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Identification of the gallium vacancy-oxygen pair defect in GaN
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Cation vacancies like Vg,, V4 and their complexes with oxygen are predicted to be abundant in III-nitrides
and to play an important role in nonradiative recombination. Appearing in triple or double negatively charged
states, they are not paramagnetic and have not so far been detected by magnetic resonance even under
illumination. In this Brief Report, we demonstrate an efficient way to make cation vacancy defects in GaN
detectable by electron paramagnetic resonance and present our identification of the V5,Oy pair in GaN which

is the model material for the Ill-nitrides and their alloys.
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Theoretical calculations have predicted low formation en-
ergies for the cation vacancy (Vg,,V,)) in n-type GaN and
AIN.'2 Later calculations suggested that complexes between
the cation vacancy and oxygen have even lower formation
energies than the isolated vacancy.® Vg, and its complexes,
such as the V,Oy pair, are therefore expected to be abun-
dant in as-grown undoped GaN, which is n-type conducting
due to the contamination with O and/or Si during the growth.
Via and its complexes with O, were found to be dominating
defects in as-grown GaN by positron annihilation spectros-
copy (PAS).*® From the excitation dependence, the yellow
(YL) and green (GL) luminescence bands were assigned to
two charge states of a defect presumably the V,Oy pair.®
From a combination of time-resolved photoluminescence,
measuring nonradiative recombination times, and PAS stud-
ies, detecting cation vacancies and their related complexes,
Chichibu et al.” found that the nonradiative recombination
process in GaN is governed by V,-defect complexes. Cation
vacancy complexes have recently been suggested to be the
major nonradiative defects in InGaN quantum well structures
employed for visible light emitters,® and recently AlGaN
structures employed for UV emitters.” The control of cation
vacancy defects is therefore important for improving the
quantum efficiency of the IIl-nitride based light emitting de-
vices. The defect identification depends largely on data from
magnetic resonance such as electron paramagnetic resonance
(EPR) or optical detection of magnetic resonance (ODMR).
However, cation vacancy defects in the III-nitrides may cap-
ture three more electrons and are in EPR inactive charge
states (3- for single vacancies and 2- for vacancy-oxygen
pairs with the electron spin S=0). They have not so far been
detected by EPR or even by ODMR which with optical ex-
citation can change the charge state of defects in many cases.
It seems that in the III-nitrides the excited electrons recom-
bine to the original levels so fast that optical excitation alone
cannot efficiently activate other charge states of cation va-
cancy defects. So far, only the double positive Ga interstitial,
Gai2+, has been identified in irradiated GaN by Chow and
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co-workers.'%12 In undoped n-type and Mg-doped p-type
GaN, a number of defects were observed and assigned to
impurities'*'* or Mg-Ga interstitial complexes.!> However,
in p-type GaN cation vacancy defects have high formation
energies' and are expected to have low concentrations.
Therefore, p-type materials may be not suitable for the study
of cation vacancy defects.

In this Brief Report, we show that using electron irradia-
tion to create high concentrations of electron traps in combi-
nation with illumination is an efficient way to make cation
vacancy defects in GaN detectable by EPR. The approach is
applied for the identification of the Vg,Oy pair defect in
GaN.

The samples used in the study are n-type nominally un-
doped and Si-doped bulk GaN grown by hydride vapor phase
epitaxy on sapphire substrates. Thick (~0.6—1.1 mm) free-
standing GaN layers were self-separated from the substrates.
The undoped samples can be divided into low- and high-
doping sets. The residual donor concentration (taken as the
average of the concentrations determined by C-V and Hall-
effect measurements) is in the range of 1-3 X 10'® cm™ for
low-doped samples and ~5-8%10'7 cm™ for the high-
doped samples. The freestanding Si-doped layers are
0.45-mm thick with the Si concentration of ~1
X 10" c¢m™. The irradiation with 2-MeV electrons was per-
formed at room temperature with different doses varying
from 2 10'® to 1X 10" cm™. EPR experiments were per-
formed on an X-band Bruker E580 spectrometer. For illumi-
nation, a Xenon lamp, a 0.25-m single grating Jobin-Yvon
monochromator and appropriate optical filters were used.

In our as-grown undoped samples, only the EPR spectrum
of the shallow donor!? was observed. After irradiation, the
signal of the shallow donor disappeared. Figure 1(a) shows a
broad signal with an isotropic g value ~2.03, labeled DI,
observed in a sample irradiated to a dose of 1 X 10! cm™.
After exposing the sample to weak room light during cooling
down, a strong EPR spectrum, labeled D2, was observed
[Fig. 1(b)]. In samples irradiated with an electron dose ~6
X 10" cm™2, the D2 signal is weak and the spectrum is

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.153202

BRIEF REPORTS

e dose
D1 1x10"® cm?

D2: hf with 3 equivalent "N 293 K

(a) GaN

(b) GaN 1x10'"? cm™@
— experiment | . 77K
..... simulation [

yFe” wFe” Fe* e

v

T T T B Y B |

160 260 360 460

77K
o |

1
300 310 320 330 340 350 360 37
Magnetic field (mT)

EPR intensity (linear scale)

(d) GaN:Si

9.503 GHz

FIG. 1. (Color online) EPR spectra measured for Bll¢ in n-type
GaN irradiated with 2 MeV electrons (a) at 293 K, (b and c¢) at 77
K, and (d) in Si-doped GaN at 77 K. The electron dose is 6
X 10 cm™ for the sample in (c) and 1X 10" cm™ for the
samples in (a), (b), and (d). The spectra in (b)—(d) were measured in
the same conditions and the intensity is normalized to the sample
mass.

dominated by the central line as can be seen in Fig. 1(c). This
central line is due to the overlapping of the D2 signal with
another line, labeled D3, as will be shown later in annealed
or Si-doped samples, and with the signal of the Fe** center'®
as shown in the inset. The hf structure of D2 consists of
seven lines with an equal splitting of ~4.7 mT. The struc-
ture containing an odd number of hf lines with a central line
is typical for nuclei with an integer nuclear spin like N.
With /=1 and 100% natural abundance, the interaction with
three equivalent '*N will give rise to seven hf lines with the
relative intensity 1, 3, 6, 7, 6, 3, and 1. The simulation of the
hf interaction with three equivalent '*N using the hf splitting
of 47 mT and a line width of 3 mT is plotted in Fig. 1(b)
together with the experimental spectrum. The deviation be-
tween the simulation and experimental spectra for the central
line may be due to the overlapping with the D3 and Fe**
signals. The hf splitting of 4.7 mT is likely due to the inter-
action with three nearest '“N neighbors of a defect at a Ga
site. The D2 defect is therefore likely to be a Vg,-complex
(the isolated Vg, would have the hf interaction with four 4N
neighbors). The defects that have the hf interaction with
three nearest equivalent N neighbors as D2, can be either (i)
a pair of Vg, and an impurity with a nuclear spin /=0 or (ii)
a pair of Vg, with another intrinsic defect such as the Vg,Vy
divacancy with electron spins mainly localized at Vg, and a
negligible spin density at Vy (the V,Ga antisite pair can be
ruled out since no hf structures of “Ga and "'Ga could be
detected). The best candidate impurity for the former case (i)
is oxygen, which occupies the N site and is present in rela-
tively high concentrations even in undoped GaN. The latter
case (ii) may be similar to the case of the neutral divacancies
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FIG. 2. (Color online) The D2 spectra measured at different
directions of B in the (1100) plane. The inset shows the angular
dependence of the integrated intensity of the D2 spectrum and the
peak intensity of the central line.

in SiC which show a strong hf interaction with three nearest
C neighbors of Vg; and negligible hf interactions with nearest
Si neighbors of V..!7 If D2 is related to a pair of intrinsic
defects such as the divacancy, its EPR signal is also expected
be dominating in Si-doped samples.

In electron-irradiated (dose ~1X 10" cm™2) Si-doped
samples, two single line spectra, labeled D3 and D4, were
observed [Fig. 1(d)]. Within the experimental error, the D3
spectrum is isotropic (g=2.0036). As will be shown later in
annealed samples, the D3 signal is present in all irradiated
samples. The D4 signal is also detected in several irradiated
undoped GaN samples and not specifically related to Si dop-
ing. The D4 line is anisotropic with g,=1.9529 and g,
=1.9505. The hf structure of D2 was also seen [Fig. 1(d)],
but it is very weak compared to the signal in undoped
samples [Fig. 1(b)]. The suppression of the D2 signal in the
Si-doped sample suggests that the second component of the
pair is not an intrinsic defect but an impurity with a nuclear
spin /=0. Except oxygen, there are no other residual impu-
rities which have a nuclear spin /=0 and are abundant in
GaN. Thus, the V,0Oy pair appears to be the best model for
the D2 defect.

Figure 2 shows EPR spectra in an irradiated GaN sample
measured for different directions of the magnetic field B with

respect to the ¢ axis in the (1100) plane (0° corresponds to

Bllc and 90° to B L ¢ and BII[1120]). At angles close to the
¢ axis (0°—-20°), the line width as measured from the maxi-
mum to minimum of the absorption line is about 2.8 mT and
the hf lines are well resolved (Fig. 2). The hf lines get
broader (up to ~3.8 mT) at angles between 50° and 70°.
The angular dependence of the integrated intensity of the D2
spectra and the peak height of the central line are plotted in
the inset of Fig. 2, showing the decrease in the peak intensity
of the central line and a constant integrated intensity of the
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FIG. 3. (Color online) EPR spectra from an electron-irradiated
n-type GaN sample measured before and after annealing at different
temperatures.

D2 spectrum. This suggests that the line splits when B is not
parallel to the ¢ axis due to a low symmetry C,;, of the hf
tensor, which is expected for the hf interaction with three N
neighbors, and the g tensor (there are C;;,, defect configura-
tions in addition to the one with C3, symmetry as expected
for a close pair defect). From the angular dependence, the
electron spin is shown to be S=1/2 and the g values for the
C,, center are determined as g;=2.001 and g, =1.999. The
anisotropy of the hf splitting is about 0.3 mT (~4.7 mT for
Bllc and ~5.0 mT for angles close to 70°).

An annealing study was performed on the same sample in
N, gas flow for 10 min at each temperature. In this sample,
the D4 signal was already detected before annealing while
the D3 signal is merged into the central line of D2. After
annealing at 300 °C, the D2 and D4 signals start decreasing
(the integrated intensity of D2 is reduced by a factor two)
and the D3 signal can be clearly seen (Fig. 3). This behavior
is similar to that of V,-related complexes in GaN irradiated
with 2 MeV electrons as studied by PAS (50% reduction
after annealing at ~600 K).'® The D2 and D4 spectra were
not detected after annealing at 500 °C. From the predicted
binding energy of ~1.8 eV,! the V,0Oy pair is expected to
be stable at higher temperatures. It is possible that the D2
defect is not annealed out at 500 °C but the activation of the
negative charge state of the V;,Oy pair by illumination be-
came less effective due to annealing out of higher-lying elec-
tron traps.

From the hf structure of three equivalent '*N, the suppres-
sion of the signal in Si-doped samples and the spin S=1/2,
we identify the D2 defect as the V;,0n pair in the negative
charge state. In complete darkness, the Fermi level in irradi-
ated samples may still lie above or at the (1-|2-) level and
the pair is in the 2- charge state. In heavily irradiated
samples (electron doses ~6 X 10'—1Xx 10" cm), the con-
centration of radiation-induced defects is high. This facili-
tates the process of removal electrons from the (1-|2-) level
to the higher-lying electron traps, turning the defect to the
singly negatively charged state (0|-) which has S=1/2 and
can be detected by EPR. Figure 4(a) shows the D2 spectra
observed under illumination with light of different photon
energies. Here, the negative charge state has partly been ac-
tivated due to background light during cooling down and the
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FIG. 4. (Color online) (a) The D2 spectra measured in darkness
and under illumination and (b) the dependence of its calibrated
intensity on the photon energy. The first data set (O) is from the
measurements starting when the EPR intensity is minimum (the
dark level) whereas the second data set (A) represents measure-
ments repeated after the intensity had reached its maximum.

D2 signal was detected already in darkness [Fig. 4(a)]. The
D2 signal starts increasing when the photon energy is hv
~1.24 eV and reaches the maximum at hv~2.1-2.3 eV
[Fig. 4(b)]. We found no noticeable changes in the signal
after switching off the light for a day. The photoexcitation
induced changes in the EPR intensity can be explained as
follows. The illumination with hv~1.24 eV or higher ex-
cited electrons from the (1-]2-) level directly to the higher-
lying electron traps and changes the charge state from doubly
to singly negative for a part of the total concentration of the
Vi On pair. At low temperatures, the captured electrons stay
at the traps. This explains why the D2 signal can be detected
in complete darkness after exposing the sample to light. The
direct transitions from the level to higher-lying traps are in-
tercenter transitions and hence less efficient. The removal of
electrons from the (1- | 2-) level becomes more efficient when
electrons can be excited to the conduction band (CB) and
then recombine to all available higher-lying traps. Thus, the
photon energies hv~2.1-2.3 eV, corresponding to the
maximum EPR intensity, can be interpreted as the energy
distance from the (1-|2-) level to CB. This places the (1-|2-)
level at ~1.2—1.4 eV above the valence band maximum,
Ey, (with the band gap of ~3.49 eV for GaN at 77 K and
assuming a negligible Franck-Condon shift). Next, we repeat
again photo-EPR measurements with the EPR intensity at its
maximum (after illuminating with light of hv~2.25 eV). As
can be seen in Fig. 4(b), the signal starts decreasing when
hv~0.94 eV and continues the trend to a minimum which is
not the same as the dark level but ~25% higher. When hv
=1.24 eV the signal starts increasing again and follows the
intensity dependence of the previous measurements. We as-
sign the threshold of ~0.94 eV to the energy distance from
the valence band maximum to the (0|-) level of V,Ox.
Thus, the (0|-) and (1-|2-) levels are located at ~E\,
+0.94 eV (or ~E-—2.55 eV) and at ~Ey+(1.2-1.4) eV
[or ~E-—(2.1-2.3) eV], respectively. The energy for the
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(1-|2-) level is slightly higher than the value of 1.1 eV pre-
dicted by calculations.! The obtained energies of E¢
—(2.1-2.3) eV and E-—-2.55 eV correlate very well with
the energies of the broad YL (at 2.2 eV) and GL (at 2.5 eV)
luminescence bands. Therefore, these luminescence bands
can be explained by optical transitions from the conduction
band and/or shallow donor levels to the (1-]2-) and (0]-)
levels of V5,0y. Our result supports the finding on the in-
volvement of two charge states in the YL and GL bands.®
In summary, we have demonstrated that using electron
irradiation to create a high concentration of electron traps in
combination with illumination is an efficient way to make
cation vacancy defects in GaN detectable by EPR. Four EPR
defects labeled D1-D4 were observed. Among these, D2 is
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the dominating defect in heavily irradiated undoped n-type
GaN. Based on the observed hf structure of three '*N neigh-
bors and the suppression of the signal in Si-doped samples,
the D2 defect is identified as the negative V,0Oy pair. For the
axial defect configuration, the g values are g,=2.001 and
g.=1.999. The (1-]|2-) and (0|-) levels of the pair are found
to be located at ~Ey+(1.2-1.4) eV and at ~E,+0.94 eV,
respectively. The YL and GL luminescence bands can be
explained by the optical transitions from the conduction band
and/or shallow donor levels to the (1-|2-) and (0|-) acceptor
levels, respectively, of the V5,0y pair.
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