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Intrinsic defects in GaN. I. Ga sublattice defects observed by optical detection of electron
paramagnetic resonance
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Irradiation of GaN by 2.5-MeV electronsin situ at 4.2 K produces a broad photoluminescence~PL! band
centered at 0.95 eV. Optical detection of electron paramagnetic resonance~ODEPR! in the band reveals two
very similar, but distinct, signals, L5 and L6, which we identify as interstitial Ga21 in two different lattice
configurations. L5, present immediately after the irradiation, is seen via a spin-dependent electron transfer
process from the shallow effective-mass donor~EM! which competes with the PL~negative signal!. L6
emerges upon annealing at various stages starting at;60 K, possibly assisted by optical excitation, as a
spin-feeding process~positive signal! not involving the EM donor. Both L5 and L6 disappear upon prolonged
annealing at room temperature, with L6 disappearing first. Most of the 0.95-eV band (;85%) also disappears
in this anneal, the remaining fraction being stable to;500 °C. Two tentative models are presented, each of
which identifies L5 and L6 with Ga21 in different interstitial sites near the gallium vacancy from which they
were created. Both models ascribe the 0.95-eV PL band, along with an ODEPR signal observed in it L1 as
arising from the Ga vacancy, which in its isolated form is therefore stable to;500 °C.

DOI: 10.1103/PhysRevB.69.045207 PACS number~s!: 71.55.Eq, 61.72.Ji, 61.82.Fk, 76.70.Hb
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I. INTRODUCTION

Vital to the successful optical or electronic application
any semiconductor is the understanding of its intrinsic
fects, i.e., lattice vacancies and interstitials, because
provide the various diffusion mechanisms involved in p
cessing and device degradation, as well as in often con
ling background doping, compensation, minority-carrier li
time, and luminescence efficiency. Currently there is mu
interest in the wide-bandgap semiconductor gallium nitr
~GaN! because of its proven success for light emitting a
laser applications, and its potential for high-temperat
electronic applications.1 Although there have been sever
theoretical studies of vacancies and interstitials in GaN2–7

little experimental information presently exists. The only d
rect and unambiguous method of introducing these def
for experimental study is by high-energy electron irradiatio
where host atoms can be displaced from their lattice sites
Rutherford scattering. In addition, the most successful
perimental technique for identifying and studying the defe
has proven to be electron paramagnetic resonance, det
either directly~EPR! or optically ~ODEPR!. Studies combin-
ing room temperature electron irradiation and ODEPR h
recently been reported,8,9 leading to the observation of sev
eral new defects produced by the irradiation, labeled L1–
two of which ~L3 and L4! were tentatively identified as
trapped Ga interstitials.9 This observation strongly suggeste
that the Ga interstitial must be mobile below room tempe
ture.

Here we describe a continuation of these studies, wh
the electron irradiation has been performedin situ at 4.2 K,
to freeze in the primary defects for study before their mo
ment is possible. An early result of the experiments has
ready been published, where an isolated Ga interstitial
identified.10 These studies have been continued and in
0163-1829/2004/69~4!/045207~9!/$22.50 69 0452
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present paper we describe in detail what has been lear
We find that interstitial Ga can actually be observed in t
distinctly different configurations. We will propose two po
sible models for them, each of which identifies them to
in different lattice sites near the gallium vacancy from whi
they were ejected. In addition, we will supply eviden
that one of the defects previously detected in the roo
temperature irradiations~L1! may be the isolated Ga
vacancy.

In a companion paper immediately following this one11

hereafter to be referred to as B, the mechanism for con
sion between the two interstitial configurations will b
explored.

II. EXPERIMENTAL DETAILS

Most of the samples studied were free standing, th
(200–500mm), single wurtzite crystal platelets of GaN
grown at NEC by hydride vapor phase epitaxy~HVPE! using
a facet-initiated epitaxial layer overgrowth~FIELO! tech-
nique on a GaN-nucleatedc-axis sapphire substrate whic
was subsequently removed. The details are described in
12. The samples were not intentionally doped, beingn type,
with n,1017 cm23, and with very low dislocation conten
(;107 cm22). Samples from three such platelets, grown
different times, labeled VPE2-155, VPE2-180, and VPE
331 were studied. In addition, a 3-mm thick p-type sample
grown by metal-organic vapor phase epitaxy~MOVPE! on
c-axis sapphire, labeled MOVPE-208B, was also studied

The experimental setup used to obtain the data descr
in this paper is identical to that of earlier ODEPR work o
II-VI semiconductors, which should be referred to for furth
details.13 Briefly, the experiments were performed at 20 GH
in an EPR spectrometer capable of irradiationin situ at 4.2 K
with 2.5-MeV electrons from a Van de Graaff accelerat
©2004 The American Physical Society07-1
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Subsequent ODEPR experiments were accomplished by
serting into the TE011 microwave cavity a fused quartz cap
illary tube, which served as a light pipe to extract the pho
luminescence~PL!, and within which was threaded a
optical fiber which allowed for the sample~located a few
millimeters below the lightpipe! to be photoexcited with ul-
traviolet light. To monitor the ODEPR signals, the lumine
cence was detected with either a silicon~EG&G 250UV! or
cooled germanium~North Coast EO-817S! diode detector,
and, for most of the experiments, excitation (<3 mW) was
supplied by the 364-nm~3.41-eV! line of an argon-ion laser
This wavelength is just below the low-temperature band
of GaN ~3.51 eV! and allowed for bulk penetration of th
thick samples, which were immersed in pumped liquid h
lium (;1.7 K). Microwave power from a 300-mW Gun
diode was on-off modulated at;200 Hz, and synchronou
changes in the luminescence were detected via lock-in de
tion. The platelet sample was indium soldered onto a br
post, cut at 45° in order to provide equal surface area for
horizontal electron irradiation and subsequent vertical pho
excitation.~The magnetic field could be rotated in the ho
zontal plane and therefore only directions betweenB'c axis
and 45° to thec axis were accessible.!

III. RESULTS

In Fig. 1 we show the characteristic photoluminescen
observed in one of then-type HVPE samples before and aft
irradiation in situ at 4.2 K.

This behavior was similar in all of ourn-type samples.

FIG. 1. PL spectra, corrected for monochromator and dete
spectral response, for sample VPE2-155c at 1.7 K before and
2.5-MeV electron irradiationin situ at 4.2 K. Solid: before irradia-
tion; dashed: after 0.631017e/cm2; dotted: after 1.331017e/cm2.
~The dip at;1400 nm is an artifact resulting from absorption in t
quartz light pipe used to extract the PL from the cryostat.!
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Before irradiation, the visible luminescence is dominated p
marily by a broadband at;700 nm, which appears to be th
characteristic of low-dislocation samples grown by t
HVPE method.14,15 This band decreases in intensity mon
tonically with irradiation dose. In the infrared, a strong zer
phonon line ~ZPL! at ;1350 nm and associated phono
structure is initially present, again characteristic of all of o
HVPE samples, which has been attributed to vanadi
(V31).16 Its intensity also decreases with irradiation as
strong broadband centered at;1300 nm (;0.95 eV) grows
in. Within our accuracy, this band is identical to that pre
ously observed to result from room-temperatu
irradiation,8,9 but its production rate is substantially great
(;35).

The ODEPR spectrum observed in the 0.95-eV band
mediately after the 4.2 K irradiation is shown in Fig. 2. No
of the signals seen previously in this band after the roo
temperature irradiations8,9 are present. Instead, two negativ
signals are seen, one single line associated with the sha
effective-mass~EM! donor,17 as indicated, the other a set o
lines which we have labeled L5. The positions of the L5 lin
can be accurately fit by the following spin Hamiltonian:

H5mBS•g•B1S•A•I2gnmNI•B, ~1!

whereB is the external magnetic field,mB denotes the Bohr
magneton,mN represents the nuclear magneton, andA is a
hyperfine tensor which couples the electronic spinS to a
nuclear spinI for which the nuclearg value isgn . As shown
in Fig. 2, the structure is accurately reproduced by assum
that L5 is anS51/2 center with a strong, slightly anisotropi
hyperfine interaction from a single Ga nucleus~isotopic
abundance: 60%69Ga, 40% 71Ga; gn

69/gn
7150.787 03, and

for both, I 53/2). The spin-Hamiltonian parameters a
given in Table I, where ‘‘parallel’’ refers to thec axis of the

or
ter

FIG. 2. ODEPR spectrum observed in the 0.95-eV PL band
1.7 K for sample VPE2-180b after 531016e/cm2 in situ irradiation
at 4.2 K.
7-2
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wurtzite crystal. In some of the samples studied, the t
signals could also be observed weakly, again negative, in
visible luminescence.

Figure 3 shows the result of an isochronal~30 min! an-
nealing sequence for the ODEPR signals in the sample
Fig. 2. At each temperature, a 30-min anneal was first p
formed in the dark followed by a 30-min anneal with th
laser on. There are several interesting effects occurr
which we now consider:~i! L5 and the negative EM signa
remain present up to the 295 K anneal, at which point th
disappear together. Continued annealing at this tempera
shown in the inset, reveals a time constant for the disapp
ance of L5 ~and EM! of ;200 min.10 Simultaneous with
their disappearance, L2 grows in and there is a correspon
growth in of L1, both L1 and L2 being signals previous
studied, but not identified, in room-temperature irradia
GaN.8,9 ~ii ! A different signal, labeled L6, emerges at vario
stages throughout the lower-temperature annealing
quences. In this particular sample~VPE2-180b!, its intensity
was very weak, and it was initially missed.10 Figure 4~b!,
however, shows the spectrum in a different and more hea
irradiated sample~VPE2-331c! after 200 K anneal and pro
longed laser illumination, where, because of the stron

TABLE I. Spin-Hamiltonian parameters for the ODEPR signals

Signal g' gi
69A'~GHz! 69Ai~GHz!

L5 2.000~1! 2.000~3! 3.77~1! 4.01~3!

L6 1.999~2! 1.999~4! 3.85~2! 4.05~4!

L6* 2.000~3! 2.000~5! 3.84~2! 4.00~5!

L1 2.008~1! a 2.004~1! a 0.10~1! 0.10~1!

aReference 9.

FIG. 3. Result of isochronal annealing on the amplitudes of
various ODEPR spectra observed in the 0.95-eV PL band for
VPE2-180b sample of Fig. 2. At each temperature the sample
annealed first for 30 min in the dark and then 30 min under la
excitation.~Plotted for L5 and L6 are the amplitudes of their hig
field 69Ga line.! The recovery vs annealing time at 295 K is show
in the inset.
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relative intensity of L6, it was possible to separately extr
it, as shown in Fig. 4~c!, and estimate its spin-Hamiltonia
parameters. These parameters are included also in Tab
~The greater uncertainty indicated for the L6 parameters t
for those of L5 reflects an estimate of the additional poss
error in this nontrivial extraction.! Once identified in this
fashion, it was possible to go back to the spectra for the F
3 annealing sequence and extract the L6 contribution at e
stage, as shown.~The detailed method for this extraction
described in B.! L6 is apositivesignal, which like thenega-
tive L5 signal, displays hyperfine interaction with a single G
atom, and which is only a few percent larger than that for L
No EM signal appears to be associated with it. L6 is le
stable than L5, annealing faster at 295 K.~iii ! Another posi-
tive signal which appears to be indistinguishable from L9

but which we tentatively label L1*, begins to grow in at th
lower-temperature anneal stages roughly in synchron
with the growth in of L6. It is more apparent in Fig. 4~c!, as
indicated, where the strength of L6 is greater.~iv! There is a
strong suggestion that illumination speeds up the annea
process in the lower-temperature stages. Spectral depend
studies reveal both L5 and L6 to accurately mirror t
0.95-eV band.

Figure 5 shows the result of annealing on the various
bands for the sample VPE2-180b of Fig. 2. There is evide
of partial recovery at various low-temperature stages, as s
also for the ODEPR in Fig. 3, but, as for the ODEPR, t
major change occurs at the 295 K anneal, with the loss
most of the 0.95-eV band. At that point, the characteris
0.88-eV PL band9 of L2 is observed to emerge, mirrorin

e
e

as
r

FIG. 4. ~b! ODEPR spectrum,B'c, in sample VPE2-331c afte
1.631017e/cm2 at 4.2 K, subsequent anneal at 200 K, and seve
days of study under optical excitation at 1.7 K.~c! Signal L6 plus
L1* , after subtracting from~b! the component of L5 shown in~a!.
The sticks show the positions for the L6 lines predicted by
spin-Hamiltonian parameters in Table I.~d! The L6* signal ob-
served in thep-type MOVPE sample after 260 K anneal.
7-3
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K. H. CHOW et al. PHYSICAL REVIEW B 69, 045207 ~2004!
that observed in the ODEPR. The remaining 0.95-eV b
(;10–15% of its original intensity! has previously been
shown to be stable to;500 °C.9

Similar overall behavior has been observed in sample
the other HVPE platelets, VPE2-331, and VPE2-155,
ODEPR immediately after irradiation showing only th
negative L5 and EM signals, and the PL and ODEPR follo
ing roughly similar annealing behavior. In addition, in o
more heavily irradiated VPE2-155 sample, the emergenc
a weak L4 signal could be detected after room-tempera
annealing.~The emergence of the correspondingly expec
concentration of L3 could not be established due to its ov
lap with other existing spectra.! This appears to confirm tha
all of the spectra previously observed after room-tempera
irradiation9 are indeed produced in the room-temperature
neal of the low-temperature-irradiated samples, but not n
essarily in the same relative concentrations. In these o
samples, however, one significant difference is observed.
conversion of L5 to L6 is substantially greater than th
shown for VPE2-180 in Fig. 3. This important differenc
and a detailed study of the L5 to L6 conversion process,
be the subject of B, the accompanying paper immedia
following this one.11

In thep-type MOVPE sample, the luminescence behav
is similar, the visible blue luminescence characteristic
p-type GaN decreasing with electron fluence at 4.2 K, a
with the growth in of what appears to be the same bro
0.95-eV band in the IR. However, as reported earlier in
p-type sample from a different source,18 heavier irradiation
doses (;53) are required. Some of the signals reported
the earlierp-type studies were also observed in the pres
sample, but not theS51 center, labeled L8, that emerged
that work in the visible PL upon anneal at 180 K. Instead,
weak positive signal associated with interstitial Ga shown
Fig. 4~d! is observed to emerge in the IR after an annea
260 K, again also with the simultaneous emergence o

FIG. 5. Intensities of the PL bands after the total 60-min anne
ing time at each temperature for sample VPE2-180b, as shown
its ODEPR spectra in Fig. 3. Shown also after the broken lines
the values after several days at room temperature. The points fo
visible and V31 PL have been normalized to their values befo
irradiation. The normalization for the 0.95-eV PL is arbitrary.
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signal similar to that of L1. It disappears upon annealing
300 K over a period of a few hours. Its estimated sp
Hamiltonian parameters are also included in Table I, wh
we have tentatively labeled it L6* because the deviation
its parameters from those for L6 is probably within the er
of measurement for each. We recognize, however, tha
could conceivably represent yet another slightly different
interstitial configuration. Its intensity was too weak to pe
form a detailed spectral dependence for it, but with selec
filters it appears to originate from a slightly higher-ener
portion of the 0.95-eV band, as opposed to L5 and L6 in
n-type HVPE materials, whose spectral dependences a
rately mirror the complete band.

A careful study of the L1 signal in a separate 35-GH
ODEPR spectrometer after room-temperature anneal ha
vealed partially resolved structure19 not noted in our initial
study.9 As shown in Fig. 6, it is greatly enhanced by secon
derivative processing, and can be matched very well as
result of hyperfine interaction with three equivalent Ga
oms.@Here the sticks represent the relative intensity and
sitions for the lines arising from three identicalI 53/2 Ga
atoms, each with the normal abundance of their two sta
isotopes, and withA(69Ga) 5 100 MHz.# The hyperfine in-
teraction appears isotropic with no distinguishable differen
(610 MHz) betweenBic, and B'c. Resolution of the
structure is, however, observed to depend somewhat u
orientation forB in the c plane, as is evident in the study i
the 20-GHz ODEPR spectrometer shown in Fig. 7. Attem
to use the existence of this structure to establish whethe
not L1*, the weak L1-like signal appearing to emerge
lower temperatures with L6, is identical to L1 have so far n
been successful. The structure is not clearly evident in L

l-
or
re
he

FIG. 6. ~a! ODEPR spectrum at 35 GHz of L1, and~b! its
second derivative, forB'c, compared to predictions for hyperfin
interactions with three equivalent Ga atoms, as shown by the st
and, after convoluting with a Gaussian of appropriate width, by
dashed curves.
7-4
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but its weak intensity plus the uncertainty of thec-plane
orientation in mounting the tiny samples for thein situ irra-
diation experiments make this observation so far inconc
sive.

IV. DISCUSSION

A. ODEPR spectra

1. L5

The simultaneous 1:1 presence immediately after 4.2
irradiation, and vs annealing, of the shallow effective-m
donor and the L5 resonances, both negative, reveals tha
two signals result from a spin-dependent transfer process
tween the shallow donor and the deep L5 center, which
competingwith, but not directly related to, the recombinatio
process giving rise to the PL being observed. That the
center is deep, with the spin wave function highly localize
is evident from its hyperfine parameters in Table I. Comp
ing the values foruAiu5a12b, anduA'u5a2b to Hartree-
Fock estimates for the 69Ga neutral free atom (a
57430.4 MHz for the 4s, and b5148.2 MHz for the 4p
orbital! ~Ref. 20! gives, in a simple linear combination o
atomic orbitals~LCAO! treatment, 52% of the spin wav
function located in the 4s orbital and'54(68)% in the 4p
orbital of the Ga atom.~The indicated accuracy for the 4p
contribution is the result of the probable error estimates
Table I and their significant effect in extracting the sm
anisotropy in the hyperfine parameters.! This simple calcula-
tion implies that'100% of the wave function is accounte
for on the Ga atom. It would be more appropriate, of cour
to compare to the values for the Ga11 free ion, which are
not directly available. However, a rough estimate can
made by scaling the neutral atom Hartree-Fock values by
ratio calculated for the isoelectronic Al113s to Al03s
values,20 '1.45. If we do that, the approximate 50-50 dist
bution between the 4s and 4p orbitals remains the sam

FIG. 7. Resolution of the L1 structure at two different orien
tions of B in the c plane.
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@36% 4s, 37(66)% 4p] but the localization on the Ga atom
becomes the more realistic'73(66)%, again highly local-
ized.

The presence of L5 immediately after a 4.2 K irradiati
clearly reveals it to be directly related to one of the intrins
defects produced by the primary knock-on damage ev
Two possibilities suggest themselves—the Ga interstitia
its Gai

0 or Gai
21 paramagnetic state, or a paramagnetic cha

state of the nitrogen vacancy with the wave function high
localized on one of its four Ga neighbors, the result o
Jahn-Teller distortion. We can reasonably rule out theVN

0

paramagnetic state because all theoretical calculations ap
to agree that it should be a shallow effective-mass state.2,3,6,7

The paramagneticVN
21 state can also be ruled out since it

not predicted by theory to exist in the bandgap,3,6,7 and, even
if it did exist,2 it should be undistorted, with one electron
an orbitally nondegeneratea1 state. Of the two Ga interstitia
charge states, Gai

0 can also be reasonably ruled out becau
theory predicts it to be only a shallow EM state in either
its two possible sites (O or T),6 but also because spin
dependent electron capture would carry it to a nega
charge state, additionally unreasonable.

We conclude therefore that L5 must result from the
interstitial in its Gai

21 paramagnetic state, with its ODEP
detection along with that of EM0 resulting from the spin-
dependent process

Gai
211EM0→Gai

11EM1. ~2!

Its disappearance upon extended anneal at room temper
with the simultaneous emergence of signals previously
served in earlier room-temperature irradiations,~including
L4, which was previously suggested to be a trapped Ga
terstitial!, reveals, in addition, the important information th
it executes sufficient long-range migration in the lattice
this temperature to be trapped by impurities or other defe

2. L6

L6 clearly also originates from Gai
21 , with only slightly

different spin-Hamiltonian parameters from those of L5. B
its signal ispositive, revealing a spin-dependent process th
is directly or indirectly involved in theproduction of the
0.95-eV luminescence. A corresponding positive EM sig
is not observed that correlates with it. Instead, the posi
signal L1* appears to emerge in close correlation with L
This suggests spin-dependent recombination between Gi

21

and the defect giving rise to L1*. Like L5, the L6 defect
also deep, with its spin wave function highly localized on t
Ga atom. LCAO analysis similar to that for L5 using th
Ga11 estimates gives it to be 37% localized in the 4s and
31(618) % in the 4p orbital of the Ga21 atom, with'68
(618) % localized on the atom. The character of the Gai

21

spin wave function for L6 is therefore very close to that f
L5.

L6 must result from a different configuration for Gai
21 in

the lattice than that for L5. This, therefore, implies motion
some kind for the interstitial even at 60 K, where, as sho
in Fig. 3, it first appears in then-type material, particularly in
7-5
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the presence of optical illumination. The details of the
→L6 conversion, and the role of optical excitation, will b
presented in paper B. Here we note only that it is occurri
and that it implies motion of some kind for the interstitial

3. L6*

Like L6 in the n-type material, L6*, observed inp-type
material, is also detected as a positive ODEPR signal
appears to be accompanied by a second positive signal in
tinguishable from that of L1. Its spin-Hamiltonian param
eters given in Table I are close enough to those of L6 to
the same within our experimental accuracy. It too is clea
associated with Gai

21 , but whether it arises from the ident
cal configuration as L6, or reflects a third slightly differe
one, as perhaps suggested by its slightly different PL spe
dependence, cannot be determined at this stage. We wil
consider it further in the present paper, a more compreh
sive study inp-type materials being required to resolve th
question.

4. L1

The L1 signal can be produced inn-type material both by
room-temperature irradiation, and by annealing at room te
perature after low-temperature irradiation. In these mater
it can always be observed in the irradiation-produc
0.95-eV band under UV excitation~3.53 or 3.41 eV! and it
disappears when the band disappears upon annealin
;500 °C.9 On the other hand, L1 is not observed for argo
ion excitation energies of 2.73 eV or below, even though
PL band is present for excitation energies down to and
cluding the 1.52-eV line. L1 is therefore directly involved
a spin-dependent feeding process for the 0.95-eV PL but
process is notthe luminescence process itself.9

The resolved nearly isotropic hyperfine interaction w
three Ga atoms ofa5100 MHz, amounts, when compare
to the neutral Ga free atom values, to only;1.4% 4s char-
acter on each, or a total of only;4%. Setting an upper limit
for the possible undetected hyperfine anisotropy ofb
<15 MHz, as given by the experimental uncertain
610 MHz, gives<3.5% 4p on each, for a total of some
where between 4 and 15% of the wave function distribu
between the three. The wave function is therefore not hig
localized on these three Ga atoms.

Three models possibly consistent with the Ga hyperfi
interactions have been suggested.19

a. Trapped nitrogen vacancy.Here one of the four neigh
boring Ga atoms is replaced by an impurity. Since the nit
gen vacancy is believed to be a shallow donor, a log
impurity might be a Group-II atom such as Mg or Zn, ea
of which is an acceptor. Each has only a low-abunda
nuclear-spin isotope, leaving the three remaining Ga n
neighbors to the vacancy to produce the hyperfine struct

b. Trapped Ga vacancy.Here one of the fourN neighbors
is replaced by an impurity. Since the Ga vacancy is a d
acceptor, a logical impurity trap would be a substitution
Group-VI donor, such as O or S, which also have lo
abundance nuclear-spin isotopes. In this case, the relat
weak hyperfine interactions could come from the three
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atoms back bonded to the impurity. In this model, the dom
nance of the Ga hyperfine interactions over those of the th
near-neighbor N atoms would be helped by the;5 times
greater Ga atomic hyperfine values over those for atomic
The N interactions could provide the remaining broadeni

c. Isolated Ga vacancy.In cubic GaN, a Jahn-Teller dis
tortion would be expected for theVGa

22 paramagnetic charge
state because it has one hole (t2

5) in a degeneratet2 orbital.21

In analogy to its isoelectronict2
5 counterpartVZn

2 in ZnSe,
one of its four neighbors would distort inward, and the ho
would tend to localize on that neighbor.22 In wurtzite GaN,
where the local departure from cubic symmetry correspo
to compression along thec axis, this means that the localiza
tion will tend to be onto the on-axis nitrogen neighbor.
this model, therefore, the unpaired spin wave function
shifted toward the on-axis N and its three back-bonded
atoms. Again, as for the trapped vacancy, these Ga at
would account for the resolved structure, and the nitrog
hyperfine interactions would have to be weak enough
serve primarily to broaden the lines.~We note briefly also the
interesting prediction of Chadi that a N neighbor could move
into the vacant Ga site to produce what is in effect a
antisite next to a N vacancy, which would be a triple dono
and 3.2 eV more stable when the Fermi level is at
valence-band edge.23 The N vacancy produced by this tran
formation would have three Ga neighbors, suggesting
other interesting possibility for the three-Ga hyperfine int
actions, as for the trapped nitrogen vacancy conside
above. However, this transformation is predicted to oc
only in strongly p-type material, the 3.2-eV energy differ
ence having vanished already when the Fermi level has r
by only ;0.6 eV. Therefore, in our case ofn-type material,
it should not be a consideration.!

Model ~a! requires the motion at room temperature of t
N vacancy, and model~b! that of the Ga vacancy. Of course
either is possible, and we cannot rule them out. However,
onset of long-range migration for either almost simul
neously with that of the Ga interstitial would be a coinc
dence. On the other hand, the emergence of the isolated
vacancy could follow naturally as its perturbing nearby G
interstitial migrates away.

B. 0.95-eV photoluminescence

The 0.95-eV PL is present immediately after the 4.2
irradiation. It, therefore, must arise from an intrinsic defe
itself. Although ;85% of it is lost after room-temperatur
annealing, the remaining component, which is indistingui
able in spectral shape from that immediately after irradiati
is stable to;500 °C. This suggests that it is associated w
an intrinsic defect that is stable up to;500 °C, but for
which the PL intensity drops dramatically when the Ga
terstitial begins to migrate and become trapped.

V. MODEL

In Fig. 8, we first present a simple schematic model wh
summarizes what our results appear to suggest concer
the origin of the 0.95-eV luminescence and the ODEPR s
7-6
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nals. Here, the 0.95-eV luminescence is the result of h
capture from the valence band by a radiation-produced de
which we labelX. The exact configurations for the two in
terstitials are not specified so they are labeled simply (Gai)L5
and (Gai)L6. As shown, the electrical level position o
(Gai

21)L6 is placed above the level forX, so that transfer of
an electron from it toX can occur, feeding the luminescen
and producing the positive L61 L1* resonances. Electron
transfer from the shallow EM state to (Gai

21)L5, whose elec-
trical level position is placed below that forX, is in compe-
tition with processes feeding the luminescence because
electron cannot subsequently be transferred toX. The EM
and L5 signals are therefore negative. Shown also a
dashed line is a less efficient direct electron transfer from
shallow EM donor toX, which emerges as positive EM an
L1 signals only after annealing at room temperature. In t
model the L1* and L1 resonances are identical, coming fr
the same electron-receiving state ofX.

Further progress beyond this requires the constructio
reasonable models for the specific interstitial configurati
involved, as well as for the defectX that is responsible for
the 0.95-eV PL. We now present two such models.

A. Model I

In Fig. 9, we show that the schematic model of Fig. 8 c
be fit very nicely with recent calculations for the electric
level positions if we identify L5 with Gai

21 in the interstitial
T site, L6 with Gai

21 in the interstitialO site, and L1, which
arises from theX defect, with a nearby Ga vacancy in i
paramagneticVGa

22 state. As shown, in theT site, Gai(T) has
been predicted to be a triple donor, with its second and th
donor states deep and in strongly negative-U ordering, the
relevant second donor level (1/11) being at EV
10.8 eV,6 where EV denotes the energy at the top of th
valence band. For Gai(O) at theO site, the second and thir
donor levels are predicted to be very close in energy, c
tered aroundEV11.7 eV,6 or in negative-U ordering atEV
11.9 eV ~Ref. 3! or EV12.25 eV.4 For each configuration
the first donor level is predicted to be shallow and EM-lik
For the triple acceptor level ofVGa (32/22), its position
has been predicted to be atEV11.1 eV.5

FIG. 8. Schematic model for the origin of the PL and ODEP
signals.
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This model, therefore, fits remarkably well, locating all
the relevant energy levels where they have to be to exp
the ODEPR signals. In particular also, theVGa level predic-
tion atEV11.1 eV is remarkably close to what is required
account for the broad Stokes-shifted PL band centered
0.95 eV. In addition, the identification of the 0.95-eV lum
nescing center~X! as the gallium vacancy satisfies the furth
requirement that it be identified with an intrinsic defect. W
have already presented arguments for the possible identi
tion of its L1 signal withVGa

22 . In this model, the lumines-
cence results when nonparamagneticVGa

32 captures a hole,
the ODEPR signals arising from competing and/or feed
processes that vie for the required electron transfer to
paramagneticVGa

22 state, and not the luminescence proce
itself, as required. As initially produced, each Ga vacan
has a positively charged Ga interstitial nearby, and the e
tron feeding processes to the negatively charged vaca
should therefore be strongly favored to go by way of t
Coulomb-attractive interstitial. When the Ga interstitials st
to migrate at room temperature, presumably some recom
with the vacancies, others get away and become trapped
this point, the remaining isolated Ga vacancies can be fed
a less efficient process directly from the shallow donors, p
ducing the L1 ODEPR signal. This model therefore serves
explain the ODEPR and PL changes during annealing
room temperature in terms of one mobile species—the in
stitial. In this model, the low-temperature conversion b
tween L5 and L6 is the result of interchange of the intersti
between itsT and O sites. This motion constitutes a ha
diffusion step, implying migrational motion of some kind fo
the interstitial also at this low temperature.

Although this model is very attractive in that it appears
explain essentially everything that has been observed, t
is a serious concern that must be addressed. It requires Gi

21

to have almost identical hyperfine interactions in theT andO
sites~within ;2 –3%). Isthat reasonable? Maybe, but let u
consider an alternative model.

B. Model II

In Fig. 10 we consider a very similar model, but with th
exception that the two different Gai

21 sites are eachT sites,

FIG. 9. Model I, identifying L5 and L6 with Gai
21 in the T and

O interstitial sites, respectively, and L1 with the Ga vacancy (VGa
22).

The indicated level positions for the interstitials come from Ref.
the value forVGa from Ref. 5.
7-7
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with, therefore, very similar hyperfine interactions. We reta
the identity of VGa with the 0.95-eV PL and with the L1
ODEPR, but look more closely at the level positions p
dicted by theory for Gai(T). A third donor level (11/11
1) is actually predicted to be atEV12.6 eV, as shown in
the figure, and the spin-dependentfeedingprocess, which we
did not consider in Model I,

Gai
21~T!1VGa

22→Gai
31~T!1VGa

32 ~3!

could also occur from eachT site as well, in addition to the
spin-dependent competitive process of Eq.~2!. On the left
side of Fig. 10, we consider the Gai to be several lattice site
removed from theVGa from which it was ejected, a logica
assumption for the average distance after a 2.5-MeV irra
tion displacement event. In that case, since both Gai

21 and
VGa

22 are deep, with highly localized wave functions, the
electronic overlap is weak, and transfer in then-type material
from the large orbit shallow EM donors to Gai

21 , Eq. ~2!,
dominates, producing the negative EM and L5 ODEPR s
nals.

For Gai
21(T*), where T* is a T site closer toVGa

22 , the
enhanced overlap of their wave functions could now ma
the electron-transfer process between them, Eq.~3!, become
dominant, as shown on the right-hand side of Fig. 10, giv
rise to the dominance of the positive signals L6 and L1. T
presence of the closerVGa

22 would account for the slightly
different hyperfine interaction for L5 and L6.~The fact that
there appears to be a single unique L6 suggests a particu
stable near-neighbor position, such as, for example, wit
nearest neighbor N atom separating it from the vacancy
analogy to the observation in the annealing for Zni in
ZnSe.24!

Here, the low-temperature conversion between L5 and
involves motion between twoT sites, in this case a full dif-
fusion step, implying again motion of some kind for the i
terstitial at this low temperature.

FIG. 10. Model II, identifying L5 and L6 as arising from
Gai

21(T) and Gai
21(T*), respectively, both inT sites, but withT*

closer to itsVGa. As in Model I, L1 and the 0.95-eV PL are iden
tified with the Ga vacancy (VGa). The solid lines represent th
dominant transitions.
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VI. SUMMARY

We have established the following: Interstitial Gai
21 has

been observed in two different configurations by ODEPR
undopedn-type GaN afterin situ 2.5-MeV electron irradia-
tion at 4.2 K. In one, signal L5, it is observed via a spi
dependent process involving electron transfer from the s
low EM donor to it, which is competing with spin
independent processes feeding an irradiation-produ
0.95-eV luminescence band. In the other, signal L6, it
observed via a spin-dependent process of electron tran
between it and a defect giving rise to signal L1*, which
feeding the luminescence. Only L5 is observed immediat
after irradiation, but conversion between the two configu
tions can occur at as low a temperature as 60 K, and aide
optical excitation. Long-range migration, with subseque
trapping of the interstitial, occurs over a period of seve
hours at room temperature. Within experimental accura
L1* has the sameg values and width as L1, the signal th
grows in upon annealing at room temperature and which
stable to;500 °C, where the irradiation-produced 0.95-e
luminescence also disappears. Having been created by
diation in situ at 4.2 K, the 0.95-eV band must also ari
from an intrinsic defect.

Two tentative Gai-VGa Frenkel-pair models have bee
presented to explain the results. One identifies L5 as aris
from Gai

21 in a nearbyT interstitial site of the wurtzite lat-
tice, and L6 as arising from Gai

21 in a nearbyO site. The
other identifies L5 and L6 as arising from Gai

21 in two dif-
ferent nearbyT sites, with L6 arising from Gai

21 in a site that
is closer to itsVGa partner. In each model, theT site has been
chosen to play a role because it easily provides a sim
mechanism for the competing process involving L5. This
fully consistent with the calculations of Boguslawskiet al.,6

which predict theT site to be;0.2 eV more stable than th
O site. We note, however, that the calculations of Neu
bauer and Van de Walle4 predict theT site to be less stable
than theO site, by;1 eV. This provides another reason
consider these models tentative, although in the lo
temperature radiation damage production process, the e
configurations that result do not necessarily reflect the th
modynamically stable ones. In each of these models, con
sion between L5 and L6 implies that diffusional motion
some kind can occur for the interstitial Ga atoms at cry
genic temperatures. Thermally activated long-range mig
tion of the interstitial, on the other hand, appears not to oc
until annealing at room temperature. This strongly sugge
that the cryogenic temperature motion must be associ
with the optical excitation. This will be explored in mor
detail in B, the accompanying paper that follows.11

The 0.95-eV luminescence is proposed to arise from h
capture by the triply negatively charged Ga vacancyVGa

32 and
with the identical L1 and L1* ODEPR signals arising fro
its VGa

22 paramagnetic state. If this is correct, the stability
the 0.95-eV PL and the L1 ODEPR signal to 500 °C provid
the important additional information that the isolated galliu
vacancy is stable to this temperature.

Finally, the correct interpretation of our results would
greatly assisted by further calculations on several spec
7-8
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points concerning the defects involved, and we would like
take this opportunity to encourage theorists to tackle th
They include:~1! estimation of the central hyperfine intera
tion for interstitial Ga in theT andO sites;~2! determination
of the spin wave function forVGa

22 to test whether its distri-
bution among the neighbors is consistent with its identifi
tion as L1; and~3! further resolution of the question of th
relative stability of the two Ga interstitial sitesT andO.

Note added in proof.Van de Walle informs us that furthe
calculations25 confirm the;1 eV higher energy for theT
site and, in addition, find it a saddle-point configuration a
therefore not even a local metastable minimum. Assum
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