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Recombination centers in as-grown and electron-irradiated ZnO substrates
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Optical detection of magnetic resonance (ODMR) was used to study defects in ZnO substrates
irradiated with 3 MeV electrons at room temperature. The Zn vacancy and some other ODMR
centers were detected. Among these, the Zn vacancy and two other centers, labeled as LU3 and
LU4, were also commonly observed in different types of as-grown ZnO substrates. The LU3 and
LU4 are related to intrinsic defects and act as dominating recombination centers in irradiated and

as-grown ZnO. © 2007 American Institute of Physics. [DOI: 10.1063/1.2802186]

I. INTRODUCTION

Zinc oxide (ZnO) has long been considered as a prom-
ising material for optoelectronic applications due to its direct
wide band gap (~3.3 eV at 300 K). With a larger exciton
binding energy (~60 meV), ZnO can emit intense near-
band-edge exciton emissions at room temperature and is a
suitable material for ultraviolet (UV) and blue light-emitting
diodes or UV lasers. The presence of defects, acting as non-
radiative or radiative recombination centers, can have a
strong effect on carrier recombination processes and, hence,
on the efficiency of UV and visible light-emitting devices.

ZnO substrates grown by hydrothermal technique are
known to contain many metallic impurities. Impurities such
as copper,1 intrinsic defects™? including vacancies (V and
V), and complexes involving the zinc interstitial (Zn,), O
antisite (Oy,), or V,, were suggested to be related to the
broad green photoluminescence (PL) band peaking at
~510 nm. However, in as-grown ZnO substrates, only weak
signals of an effective mass (EM) shallow donor center and a
S=1 defect were detected by optical detection of magnetic
resonance (ODMR),4’5 which is a very sensitive tool for
probing dominant recombination centers. In ZnO irradiated
with electrons at 4.2 K, ODMR signals of the EM center,
Zn! vacancies (Vz, and V{)), and other nonaxial centers,
which were attributed to the V,,/Zn; and V,,/EM Frenkel
pairs, were observed.®"® The ODMR signals of Zn;', V., and
Frenkel pairs were found to be annealed out at temperatures
below 200 K.* The disappearance of most radiation-induced
ODMR centers at room temperature gives an impression that
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intrinsic defects do not have a strong influence on carrier
compensation processes in ZnO. However, the drastic reduc-
tion of the UV and visible PL emissions in ZnO, often ob-
served after electron irradiation, indicates the presence of
radiation-induced dominating recombination centers. Reveal-
ing and understanding such defects are important for the de-
velopment of ZnO light-emitting devices.

In this work, we used ODMR to study recombination
centers in ZnO irradiated with electrons at room temperature.
We found that V,, was commonly detected in samples irra-
diated at room temperature and also in as-grown substrates.
In addition to V,,, a dominating ODMR center having pa-
rameters similar to that of the V,,/Zn; Frenkel pair8 was
detected in irradiated and as-grown materials. However, our
data do not support the Frenkel pair model for the center.

Il. EXPERIMENT

Samples used in this work are commercial ZnO sub-
strates from different suppliers: ZnOrdic AB (labeled as ZN),
Tokyo Denpa (TD), and University Wafer (UW). The sub-
strates are nominally undoped and were grown by hydrother-
mal technique. Metallic impurities such as Li, Mn, Fe, V,
etc., were found to be common with the concentration in the
range of 2—20 ppm. Most of the samples have the resistivity
of ~10°-10* Q cm (0.1-10° Q cm for TD samples). The
samples were irradiated by 3 MeV electrons at room tem-
perature to a dose of 2X 10'® cm™2. PL measurements were
performed at 2 K using a Jobin-Yvon single monochromator
fitted with automatic interchangeable 1200 and 600
grooves/mm gratings and coupled with a nitrogen-cooled
multichannel charge coupled device (CCD) detector. The
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FIG. 1. (Color online) Upper: (a) PL spectra in a ZN sample before and after
electron-irradiation at room temperature to a dose of 2X 10'® cm™ mea-
sured at 2 K. The BE band (344—395 nm) was measured with the excitation
power reduced to 1%. Lower: ODMR spectra observed at 5 K for Bll¢ in (b)
NZ, (c) TD, and (d) UW as-grown ZnO substrates. (e) The spectrum in a ZN
sample irradiated with electrons at room temperature. The MW power was
20 mW, except for the detection of the spectrum in the TD sample. The
modulation frequency is 2.189 kHz.

244 nm line from a FreD laser was used for excitation. The
ODMR experiments were performed on a modified Bruker
ER-200D X-band (~9.3 GHz) spectrometer. The sample
temperature can be regulated from room temperature down
to 4 K in a He flow Oxford Instruments cryostat. High-
frequency ODMR experiments were performed on a home
made W-band (~95 GHz) ODMR and electron paramag-
netic resonance (EPR) spectrometer equipped with an Ox-
ford, split-coil superconducting magnet (0—5 T) with a lig-
uid He bath cryostat, which allowed sample temperature
regulation in the range from 1.6 K to room temperature. For
both the X-band and W-band ODMR experiments, the UV
multilines (351.1-363.8 nm) of an Ar*-ion laser were used
as the optical excitation source and the PL emission was
detected by a silicon photodiode. Selective PL bands were
monitored in ODMR experiments using appropriate optical
filters. EPR measurements were performed on a Bruker E580
spectrometer.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the PL spectra from the UV to the
near-infrared spectral region observed in a ZN sample before
and after electron irradiation measured at 2 K. The PL spec-
tra in as-grown ZN, TD, and UW samples are similar and
consist of a dominating bound exciton (BE) band, a strong
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and broad green band peaking at ~510 nm and a weaker red
band at ~640 nm. In all PL experiments, the excitation
power was reduced to 1% when measuring the BE band
(344-395 nm) in order to avoid overloading of the CCD
detector. After electron irradiation at room temperature to a
dose of 2X 10" cm™2, all the PL bands were decreased
(~16, ~20, and ~4 times for the BE, green, and red bands,
respectively, as compared by the peak heights). In the spec-
tral region from UV to 960 nm, no new PL structures have
been observed in irradiated samples. The decrease of the PL
intensity after irradiation was previously observed in ZnO
samples irradiated with lower electron doses at room
temperature7 or at 42 K and subsequently annealed at
300 K.* This may be due to nonradiative recombination de-
fects created by electron irradiation.

Figure 1(b) shows the ODMR spectrum in a ZN sample,
grown with access of Zn, observed at 5 K for the magnetic
field B parallel to the ¢ axis (Bllc) with detecting the whole
PL emission from ~510 nm to the near-infrared region (lim-
ited by the Si detector). In this sample, a weak line labeled
LU1 and a broad line at 333—335 mT were observed. This
broad line and three other lines were detected in a TD
sample. The broad signal in the TD sample was strong, and a
clear shoulder could be partly resolved [Fig. 1(c)] using
lower microwave (MW) powers (~14 mW). We label the
positive signal as LU2 and the broad lines as LU3 and LU4.
The high-field line, labeled as EM, belongs to a shallow
donor center,4’5’8 whereas the low-field line, labeled as V,,
will be shown later to have similar parameters as V, (Refs.
9-11) and disturbed V, centers.® All the observed ODMR
centers have an effective electron spin S=1/2. Similar spec-
tra, except LU2, were also detected in the UW samples [Fig.
1(d)]. Fig. 1(e) shows the ODMR spectrum observed in a NZ
sample [cut from the same piece that gives rise to the spec-
trum in Fig. 1(b)] irradiated with 3 MeV electrons at room
temperature to a dose of 2 X 10'® cm™. After irradiation, the
LUI signal disappeared whereas the EM and V,, signals
appeared and the LU3/LU4 signals increased drastically.
Thus, the same ODMR spectra in as-grown UW sample were
observed in the irradiated NZ sample. This suggests that the
LU3 and LU4 centers are likely to be related to intrinsic
defects. The ODMR signals of LU1, LU3, LU4, V,, and EM
are negative, indicating that these centers are not related to
the PL emissions ranging from the green PL band to
~1100 nm.

The angular dependence studies show that the LU1 cen-
ter has axial symmetry (Cs,) with g values g;=1.9422 and
g1 =1.9406. It was observed only in the ZN sample. The
large deviation of its g values 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 was also not detected in any irradiated
samples. The LUT1 center is therefore suggested to be related
to an isolated impurity.

The broad line at ~339.6 mT belongs to a center with
axial symmetry (Cs,) and the g values g;=1.957 and g,
=1.956, which are the g values of the effective mass donor
center,“’s’8 and we denote this line as EM following Ref. 8.

The LU2 center is only detected in TD samples. It has
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FIG. 2. High-frequency ODMR spectra in irradiated ZnO substrates mea-
sured at 7 K.

also a C3, symmetry and a spin S=1/2 with the g values
81=2.0126 and g, =2.0120. The C5, symmetry indicates that
LU2 may be related to an isolated defect. Its g values are
very different from that reported for isolated vacancies (V,
and V) or interstitials,””"* and we therefore believe that LU2
may be related to an isolated impurity.

Figures 2(a) and 2(b) show high-frequency (94.91 GHz)
ODMR spectra in the irradiated NZ sample observed at 7 K
for Bllc and B Le¢, respectively. High-frequency ODMR
measurements revealed two new signals, labeled as LUS and
LU6, which are overlapping with the V7, signal. The angular
dependences of the ODMR spectra in irradiated samples are
shown in Fig. 3. From the least square fits to the experimen-
tal data using the spin Hamiltonian,

H=pugB-g-S, (1)

with wp is the Bohr magneton, the parameters of the ob-
served centers were obtained. The analysis showed that V,
has a spin S=1/2 and C;, symmetry with g values g,
=2.0184, gyy=2.0212, and g,,=2.0042, and a=111°. Here,
is the angle between the principal z axis of the g tensor and
the ¢ axis of the lattice. These parameters are similar to that
of the V7, center (g,,=2.0183, g,,=2.0207, g,,=2.0041, and
a=110.75°), which was observed by ODMR and attributed
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FIG. 3. (Color online) Angular dependences of ODMR centers in irradiated
ZnO. The curves are the simulations using the parameters in Table I and the
spin Hamiltonian Eq. (1).
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FIG. 4. (Color online) EPR spectrum observed in irradiated ZnO at 77 K for
Bllc showing the signals of V;, and V{, centers. The hyperfine structures due
to the interaction with the nearest ®’Zn neighbors of V¢ are indicated by
arrows.

to the V7, disturbed by a nearby Zn,».8 Its g values are slightly
deviated from that of V,,, determined by different EPR stud-
ies (g,,=2.0168-85, g,,=2.0183-88, and g,.=2.0028-
40).”'" With broad ODMR linewidths (~2-2.5 mT), the
V,, and disturbed V,, signals may not be separated from
each other and the observed spectrum will have the contri-
bution from both the centers. Expecting that the concentra-
tion of Zn; in samples irradiated at room temperature or in
as-grown materials is insignificant, we label this center as
Vi
EPR measurements were also performed on the same
samples to check the presence of the V7, center. Figure 4
shows the EPR spectrum observed at 77 K for Blle. As can
be seen in the figure, the spectrum of the V, center was
detected together with a weak line at a slightly lower mag-
netic field (~0.2 mT). If this signal also appears in the
ODMR spectrum together with the V,, signal, then the two
centers cannot be separated due to a much broader ODMR
linewidth. This may explain the deviation in the g values (to
slightly higher g values) of the V,, center observed in
ODMR experiments. The EPR signal of the V{ center” with
clear hyperfine structures due to the interaction with the
nearest ®’Zn nuclei (indicated by arrows in Fig. 4) was de-
tected in all irradiated samples. However, we could not de-
tect the ODMR signal of the V{, center in any studied
sample. It is possible that the carrier recombination via the
(+1]0) level of Vg is not so efficient compared to the recom-
bination via other defects such as V,, LU3, and LU4.
From previous EPR studies’ ™! and our experiments, it is
clear that the Zn vacancy is stable at room temperature.
Therefore, the disappearance of the V, signal at tempera-
tures ~150—170 K in Ref. 8 is likely related to unsuitable
detection conditions used in ODMR experiments and is not
due to the annealing out of the Zn vacancy. It is possible that
low modulation frequencies used in their experiments [47 Hz
(Ref. 8)] are not suitable for detection of ODMR signals of
V,, in samples annealed at temperatures above 200 K or in
samples irradiated at room temperature which contain differ-
ent PL bands compared to the samples irradiated at 4.2 K.
Indeed, in our ODMR experiments on samples irradiated at
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TABLE I. Spin-Hamiltonian parameters of ODMR centers observed in as-grown and electron-irradiated ZnO
substrates. « is the angle between the principal z axis of the g tensor and the ¢ axis of the lattice. The parameters
of other ODMR centers are also given for comparison.

Symmetry Axial (Cs,) Nonaxial (C,;)

Center Spin g g Lux &y 8- a (deg) Reference
LU1 1/2 1.9422 1.9406 This work
LU2 1/2 2.0126 2.0120
LU3 172 1.9865 1.9819
LU4 172 1.9885 1.9892 1.9811 117.5
LUS 1/2 2.0189 2.0199 2.0112 117.5
LU6 172 2.0207 2.0247
EM 172 1.9570 1.9553
7% 172 2.0184 2.0212 2.0042 111.0
Znf 1/2 1.9605 1.9595 8
Viu 172 2.0192 2.0188 2.0033 110.0 10
Vo, 172 2.0024 2.0193 2.0173 2.0183 2.0028 110.75 9
v 1/2 2.0024 2.0175 2.0188 2.0033 110.75 8
Vo 1/2 2.0183 2.0207 2.0041 110.75 8
Vol Zn! 1 1.9888 1.9893 1.9815 110.75 8

“The slightly higher g values in this case could be due to the disturbance by other resonance lines.

room temperature or on as-grown substrates, the signals of
V,, and other centers were best detected with the modulation
frequency of about 2 kHz.

The parameters of the axial LU3 and nonaxial (C}, sym-
metry) LU4 centers were determined as g;=1.9865 and g,
=1.9819, for LU3, and g,,=1.9885, g,,=1.9892, and g,
=1.9811, with «=117.5°, for LU4. The parameters of LU4
are similar to that of the V,,/Zn; Frenkel pair, except a de-
viation in the angle o [g,,=1.9888, g,,=1.9893, ¢
=1.9815, and a=110.75° (Ref. 8)]. It is noticed that, in Ref.
8, the angle a=110.75° was not deduced from the analysis,
but taken to be equal to that of V,,, determined by EPR.” Our
simulations showed that, at the MW frequency of 20 GHz, as
used in the experiments in Ref. 8, the changes in the g values
of LU4 corresponding to the deviation in « are within the
experimental errors. The nonaxial LU5 center has parameters
8w=2.0189, g,,=2.0199, g.=2.0112, and a=117.5° and
LUG is an axial center with g;=2.0207 and g, =2.0247. The
spin-Hamiltonian parameters of the observed centers are
summarized in Table I. The LUS center has the g,, and gy,
values similar to that of the EPR line appearing at
~341.5 mT, a slightly lower magnetic field than the V,, line
(see Fig. 4). Unfortunately, due to severe overlapping of this
weak signal with other EPR signals (mostly from the Mn**
center) at other crystal directions, the g.. value could not be
determined and it is not clear if this EPR signal and the LU5
spectrum belong to the same defect.

The annealing was performed under Ar flow ambience in
the range of 100—700 °C with a step of 150 °C. The anneal-
ing time was 10 min at each temperature. The spectra mea-
sured for B L ¢ after annealing at different temperatures are
shown in Fig. 5. After annealing at 100 °C, the EM, LUS3,
and LU4 signals increase in intensity, whereas the LUS, V,,
and LU6 signals disappeared and two new lines were de-
tected at 328.28 and 330.54 mT. Further increasing of the

n’

annealing temperature leads to the decrease of all the ODMR
signals, but the EM, LU3, and LU4 centers still persist after
annealing at 400 °C.

In samples irradiated at room temperature, the Zn;
center® (g,=1.9605 and g, =1.9595) was not detected by
ODMR or EPR. This is in agreement with previous studies®
that Zn! is annealed out at ~200 K. The observation of the
LU4 signal in as-grown samples [Fig. 1(b)] in absence of V,,
and EM signals or in irradiated and annealed sample when
the Zn! V,,, and LUS5 centers were already annealed out
(Fig. 5) does not support the V,,/Zn; Frenkel pair models for
LU4. The average g values of either [g(V,)+g(EM)]/2 or
[¢(LU5)+g(EM)]/2 deviate very much from the g values of
LU4 (~0.001-0.002 at most of angles). This also does not
support the V,,/EM or LU5S/EM Frenkel-pair models for the
LU4 center. Therefore, we believe that, although LU4 has
parameters similar to that of the V,,/Zn; Frenkel pair, the
center has a different origin. The appearance together of the
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LU5/6 and VZ_“ as irradiated

EM
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324 329 334 339 344
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FIG. 5. (Color online) ODMR spectra measured at 5 K for B L¢ in an
irradiated ZnO sample before and after annealing at different temperatures.
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axial LU3 and nonaxial LU4 in all samples suggests that
they may be related to a paired defect. The increase of the
LU3/LU4 signals after annealing at 100 °C also supports the
paired model. However, we could not rule out the possibility
that LU3 and LU4 are the axial and nonaxial configurations
of an isolated defect. In this case, at higher temperatures, the
Cy), symmetry of the LU4 center can change to Cs, due to
thermal average of defect configurations. This could not be
checked since ODMR experiments do not work at high tem-
peratures due to resonance broadening.

In summary, we have observed several ODMR centers in
as-grown and electron-irradiated ZnO. Among these, the Zn
vacancy and LU3/LU4 centers are also found to be common
in as-grown ZnO substrates. The LU3/LU4 centers are the
dominating recombination centers and likely related to in-
trinsic defects. In irradiated materials, these centers are stable
after annealing at 400 °C. The Zn vacancy and LU3/LU4
centers are not related to any PL bands in the UV or visible
spectral regions. Carrier recombination via these defects
competes with other radiative recombination channels and
reduces the efficiency of ZnO light-emitting devices. The
identification of these important recombination centers re-
quires further investigations.
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