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Abstract: ZnO bulk materials were implanted by O and Zn with different
concentration and their photoluminescence (PL) properties were investigated
in detail. The results clearly show that O and Zn implantation indeed have great
influence on the green light emission. By comparing the PL spectra for the
samples with different implantations, O;, Zn; and Cu-related defects have been
excluded from the possibility of the origin of green light emission step by step.
Finally, it can be concluded that Vz, is responsible to the observed green light
emission, which has good agreement with the theoretical results from first
principle calculation.
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1  Introduction

Zinc oxide (ZnQO) as one of the most important semiconductor has attracted significant
attention in recent years. Compared to other wide band-gap materials, such as ZnSe
(22 meV) and GaN (25 meV), ZnO is a direct bandgap wurtzite-type semiconductor
with bandgap energy of 3.37eV at room temperature. Due to the extreme large exciton
binding energy (about 60 meV), the excitons in ZnO are thermally stable at room
temperature, and thus ZnO has significant advantages in optoelectronic applications such
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as in the Ultraviolet (UV) lasing media laser diodes, varistors, sensors, transducers and
photovoltaic devices (Huang et al., 2001; Wang, 2004; Look, 2001; Pearton et al., 2004;
Minami, 2000; Wager, 2003). So far, lots of works have been done on the optical
properties and its mechanism. It is well known that the Photoluminescence (PL) spectra
of ZnO comprise near band edge ultraviolet luminescence located at 380nm and White
Light Emission Band (WLEB) in the wavelength range between 400 nm and 700 nm.
The UV emission band could be related to a near band-edge transition of ZnQO, namely,
the recombination of free excitons through an exciton—exciton collision process (Kong
et al., 2001). WLEB could be related to the deep-level defect in ZnO. Theoretical and
experimental studies have shown that the defect states in the ZnO can be of several types:
neutral, singly or doubly charged O-vacancies (V) (Kasai, 1963; Reihl and Ortman,
1956; Kroger and Vink, 1954; Vanheusden et al., 1996; Kang et al., 2003; Yamauchi
et al., 2004), singly charged or neutral Zn- interstitial (Zn;), O-interstitial (O,) (Liu et al.,
1992; Hahn and Nink, 1965), neutral, singly or doubly charged Zn-vacancies (Vz,)
(Bylander, 1978; Yang et al., 2003; Zhong et al, 1993; Johnston et al., 2004),
a complex of Vg with Zn; (VoZn;), a complex of V, with Zn; (V,,Zn;), substitution of O
on a Zn site (Og,) (Vanheusden et al., 1996; Djurisic and Leung, 2006; Zhang et al.,
2001; Lin et al., 2001; Xu et al., 2003) and extrinsic impurities such as substitutional
Cu (Dingle, 1969). The centre of WLEB is usually 520 nm, which corresponds to green
light emission. Several mechanisms were proposed in order to explain green emission
from these defects in ZnO. Xu et al. (2003) and Dingle (1969) discussed three probable
mechanisms for green light emission from ZnO:

e transitions from conduction band to deep acceptor levels (O; or Zn;) ’

e transitions from deep donor levels (VoZn; complex) to shallow acceptor levels
of (VZn and Ol)

e shallow donor levels (Zn;) to shallow acceptor levels (Vz,0; complex).

The intrinsic defects of ZnO have also been modelled using a full-potential linear
muffin-tin orbital method, and Lin et al. (Xu et al., 2003) proposed that transitions
between the conduction band and either Oz, (2.38 ¢V) or O; (2.28 ¢V) could result in
green luminescence. However, the probability of the second transition was small, because
formation of O, in ZnO is less probable due to the large diameter of oxygen. Based on
experimental data, Vanheusden et al. (1996) and Lin et al. (2001) suggested that the
green luminescence originated from the transition from a singly charged oxygen
vacancies Vo, to the valance band. According to van Dijken et al. (2001), a doubly
charged oxygen vacancy, Voo, was formed first by tunneling of a trapped hole in a
surface state to Vo, located in the interior of ZnO nanostructures. Finally a recombination
between the Vg, and a shallow trapped electron produced green light. However, the
exact mechanism for green light emission is still controversial. Therefore, more research
still should be done to get further information on the origin of the green light emission.

In this report, ZnO bulk materials implanted with O and Zn at various densities were
investigated by photoluminescence. The samples were thermally treated in an oxygen gas
environment after the implantation. The results clearly show the influence of O and Zn
implantation on the deep level emission. By comparing the photoluminescence spectra
for the samples with different implantations, the origin of the green light emission can be
obtained.
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2 Experiments details

ZnO bulk materials used in this investigation were bought from Universitywafer, grown
by hydrothermal method. The O and Zn were respectively.implanted into a same sample
but at different position with implantation concentrations of 1x 107/cm® and
5 x 10"/cm®, These implantation concentrations were estimated from the dose and mean
depth of ion implantation, which was estimated from the used ion energy. The ion
backscattering and sputtering effects are not taken into account, but may influence the
aimed implantation concentration. The energy of Zn- and O-implantation is 220 eV and
55 eV, respectively. The implanted samples were annealed in oxygen pressure for 10 min
at 500°C and then following 10 min at 700°C. A piece of the as-grown ZnQO sample was
also annealed in Ar-air mixing gas with ratio 2 : 1 under the same conditions. Since the
samples were polished in both sides, the backsides of implanted samples can be used as
reference samples.

Photoluminescence (PL) measurements were carried out at room temperature.
A double grating monochromator and a photomultiplier detector were used to disperse
and detect the ZnO emission. The laser lines with a wavelength of 350 nm from an Ar+
laser were used as the excitation sources. The excitation power was 20 mW. We estimate
that the laser penetration depth is less 200 nm, which is slightly deeper than the
implantation depth (100 nm).

3 Results and discussion .

The effect of complex defects as mentioned in the part of introduction is ignored in order
to simplify the analysis process. That is to say, only O-vacancy (Vo), Zn-vacancy (Vy,),
Zn-interstitial (Zn,), O-interstitial (O;) and extrinsic impurities such as substitutional Cu
probably induces green light emission. In order to determine which kind of defects in
ZnQ ultimately induces the green light emission, three series of samples were prepared in
this study. The first series consist of as-grown sample, the samples annealed in O gas and
the samples annealed in Ar-air mixing gas. The second series consist of as-grown
samples and Zn-implanted samples with implantation concentrations of 1 x 10'7/cm> and
5% 10'/cm®. The third series consist of as-grown samples and O-implanted samples with
implantation concentrations of 1 x 10'"/em®, 5 x 10"7/cm?, 1 x 10"%/cn® and 5 x 10"%/cm’.

Figure 1 shows the PL spectra of the first series of samples. From Figure 1, it can be
seen that there was almost no emission between 400 nm and 700 nm in the PL spectrum
from the as-grown sample. However, after annealing in O and Ar-air mixing gas
respectively, a broad emission peak appears in this range. The centre is located at
520 nm, which corresponds to green light emission. In order to obviously see the change
of green light emission intensity, logarithmic coordinates was used at here. From this
phenomenon, it can be believed that the samples annealed in O or Ar-air mixing gas have
enough deep level defects so that the emission can be obviously seen in the PL spectra.
Moreover, when the sample was annealed in O gas, it is expected that the rich O
environment can make O interstitial concentration increase and the PL intensity of green
light emission will be much higher than that of samples annealed in Ar-air mixing gas.
However, from Figurel, it can be seen that the PL intensity of green light emission from
the sample annealed in Ar-air mixing gas was significantly higher than from the sample
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annealed in O gas. According to these results, we can believe that the O, is not invelved
in this emission. This will be further confirmed by the results as the follows.

Figure 1 PL spectra of the first series samples measured at room temperature: {a) as-grown;
(b) annealed in O-gas and (¢) annealed in Ar-air mixing-gas
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In order to testify the effect of Zn; on the green light emission, the second series of
samples with Zn-implantation were prepared. Figure 2 shows the PL spectra of the
Zn-implanted ZnO samples after thermal annealing in oxygen gas. It should be paid great
attention that the PL intensity is normalised to the free exciton emission in order to
eliminate the possible effects caused by implantation damage. Since only the emission of
free exciton and green light emission appear in the PL spectrum, the relative intensity of
the green light emission in the normalised PL spectra provides a relative indication
of the defect concentration involved in it. In Zn-implanted samples with increasing
Zn-implantation concentration, it is expected that Zn; concentration increases. However,
from Figure 2, it can be seen that the intensity of the green light emission was
significantly suppressed after Zn-implantation. Therefore, the experimental results as
shown in Figure 2 testified that Zn; was independent of the green light emission.

Figure 2 PL spectra of the Zn- implanted ZnO samples after thermal annealing in oxygen gas
measured at room temperature: (a) 0; (b) 1 x 10"/em® and (¢) 5 x 10'/em?
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In order to further testify the effect of O; on the green light emission, the third series of
samples with O-implantation were prepared. Figure 3 shows the PL spectra from the
O-implanted samples after thermal annealing in oxygen gas. In O-implanted samples with
increasing the concentration of O-implantation, it is expected that O, concentration
increases. However, from Figure 3, it can be seen that the intensity of the green light
emission was a little suppressed after O-implantation. The samples with much higher
O-implanted concentration were even measured at low temperature. The PL spectra
were shown in Figure 4. It still has same tendency. Moreover, according to the
comparison between Figures 2 and 3, it was obviously seen that the intensity of green
light emission was less decreasing with the increase of O-implantation concentration.
So the O implantations have much less of an effect on the green light emission, which
further confirmed that O; was not involved in the green light emission.

Figure 3 PL spectra of the O-implanted ZnO samples after thermal annealing in oxygen gas
measured at room temperature (a) 0; (b) 1 x 10"7/em® and (¢) 5 x 107/em’
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Figure 4 PL spectra of the O-implanted ZnO samples after thermal annealing in oxygen gas
measured at 77 K: (a) 1 x 10"/cm’® and (b) 5 x 10"/cm’
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As the discussion in the infroduction, the different origins involved in the green light
emission have been proposed such as Zn;, O;, Vo, V2, and Cu-related defects. Since all
thermal treatments and the original ZnQO samples used for implantations are exactly same
except the O- and Zn-implantation concentrations, the difference of the green light



366 J. Yang et al.

emission PL intensity observed in the different implanted samples can not be explained
by Cu-related defects. Since O;, Zn; and Cu-related defects have been excluded, V¢ and '
Vza are the only two possible defects that are involved in the green light emission. From
Figures 2 and 3, it can be seen that the Zn-implantations have moré effect onthe green
light emission than the O implantation. This indicates that the creation of the defects that
are involved in the green light emission was more effectively suppressed by the existing
additional Zn atoms in comparison with the existing additional O atoms during the
process of annealing. This is consistent if Vy, is involved in the green light emission.
Because the Zn atoms implanted into the bulk ZnO materials will fill into the Zn vacancy
place during the annealing process, which will strongly decrease the concentration of Vg,
As a result, the PL intensity of green light emission will be suppressed a lot. Therefore,
it can be concluded that V, is probably involved in the green light emission. Kohan et al.
(2000) from Cambridge applied a first principles pseudo-potential approach to determine
the electronic structure, atomic geometry, and formation energy of native point defects in
ZnQ. They pointed that the green luminescence observed in ZnO may originate from
transitions between electrons in the conduction band and Vg, levels, which has a good
agreement with our results.

As the same situation in Figures 3 and 4, we also can assume that there is V¢ in the
samples. But the effect of O-implantation on the green light emission is not as obvious as
that of Zn-implantation. Figure 5 showed the illustration of the calculated defect energy
levels in ZnO from different. literature sources. The data marked with the subscript
a, b and ¢ respectively originates from Lin et al. (2001), Lima et al. (2000) and Xu et al.
(2003). Vz,, Vz, and V5> denote neutral, singly charged, and doubly charged zinc
vacancies, respectively. Vo' denotes a singly charged oxygen vacancy. Frém Figure 5,
it also can be seen that the energy between Vo (or Vo) and conduction band is much
smaller than green light energy (2.38 ¢V). Therefore, it can not conclude that Vg is
responsible to the green light emission. The exact reason for the slight intensity decrease
with the O-implantation still need further research.

Figure 5 Illustration of the calculated defect energy levels in ZnO from different literature
sources

4 Conclusions

In this paper, O and Zn at various densities were implanted into bulk ZnO and their
photoluminescence were investigated in detail. By comparing the intensity of green light
emission for the samples with different concentration of Zn and O implantations, O;, Zn;
and Cu-related defects have been excluded from the possibility of the origin of green
light emission step by step. It can be finally concluded that Vg, is probably responsible to
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the green light emission. On the basis of this result, ZnO samples can be prepared under
rich Zn environment in order to reduce the concentration of Vg, in them, which will be
a very effective method to suppress the green hght ermssmn and enhance the uv
emission efficiency.
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