect level of interstitial zinc to the valence band.

It is reasonable that there exists interstitial zinc in ZnO
lattices, even as the dominant intrinsic defect, since the nano-
particles are very quickly formed in the extreme
conditions21–23 or the high-temperature and high-pressure
zinc plasma, and the subsequent rapid reactive quenching,

FIG. 3. PL spectra of Zn/ZnO nanoparticles obtained by laser ablation with
70 mJ/pulse before �a� and after annealing in atmosphere at 200 °C for 3 h
�b� and 400 °C for 3 h �c�, respectively.
induced by laser ablation in the liquid media. Previous the-
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oretical investigations indicated that the formation energy of
oxygen vacancy is much lower than that of interstitial zinc in
the equilibrium defect formation process,12–14 which should
be the reason why the violet PL and interstitial zinc defect
are very unwonted in usual nanostructured ZnO. However, in
the laser-induced extreme conditions, the high-concentration
zinc interstitial defect could be quickly and availably “fro-
zen” �remained� in the ZnO shell layer.

For further confirmation, the EPR measurements were
implemented. The results were shown in Fig. 4. For the
sample �annealed in 400 °C� with green emission, the value
of g factor g=1.9652 was obtained, which is well in coinci-
dence with the previous report and related to the singly ion-
ized oxygen vacancies.3–5 For the samples �as prepared and
annealed in 200 °C� with violet emission, however, the g
factor is about 2.05. More importantly, there exists good
positive correlation between the evolution of intensity of the
violet PL and the signal of 2.05 g factor with annealing. Such
violet-PL-correlated g factor confirms that the violet PL
should originate from other kind of defects than oxygen va-
cancies. Obviously, the effect of impurities and surface states
can be excluded due to the intensity of the signal. From the
electron configuration, we know that there are four possible
paramagnetic defects: singly charged oxygen and zinc vacan-
cies and interstitial oxygen and zinc in ZnO. In our case, the
laser-induced high-temperature and high-pressure zinc
plasma would induce the fast formation of ZnO shell during
subsequent fast extinguishment of the plasma.15 Such non-
equilibrium process would very easily lead to high concen-
tration of Zn interstitials in ZnO and oxygen deficiency. The
analyses above demonstrate that the results of violet emis-
sion and 2.05 g factor are all associated with the zinc inter-
stitials in ZnO. It is due to the extreme conditions induced by
laser that we can obtain such nanoparticles with the special
structure and hence unique properties.

In addition, with decrease of the applied laser power, the
plasma plume will become weaker and its lasting time will

FIG. 4. EPR spectra of Zn/ZnO nanoparticles obtained by laser ablation
with 70 mJ/pulse before �a� and after annealing in atmosphere at 200 °C for
3 h �b� and 400 °C for 3 h �c�, respectively.
become shorter. This would lead to the faster formation of
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ZnO shell layer, accompanied by the reduction of shell
thickness15 and hence increase of concentrations of Zn inter-
stitials and oxygen vacancies, inducing the enhancement of
violet emission and its tail in the green region �see Fig. 2�.

In summary, we observed the strong violet PL at 425 nm
from the ZnO shell of core-shell Zn/ZnO nanoparticles pre-
pared by laser ablation in liquid media. Such violet PL can
be well controlled by adjusting the ZnO shell thickness or
annealing. The emission energy of the violet PL agrees well
with the reported energy level of interstitial zinc. Such violet
emission likely originates from the radiative transition of
electrons from the local interstitial zinc level to the valence
band. It is just due to the extreme conditions induced by laser
process that the unique nanostructures can be formed and
hence the strong violet PL is observed. The strong violet PL
and corresponding high-concentration Zn interstitial defect
are expected to further clarify the mechanisms of defect
emission and extend the optical and electronic applications
of nanostructured ZnO.
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