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Abstract

Optical detection of magnetic resonance (ODMR) was used to study defects in electron-irradiated ZnO substrates. In addition to the

shallow donor and the Zn vacancy, several ODMR centers with an effective electron spin S ¼ 1
2
were detected. Among these, the axial

LU3 and non-axial LU4 centers are shown to be dominating recombination centers. The annealing behavior of radiation-induced defects

was studied and possible defect models are discussed.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The defect characterization in ZnO has been going on
since many years and the electronic structure of many
impurities have been established. Intrinsic defects in ZnO
were also intensively studied. Since the 1970s, the zinc
vacancy in the neutral ðV0

ZnÞ and negative ðV�ZnÞ charge
states [1–3] and the oxygen vacancy in the positive charge
state ðVþOÞ [4,5] have been identified by electron para-
magnetic resonance (EPR). In recent optical detection of
magnetic resonance (ODMR) studies of ZnO irradiated by
electrons at 4.2K and at room temperature [6–8], several
defects were observed and attributed to VþO, the zinc
interstitial, Znþi , zinc vacancy–zinc interstitial (VZn/Zni)
and VZn–shallow donor effective mass (EM) (VZn/EM)
Frenkel pairs. Except VþO and the shallow donor EM
center, all the VZn and VZn-related defects were found to be
annealed out at temperatures between 65 and 200K [8].

In this work, ODMR was used to study defects in ZnO
irradiated at room temperature. Several defects including
e front matter r 2007 Elsevier B.V. All rights reserved.
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the Zn vacancy were observed. One of the most common
and dominating recombination centers has parameters
similar to that of the VZn/Zni Frenkel pair [8]. This center is
also defected in as-grown material and our annealing
studies do not support the Frenkel-pair model for the
center.
2. Experimental

Samples used in this work are ZnO substrates from
ZnOrdic AB. The substrates are undoped and were grown
by hydrothermal technique. Metallic impurities such as Li,
Mn, Fe, V, etc., were found to be common with the
concentration in the range 2–20 ppm. The samples have
high resistivities (�103–104O cm at room temperature).
Some of the samples were grown with excess Zn. The
irradiation was performed at room temperature with two
different doses: 5� 1016 cm�2 (by 6MeV electrons) and
2� 1018 cm�2 (by 3MeV electrons). PL measurements were
performed at 2K using a Jobin–Yvon single monochro-
mator fitted with automatic interchangeable 1200 and
600 g/mm gratings and coupled with a nitrogen-cooled

www.elsevier.com/locate/physb
dx.doi.org/10.1016/j.physb.2007.09.010
mailto:son@ifm.liu.se


ARTICLE IN PRESS

ZnO, 9.30678 GHz, T=5 K, B||c

N.T. Son et al. / Physica B 401–402 (2007) 507–510508
multi-channel CCD detector. The 244 nm line from a FreD
laser was used for excitation. The ODMR experiments
were performed on a modified Bruker ER-200D X-band
(�9.3GHz) EPR spectrometer using a He flow cryostat.
For high-frequency ODMR measurements, we used a
home made W-band (�95GHz) ODMR/EPR spectro-
meter equipped with an Oxford, split-coil superconducting
magnet (0–5T) with a liquid He bath cryostat, which
allowed sample temperature regulation in the range from
1.6K to room temperature. In ODMR experiments, the
351.1–363.8 nm lines of an Ar+ ion laser were used as the
excitation source, and PL emissions were detected by a
silicon photodiode. Selective PL bands were monitored in
ODMR experiments using appropriate optical filters. The
annealing was performed under Ar flow ambient.

3. Result and discussion

Fig. 1(a) shows a PL spectrum observed in an as-grown
sample at 2K. The spectrum is characterized by a strong
bound exciton (BE) band and a broad band peaking at
�510 nm (the green band). A weak red band (at �640 nm)
appearing as a shoulder of the green band can be seen in
the extended-scale part (� 50) of the spectrum. After
electron irradiation to a dose of 2� 1018 cm�2, both the BE
and visible PL bands were dramatically reduced (Fig. 1(b)).
The spectra in Fig. 1(a) and (b) are plotted in the same
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Fig. 1. PL spectra measured at 2K in (a) as-grown and (b) electron-

irradiated ZnO substrates.
scale and can be directly compared. In order to avoid
overloading of the CCD detector, the power of the
excitation laser line was reduced to �1% when detecting
the emissions in the spectral region 344–395 nm. Therefore,
the PL intensity of the BE band cannot be compared
directly to that of the rest of the spectrum. In both as-
grown and irradiated samples, the PL emission from the
donor–acceptor pairs in the spectral region around 400 nm
is negligible compared to other PL bands.
In ODMR measurements, the whole PL band from
�510 nm to near-infrared region was detected. In order to
reduce the line width to improve the resolution, the
microwave power was reduced by 10 dB to �20mW in
most of the X-band measurements. Fig. 2 shows the
ODMR observed for the magnetic field B parallel to the
c-axis at 5K in as-grown and electron-irradiated sample. In
the as-grown sample (Fig. 2(a)), a weak line, labeled LU1,
with gJ ¼ 1.9422 and g? ¼ 1.9406 and a broad line at
around 334–335mT were detected. We will show later in
irradiated materials that this broad line is due to over-
lapping of two different spectra. After electron irradiation
at room temperature to a dose of 5� 1016 cm�2, two strong
ODMR lines appear while the LU1 signal disappears and
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Fig. 2. ODMR spectra observed at 5K for BJc in (a) as-grown ZnO and

in samples irradiated with electrons at room temperatures to a dose of (b)

5� 1016 cm�2 and (c) 2� 1018 cm�2. The spectrum in (b) was measured

almost out-phase (801) whereas the spectra in (a) and (c) were detected in-

phase (01).
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Fig. 3. ODMR spectra observed for B?c at 5K in as-irradiated sample

and after annealing at 100 1C.
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the broad signal slightly increases (Fig. 2(b)). These two
new lines have axial symmetry (C3v). The line at the higher
magnetic field has the g values gJ ¼ 1.9570 and
g? ¼ 1.9558. These g values are very close to that of the
shallow donor EM centers [8–11] and we denote this line as
EM following Ref. [8]. The line at the lower field, labeled
LU2, is narrower and originates from an axial center with
an effective electron spin S ¼ 1

2
and the g values:

gJ ¼ 2.0126 and g? ¼ 2.0120. After increasing the dose of
irradiation to 2� 1018 cm�2, the LU2 signal disappeared
and a new line was detected at a slightly lower magnetic
field (Fig. 2(c)). As can be seen also in the figure, the EM
line became weaker and was detected as a negative signal
whereas the LU3/LU4 signals increased significantly. The
new line, appearing at lower magnetic field and labeled as
V�Zn in Fig. 2(c), has parameters similar to that of the
disturbed V�Zn centers [8]. The analysis of the data obtained
from W-band ODMR experiments showed that the spe-
ctrum labeled V�Zn has an effective electron spin S ¼ 1

2
and

C1h symmetry with g values, gxx ¼ 2.0184, gyy ¼ 2.0212
and gzz ¼ 2.0042, and the angle a between the principal
z-axis of the g tensor and the c-axis is 1111. These para-
meters are similar to that of the V00

�

Zn center (gxx ¼ 2.0183,
gyy ¼ 2.0207, gzz ¼ 2.0041, and a ¼ 110.751), which was
observed by ODMR and attributed to V�Zn disturbed by a
nearby Zni [8]. The g values determined by ODMR are
slightly deviated from that of the negative Zn vacancy
determined by EPR (gxx ¼ 2.0168–85, gyy ¼ 2.0183–88,
gzz ¼ 2.0028–40) [1–3]. In ODMR and also EPR measure-
ments of samples irradiated at room temperature, we did
not observe any signal that could be related to the Znþi
center. The concentration of Zni in samples irradiated at
room temperature is expected to be insignificant. We
therefore label this center as V�Zn. In EPR measurements at
77K, we also observed the spectrum of V�Zn center with
parameters similar to the Zn vacancy center reported
before by EPR [3]. Some much weaker EPR signals
appearing close to this spectrum were also detected. These
signals were attributed to the V�Zn center disturbed by a
nearby neutral Zn interstitial Zn0i (the V�Zn:Zn

0
i center [3]

with parameters: gxx ¼ 2.0185, gyy ¼ 2.0188, gzz ¼ 2.0040).
The deviation in the principal gyy value determined by EPR
(gyy ¼ 2.0188 [3]) and ODMR (gyy ¼ 2.0207 [8] and
gyy ¼ 2.0212 in our case) experiments may be caused by
broad ODMR line width (�2mT). The V�Zn and disturbed
V�Zn signals cannot be separated from each other and the
observed spectrum may have the contribution from both
the centers. We believe that the V�Zn spectrum observed in
our samples and the V00

�

Zn signal [8] are related to the same
defect, which is stable at room temperature. The disap-
pearance of this ODMR signal at below 200K [8] may be
due to problems with detection, which depends on the
Fermi level and the presence of other recombination
centers in the sample.

The parameters of the axial LU3 and non-axial LU4
centers were determined as: gJ ¼ 1.9865 and g? ¼ 1.9819
for LU3 and gxx ¼ 1.9885, gyy ¼ 1.9892, gzz ¼ 1.9811 with
a ¼ 117.51 for LU4. The parameters of LU4 are similar to
that of the VZn/Zni Frenkel pair, except a deviation in the
angle a (gxx ¼ 1.9888, gyy ¼ 1.9893, gzz ¼ 1.9815 and
a ¼ 110.751) [8]. It is noticed that in Ref. [8], the angle
a ¼ 110.751 was not deduced from the analysis, but taken
to be equal to that of V�Zn determined by EPR [2] in order
to explain the g values of VZn/Zni Frenkel pair as the
average g values of the V�Zn and Znþi centers: gðVZn=ZniÞ ¼
½gðV�ZnÞ þ gðZnþi Þ�=2. Our simulations showed that at the
frequency of 20GHz as used in Ref. [8] the changes in the g

values of LU4 corresponding to the deviation in a are
within experimental errors.
Unlike the previous studies [8], we did not observe the

ODMR signal of VþO in our samples irradiated with
moderate (5� 1016 cm�2) or high (2� 1018 cm�2) doses of
electrons at room temperature. However, in EPR we
detected this center (gJ ¼ 1.9945 and g? ¼ 1.9964) at room
and lower temperatures under light illumination.
Fig. 3 shows the ODMR spectra observed for B?c in as-

irradiated and annealed samples. After annealing at 1001C,
the V�Zn signal disappeared whereas the EM and LU3/LU4
signals increased and two new lines were detected at 328.28
and 330.54mT. Further increase of the annealing tempera-
ture leads to the decrease of all the ODMR signals, but the
EM, LU3 and LU4 centers still persist after annealing
at 4001C.
The large deviation of the g values of LU1 (gJ ¼ 1.9422

and g? ¼ 1.9406) from g�2 of free electrons suggests a
possible contribution of the angular momentum, which is
common for isolated-impurity centers with high symmetry.
The center is therefore suggested to be related to an
isolated impurity. The axial symmetry indicates that LU2
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may be related to an isolated defect. Its g values are very
different from that reported for isolated vacancies (VO and
VZn) or interstitials [1–5,7,8]. The center was observed after
irradiation with a moderate electron dose but disappeared
when the sample was heavily irradiated. We therefore
believe that LU2 is also related to an isolated impurity. The
disappearance of the LU1 signal could be due to the
competition in carrier recombination with other defects
created by electron irradiation (with higher doses for the
case of LU2).

The observation of the LU4 signal in as-grown samples
(Fig. 2(a)) in absence of V�Zn and EM signals or in
irradiated and annealed sample when the Znþi , V

�
Zn centers

were already annealed out (Fig. 3) does not support the
VZn/Zni Frenkel pair models for LU4. Therefore, we
believe that although LU4 has parameters similar to that of
the previously assigned VZn/Zni Frenkel pair, the center
has a different origin. The average g values ½gðV�ZnÞ þ
gðEMÞ�=2 deviate very much from the g values of LU4.
This indicates that the LU4 center also cannot be explained
by the VZn/EM Frenkel-pair model. The appearance
together of the axial LU3 and non-axial LU4 in all samples
suggests that they may be related to a paired defect such as
a divacancy or a vacancy–antisite pair. The increase of the
LU3/LU4 signals after annealing at 1001C also supports
the paired model.

In summary, in addition to the shallow donor and Zn
vacancy centers, we have observed several ODMR defects
with an effective electron spin S ¼ 1

2
in ZnO substrates

irradiated with electrons at room temperature. Based on
the g values and symmetry, the axial LU1 and LU2 centers
are suggested to be related to impurities. Unlike the
previous studies, we found that the Zn vacancy center is
stable at room temperature. Its ODMR signal is not
detected after annealing at 1001C. The LU3 and LU4
defects are dominating recombination centers in irradiated
ZnO and may be related to the axial and non-axial
configurations of a paired defect along the Zn–O bonds. In
irradiated materials, these centers are stable after annealing
at 4001C. The centers are also detected in as-grown ZnO
substrates.

Acknowledgments

Financial support by the Swedish Research Council, the
Swedish Foundation for Strategic Research and the
Norwegian Research Council is gratefully acknowledged.

References

[1] A.L. Taylor, G. Filipovich, G.K. Lindberg, Solid State Commun. 8

(1970) 1359.
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