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Optical detection of electron paramagnetic resonance in electron-irradiated GaN

C. Bozdog, H. Przybylinska,* and G. D. Watkins
Department of Physics, Lehigh University, Bethlehem, Pennsylvania 18015

V. Härle and F. Scholz
4. Physikalisches Institut, Universita¨t Stuttgart, D-70550 Stuttgart, Germany

M. Mayer and M. Kamp
Abteilung Optoelektronik, Universita¨t Ulm, D-89081 Ulm, Germany

R. J. Molnar
Massachusetts Institute of Technology/Lincoln Laboratory, 244 Wood Street, Lexington, Massachusetts 02173

A. E. Wickenden, D. D. Koleske, and R. L. Henry
Naval Research Laboratory, Code 6861, Washington, D.C. 20375-5347

~Received 17 December 1998!

2.5 MeV electron irradiation of wurtzite GaN epitaxially grown on sapphire substrates greatly reduces its
near-UV and visible luminescence, producing two bands in the near infrared. In one of these, a broad struc-
tureless band centered at;0.95 eV, three optically detectedS51/2 electron paramagnetic resonances
~ODEPR! are observed. Two of these display well-resolved hyperfine interaction with a single Ga nucleus,
suggesting that they are interstitial-Ga related. The second band has a sharp zero-phonon line at 0.88 eV and
accompanying phonon-assisted structure and reveals anS51 ODEPR signal, as yet not identified.
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There is considerable current interest in the role of po
defects in GaN, stimulated by the successful application o
and its alloys in blue light emitting and laser diode devic
and their potential for high-temperature electronic dev
application.1 The main focus of the present investigation
the characterization of the intrinsic defects—vacancies
interstitials on the two sublattices. Since essentially noth
is known concerning these important defects in GaN, t
study represents an attempt to unravel their properties u
magnetic resonance techniques.

Our approach is to study by optical detection of electr
paramagnetic resonance~ODEPR! the effect of 2.5 MeV
electron irradiation on the photoluminescence properties
the material. The primary defects produced in such an i
diation are vacancies and interstitials on each sublattice.
therefore can expect the defects produced by the irradia
to be related to these intrinsic defects, either singly isola
or, if mobile, as trapped by other defects. In two previo
brief reports,2,3 we have described preliminary ODEPR r
sults on a single irradiated thin-film sample grown on s
phire. The present paper provides the first detailed desc
tion of these results, including analysis and discussion of
spectra observed. In addition, the work has been greatly
panded, including the study of several additional samp
from separate sources, and the observation of an impo
additional ODEPR spectrum.

I. EXPERIMENTAL PROCEDURE

The samples investigated were all films of wurtzite G
grown on sapphire. Their origin, method of growth, a
other properties are given in Table I. After a brief phot
PRB 590163-1829/99/59~19!/12479~8!/$15.00
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luminescence ~PL! and optical detection of electron
paramagnetic-resonance~PLODEPR! characterization in the
as-grown state, the samples were irradiated at room temp
ture with electrons from a 2.5 MeV van de Graaff accele
tor. Although the effect of irradiation could already be se
after 531017 e/cm2, the typical dosage was;1.5
31018 e/cm2. Isochronal anneals of two of the samples~one
each from groups A and B! were subsequently performed
These were performed in closed quartz ampoules unde2
gas at pressure slightly above one atmosphere.

The PL and PLODEPR were performed under excitat
with the various ultraviolet~UV!, visible, or near-infrared
~IR! lines available from either a He-Cd~3.82 eV!, Ar1 ion
~3.53, 3.41, 2.73–2.41 eV!, or tunable Ti-sapphire lase
~1.61–1.52 eV!. The typical excitation power was;20 mW.
Detection of the luminescence was achieved in the vis
and near-UV by a silicon diode~EGG 250 UV! and in
the near-IR by a cooled Ge detector~North Coast EO817S!,
followed by lockin detection synchronized to the frequen
of a chopper in the excitation~for PL!, or to the microwave
on-off modulation frequency~for PLODEPR!. All PL and
PLODEPR studies were performed at pumped liquid
~;1.7 K! in a 35 GHz ODEPR spectrometer which has be
described elsewhere.4 For the spectral dependence of the P
or PLODEPR, a 1/4 m Jarrell-Ash monochromator was
serted before detector.

II. EXPERIMENTAL RESULTS

A. As grown

Figure 1 summarizes the visible PL and associa
PLODEPR signals before irradiation. In samples A, B, a
12 479 ©1999 The American Physical Society
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TABLE I. GaN samples studied. All were grown on sapphire substrates.

Growth Thickness Carrier type, Nucleation
Samples Source method (mm) conc. (cm23) ~buffer! layer

A Stuttgart U. MOVPEa 1, 3 n-, mid-1016 125, 1000 Å, AlN
B NRL MOVPEb 2.4 semi-ins. ;200 Å , AlN
C MIT/Lincoln HVPEc 61.3 n-, mid-1016 ZnO pre-treatment
D Ulm U. MBEd 1.8, 11.0 n-, 2–331017 GaN

aF. Scholz, V. Ha¨rle, H. Bolay, F. Steuber, B. Kaufmann, G. Reyher, A. Do¨rnen, O. Gro¨fer, S.-J. Im, and A.
Hangleiter, Solid State Electron.41, 141 ~1997!.

bA. E. Wickenden, D. K. Gaskill, D. D. Koleske, K. Doverspike, D. S. Simons, and P. H. Chi, inGallium
Nitride and Related Materials, edited by F. A. Ponce, R. D. Depuis, S. Nakamura, and J. A. Edmond, M
Symposia Proceedings No. 395~Materials Research Society, Pittsburgh, 1996!, p. 679.

cR. J. Molnar, W. Goetz, L. T. Romano, and N. M. Johnson, J. Cryst. Growth178, 147 ~1997!.
dM. Kamp, M. Mayer, A. Pelzmann, and K. J. Eberling, MRS Internet J. Nitride Semicond. Res.2, 26 ~1997!.
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D, the dominant luminescence is the much studied 2.2
‘‘yellow’’ band as shown in Fig. 1~a!, and the two ODEPR
signals detected in it are the usual ones observed,5–7 the shal-
low effective-mass donor~EM! and deeper DD defect, a
illustrated in Fig. 1~b!. The visible luminescence in the hy
dride vapor phase epitaxy~HVPE! sample C, however, con
tains an additional and stronger red band at;1.8 eV,8 as
shown in Fig 1~c!. The ODEPR for it also differs, as show
in Fig. 1~d! in that a different deep defect signal that we lab
L1 dominates along with the EM signal. The spectral dep
dence of the EM signal shown in Fig. 1~e! reveals that it is
involved in both the 2.2 eV and stronger 1.8 eV PL, but th
of L1, shown in Fig. 1~f!, reveals that it is associated on
with the ‘‘red’’ 1.8 eV band. Like the yellow band therefor
the red band also results from a spin dependent elec

FIG. 1. ~a! Visible PL in the MOVPE~A,B! and MBE ~D!
samples, with~b! corresponding PLODEPR signals.~c! Visible PL
in the HVPE sample~C!, with ~d! its corresponding PLODEPR
Spectral dependence in the HVPE sample for~e! the EM donor, and
~f! L1.
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transfer from the shallow donor to a deep, but different d
fect, as characterized by L1. We will find that this L1 sign
is also observed in irradiation-produced bands in the near
We therefore defer discussion of its EPR properties until
next section. Seen also in the HVPE sample is a relativ
strong zero-phonon line~ZPL! at 0.93 eV with associated
phonon structure. This luminescence has previously been
ported in GaN and attributed to the V31 impurity.9 Observed
weakly also with varying intensity in most of the samples
a PL system with ZPL at 1.30 eV which has been identifi
with Fe31.9

B. After electron irradiation

The visible PL signals are strongly quenched by the el
tron irradiation in samples A, B, and C. However, the 2.2
band, and its associated PLODEPR signals, is still obs
able, though weaker, in the molecular-beam-epitaxy~MBE!-
grown samples D.

In all samples, two new overlapping PL bands are p
duced by the irradiation in the near-IR~Fig. 2!. One, the
broad band centered at;0.95 eV in Fig. 2~b!, can be pro-
duced by all of our excitation energies down to and includ
1.52 eV. The other, with the sharp ZPL at 0.88 eV and
sociated phonon-assisted structure shown in Fig. 2~a!, can be
excited only with energies down to 2.4 eV, being lost for o
next lowest available 1.61 eV laser line. This difference
excitation properties has allowed their separation in Fig. 2
most of our studies to follow, however, we used near ba
gap excitation, where they are simultaneously present.
polarization of the broad 0.95 eV luminescence appears
tropic, but the 0.88 eV system displays preferential polari
tion along thec axis,;2:1. Little evidence of saturation fo
either PL band was observed for above~3.53 eV! or below
band-gap~3.41 eV! excitation over the range of excitatio
powers used in our experiments~<20 mW!.

~Very recently, Buyanovaet al.10 have reported a some
what more detailed study of the PL changes in GaN up
electron irradiation. In addition to confirming our previous
reported quenching of the visible and near-UV bands and
emergence of the two dominant IR bands described ab
they have observed other bands which emerge and disap
at intermediate dosages, depending upon the conduct
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type of the material. We here concentrate only on ODE
studies of the two IR bands which dominate after dosa
;1018 e/cm2.!

Four new ODEPR spectra are detected in these IR ba
which we here label L1–4.~In our present study, we find tha
the signal we previously labeled LE4,2,3 is actually part of
what we had labeled LE2. We therefore here relabel
spectra, dropping the E to avoid later confusion. LE1
comes L1, LE2 and LE4 become L2, and LE3 becomes
as indicated in Table II. L4 is an additional spectrum.! Their
spectral dependences, shown in Fig. 3, reveal that L1

FIG. 2. PL in the near-IR produced by electron irradiation in
of the samples. Indicated are the ranges of the two filters use
separate the PLODEPR spectra from~a! the structured PL with ZPL
at 0.88 eV and~b! the broad PL band centered at;0.95 eV.

TABLE II. Spin-Hamiltonian parameters for the L1–L
ODEPR defects. The notation in parenthesis after each defect
denotes its previous label.2,3 The z axis is the crystalc axis. The
number in parentheses after each entry denotes the uncertainty
last digit.

L1 ~LE1! L2 ~LE2,4! L3 ~LE3! L4

S 1/2 1 1/2 1/2
gz 2.008~1! 2.002~2! 1.998~1! 1.998~1!

gx 2.004~1! 2.002~2! 1.998~1! 1.998~1!

gy 2.004~1! 1.997~3! 1.998~1! 1.998~1!

Dz~GHz! 60.54~1!

Dx~GHz! 60.33~3!

Dy~GHz! 70.87~3!
69Az~GHz! 1.90~5! 3.45~5!
69A'~GHz! 1.60~5! 3.10~5!
R
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L3~L4! originate from the broad band.~The L4 resonance is
too weak for direct spectral dependence studies through
monochromator, but its intensity relative to L3 vs the spe
tral filters indicated below appears constant suggesting s
lar dependence for it.! In one of the samples~D, MBE-
grown!, the shallow donor resonance~EM! is also observed
in the broad band, and its spectral dependence is also sh
The spectral dependence of L2 reveals, however, tha
originates solely from the structured 0.88 eV system. T
runs for Fig. 3, performed at the indicated low resolution
obtain adequate signal to noise, could not reveal the struc
of the 0.88 eV band. The results of a slower, signal-avera
scan at higher resolution for L2 is shown in Fig. 4, whi
confirms the presence of the structure as well.

For adequate signal to noise in the PLODEPR studies,
two overlapping bands were partially separated using eith

l
to

FIG. 3. Spectral dependences of the various PLODEPR sign
compared to the luminescence, under low spectral resolution.

FIG. 4. Spectral dependence of L2 compared to the PL, un
higher resolution.
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12 482 PRB 59C. BOZDOGet al.
1.5 m long pass~,0.8 eV! or 1.4 m short pass~.0.88 eV!
interference filter, the otherwise full IR luminescence be
focused on the detector. These selection limits are indica
in Fig. 2. The resulting spectra for the two bands, and th
angular dependences, are shown in Figs. 5 and 6. In
following, the spectra for each of the defects has been a
lyzed using the spin Hamiltonian, applicable for electron
spin S>1/2,

FIG. 5. Angular dependence of L1, L3, and L4 observed in
broad 0.95 eV band.

FIG. 6. Angular dependence of theDM51 L2 spectrum ob-
served in the 0.88 eV PL system, showing also theDM52 transi-
tion at half the field. The solid lines give the theoretical fit using
parameters of Table II.
g
ed
ir
he
a-

H5mBS•g•B1S•D•S1S•A•I , ~1!

where mB is the Bohr magneton,B the external magnetic
field, D the fine-structure tensor, applicable ifS.1/2, and, if
resolved,A is the hyperfine tensor coupling to a nuclear sp
I . The results for each of the spectra are given in Table

1. L1

L1, shown in Fig. 5, is a single, structureless, sligh
anisotropic S51/2 signal present in all of the irradiate
samples throughout the broad PL band. It appears to be
same signal~identicalg values! as the one also present in th
red band of the HVPE-grown sample A, before irradiation
is seen only for UV excitation~3.53 and 3.41 eV!, being
absent for excitation energies of 2.73 eV and below, e
though the luminescence band is present for excitation e
gies down to and including 1.52 eV. From this, we conclu
that L1 arises from a defect which is involved in a spi
dependent feeding process for the luminescence, but this
cess cannot bethe luminescence process itself.

2. L2

L2, shown in Fig. 6, is anS51 center observed in all o
the irradiated samples, and is associated only with the sh
structured 0.88 eV band.~In the actual recorded spectrum,
small contribution of L1, L3, and L4 also exists due to t
overlap of the broad 0.95 eV band into the,0.83 eV filter
region used for the study, see Fig. 2. In Fig. 6, it has be
subtracted.! As seen in the figure forBic axis, the high-field
line is positive, the low-field line negative, and as they cro
in their angular dependence they reverse sign. This can
characteristic of anS51 system for which the spin-lattice
relaxation time is shorter than the radiative lifetime, allowi
Boltzmann equilibrium to occur between the spin-M states.
~As mentioned above, we mistakingly analyzed the spectr
in our earlier preliminary reports2,3 as arising from two sepa
rateS51/2 spectra, labeling the positive signal forBic axis
LE2, and the negative lower field transition LE4.! Combined
with angular studies in the plane perpendicular to thec axis,
the spin-Hamiltonian parameters given in Table II are d
duced.~In the analysis, an adequate fit to the data was
tained by taking the principalz axis along the@0001# wurtz-
ite crystalc axis, as given in the table. By symmetry, thex

and y axes therefore lie one along@11̄00#, the other along
@112̄0#, but without detailed crystal structure determinati
for the films, it is not known which.! The solid lines in the
figure show the predicted transitions using these parame
Consistent also with theS51 identification, the weakDM
562 transition at half theDM561 magnetic field is also
observed, as shown in the figure.

In this case, the L2 signal is seen over the full range
excitation of the 0.88 eV luminescence~down to 2.41 eV,
but not 1.61 eV!. This, plus its unique identification with th
structured 0.88 eV system, strongly suggests that the de
giving rise to the L2 signal is directly involved with th
defect producing the luminescence. However, the ODE
signal appears to saturate somewhat more strongly than
luminescence vs excitation power@40% reduction in the ratio
of the ODEPR signal to the luminescence intensity at 20 m
for above band-gap~3.53 eV! excitation#. This suggests tha
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PRB 59 12 483OPTICAL DETECTION OF ELECTRON PARAMAGNETIC . . .
although it is directly related to the defect producing t
luminescence, it may not simply result from an excitedS
51 luminescing state of the defect, for which the ODEP
should scale directly with the luminescence.~Consistent with
this conclusion, we have also observed the 0.88 eV lumin
cence in a partially annealed hydrogen-implanted sam
but, in that case, no L2 ODEPR signals were observed.11!

3. L3 and L4

L3 and L4 appear in Fig. 5 as the weaker satellites aro
the strong L1 signal, as shown.~As mentioned in the previ-
ous section, the L4 designation is here being reassigne
the weaker further split-out satellites, which were missed
the previous studies.2,3! They both arise from the broad lu
minescence band only, as shown in Fig. 3. Like the bro
luminescence band, they show no evidence of saturation
their intensities relative to the luminescence drop to zero
excitation at 2.73 eV and below. From this, we can conclu
again that, like L1, they are involved in a spin-depend
excitation process for the luminescence but, in each case
process itself does not uniquely produce the luminescen

These signals have been seen, but with slightly vary
relative intensities, in the irradiated metal-organic vap
phase epitaxy~MOVPE! grown samples A and B, and in th
HVPE-grown sample C, but not in the MBE-grown samp
~D!. In the MBE samples, the broad luminescence is pres
but the ODEPR signals observed in them are L1 and
place of L3 and L4, the shallow donor resonance~EM! usu-
ally seen in the 2.2 eV luminescence.

As shown in Fig. 7, the structure of each spectrum can
accurately reproduced as anS51/2 center with strong hyper
fine interaction from a single Ga nucleus~60% 69Ga, 40%
71Ga, bothI 53/2). In Fig. 7~a!, we show, forB perpendicu-
lar to thec axis, the simulation of the L4 spectrum with th
spin-Hamiltonian parameters given in Table II. In Fig. 7~b!,
after subtracting the simulated L4 spectrum in Fig. 7~a!, we
show the simulation for L3 with its parameters in Table
The fit in each case is excellent, as it is for the other ori
tations ofB.

FIG. 7. ~a! Match of L4 to theB'c spectrum of Fig. 5, and~b!
of L3 after subtraction of the L4 spectrum in~a!, using the spin
Hamiltonian parameters in Table II.
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4. Stability of the defects

In Fig. 8, we show the stability of the defects giving ris
to the ODEPR spectra vs an isochronal~30 min! annealing
sequence. To the previously published 100 °C inter
results3 for L1, L2, and L3 in sample A, we have added ne
results on a sample from batch B to determine the rela
stability of L4, which was missed in the earlier study. In th
study, the sample was first annealed for 150 min at 300
which served to remove L3. The subsequent isochronal~30
min! annealing stages were performed at 50 °C intervals
shown. As reported in the earlier work,3 here also the anneal
ing of the corresponding luminescence bands was obse
to correlate approximately with that of the ODEPR spect

Not shown in the figure, and noted in our earlier study,3 is
the disappearance of an additional signal superposed u
L1 that occurs in the same temperature range that L3 d
As illustrated in Fig. 2 of that paper, its intensity variation
crystal orientation is significantly different from L1, rulin
out its identification with L1, and we discussed the possib
ity that it might also be part of L3. Our present accura
match of the L3 spectrum shown in Fig. 7 suggests that
not. Presumably it is related to an additional spectrum wh
we will not attempt to characterize here. Also not indicated
the weak detection of the EM donor signal in the broad 0
eV band after L3 disappears. We cannot completely rule
its presence before the annealing, but it appears to emer
that point in the anneal.

5. Effects of the GaN/sapphire interface

Excitation of the irradiated samples from the sapphire
GaN side, with either penetrating~3.41 eV, below GaN band
gap! or nonpenetrating~3.53 or 3.82 eV, above GaN ban
gap! excitation, reveals no significant difference between
luminescence intensity or the relative strengths of the in
vidual ODEPR spectra. We can therefore conclude that
defects producing the luminescence and the ODEPR are
tributed through the bulk of the GaN layers, and not interfa
specific.~The equivalence for above GaN band-gap exc
tion also further confirms that neither the luminescence

FIG. 8. PLODEPR spectra intensities vs 30 min isochronal
neal. The dashed curves are for one of the MOVPE samples A,2 the
solid curve for MOVPE sample B.
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12 484 PRB 59C. BOZDOGet al.
the ODEPR spectra originate from the sapphire substr
which is, of course also being electron irradiated.!

However, the sharp 0.88 eV luminescence reveals sig
cant broadening and spectral shifts from sample to sam
and vs the direction of excitation that clearly reflect the str
near the interface. This is illustrated in Fig. 9, for abo
band-gap excitation of the two sides of the thick film~61.3
mm! HVPE sample C. Exciting the GaN side produces
sharp ZPL and phonon-assisted structure expected fro
high quality sample with low internal strains. Presumably
thick growth has allowed the material to recover from t
interface strain produced in the layer growth by the Ga
sapphire lattice mismatch and differential thermal expans
coefficients. Excitation from the sapphire side, on the ot
hand, reveals a shift to higher energy of the ZPL by;0.01
eV, and considerable broadening. For the much thin
MOVPE film samples A and B, similar high-energy shif
and broadening are observed, but with little difference
tween the side of excitation. For the MBE samples~D!, a
slight shift to lower energies is apparent with only moder
broadening. The observation of similar shifts for the 0.88
system have also been reported recently by Buyanovaet al.12

III. DISCUSSION

A. L2 and the 0.88 eV band

The unique connection between L2 and the 0.88 eV str
tured luminescence band strongly suggests that the OD
signal is directly associated with the defect responsible
the luminescence. However, the lack of a constant ratio of
signal to luminescence intensity argues that theS51 state
detected in L2 is not the emitting excited state giving rise
an S51→0 luminescence, as is often the case in ODEP
One possibility is that the emission is actually an allow
transition from anS50 excited state of the defect, for whic
a nonradiativeM-dependent transfer from an energetica
closeS51 state of the defect is involved. Such a case
been observed for the carbon-carbon pair in silicon,
example.13 In that case, alternative excitation paths were e
dent, as well.

FIG. 9. Difference in the PL spectrum for the HVPE sample
above GaN band-gap excitation from the GaN vs the substrate
te,
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The S51 character of the defect finds further confirm
tion in some recent results reported by Buyanovaet al.12

Although they did not report ODEPR studies, they repor
evidence of an energy-level crossing for the emitting def
from enhanced luminescence broadly centered at B;150–
300 G, withBi c axis. Our parameters in Table II predict
level crossing at 200 G, in excellent agreement with th
observation.~Actually, they interpreted apparent inflection
in their broad derivative signal to result from two crossing
one at;150 G, the other at;300 G. Perhaps their orienta
tion was slightly off thec axis. All of the equivalent orien-
tations of a low-symmetry defect in a wurtzite crystal mu
superpose forBi c axis, so actually only one level crossin
should occur.!

Without additional hyperfine interactions, the L2 sign
unfortunately tells us nothing concerning the chemical
atomic lattice construction of the defect responsible. T
strain-related shifts of the 0.88 eV luminescence, howev
may reveal something about the electronic structure of
defect. It was pointed out by Buyanovaet al.12 that the shifts
they observed in the 0.88 eV system correlated with
shifts in the band gap, as monitored by the A, B, C excit
positions observed in the reflectance spectra of the s
samples. We find also a 1:1 correspondence between
0.88-eV ZPL shifts and those observed before irradiation
the bound exciton luminescence line at 3.47 eV in each
the corresponding samples. From this, Buyanovaet al. sug-
gested that the excited state was a shallow effective-m
like state close to the conduction band. Consistent with t
they cited thermal quenching studies of the luminesce
indicating an activation energy of;30 meV. Taking this
value for the excited-state level position below the cond
tion band, and the ZPL energy of 0.88 eV, they estimated
level position of the defect ground state to be at EC20.910
eV. These arguments appear reasonable, but it remains
seen whether this estimate is consistent with the excita
energy dependence~.1.61 eV, see Sec. II B 2!.

These authors have made the further interesting very
cent observation14 that the phonon structure of the 0.88 e
PL bears a striking similarity to that of the much studi
0.841 eV PL system in GaP. The band in GaP has b
attributed to a transition between a shallow 1S(E) effective
mass state to a deep ground 1S(A1) state of the neutral iso
lated substitutional oxygen donor.15 Chen et al.14 suggest
therefore that the band is oxygen-related, and, in particu
that it may also be due to the isolated substitutional oxyg
donor in GaN. This is clearly consistent with their earli
conclusion that the excited state is shallow EM-like.12 How-
ever, it is surprising that the energy difference betwee
shallow 1S(E) EM state and the deep neutral ground state
a donor would be so insensitive to the band-gap differenc
the host~2.26 eV for GaP, 3.51 eV for GaN!. This interesting
suggestion will therefore require further testing. One obvio
test, at least for the incorporation of oxygen, is the effect
oxygen isotope substitution on the ZPL and its phonon str
ture, as has been established for the 0.841 eV band
GaP.15,16

B. L3 and L4

We can compare estimates of the69Ga free neutral atom
hyperfine interactions for a 4s (a57430.4 MHz! and

r
e.
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4p (b5148.2 MHz! orbital17 to the observed values o
uAiu5ua12bu anduA'u5ua2bu. This leads, for the required
fractional components of the wave function on the Ga ato
to ;62% 4p and ;23% 4s for L3, and ;72% 4p and
;43% 4s for L4. The wave function in each case is ther
fore highly localized on a single Ga atom in a 4s-4p orbital
pointing along thec axis of the crystal.

This is exciting, because these represent ODEPR spe
in GaN with resolved andidentifiedhyperfine structure. In
addition, in involving a host atom in a configuration pr
duced by the irradiation, they are clearly related to an intr
sic defect in the material. The logical first choice is a G
interstitial. The fact that there are two similar defects, w
different thermal stabilities suggests that it is paired off w
some other defect, the result, perhaps, of migration of
interstitial. The failure to see it in the presumably purer MB
material could be interpreted to further support the idea
trapping by trace impurities in the material. Also, the ma
nitude of the isotropic hyperfine component is similar to th
observed in ODEPR spectra of as-grown GaP~2.1 GHz!,18

and AlxGa12xAs ~1.5 GHz!,19 which were interpreted~cor-
rectly or incorrectly! as Ga interstitial related.

However, it should be noted that we cannot complet
rule out a highly localized~deep! state of a nitrogen vacancy
related defect. In that case, the unpaired electron could
highly localized on the singlec axis Ga near neighbor. Thi
would seem unlikely, the nitrogen vacancy having genera
been predicted to be a shallow donor20–22 ~although not ex-
perimentally confirmed!. Still, if paired off with another de-
fect, we cannot rule it out.

IV. SUMMARY

Electron irradiation of GaN causes a reduction in the v
ible and near-UV luminescence bands, while producing t
interesting bands in the near-IR. One has a sharp ZPL at
eV, with well resolved phonon-assisted structure. A well
solved, low-symmetry,S51 ODEPR spectrum, labeled L2
is detected in the luminescence and identified to be uniqu
involved in the defect. It does not appear to be the exc
luminescence state of anS51→0 optical transition itself,
however. Recent studies of the luminescence and its pho
structure by other workers14 have suggested that oxygen m
c
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be involved, and that the excited state is shallow effecti
mass-like.

The other is a broad band centered at;0.95 eV, which
reveals threeS51/2 ODEPR signals, L1, L3, L4, plus, in a
MBE sample, the EM shallow donor signal, as well. Fro
the lack of 1:1 correspondence between the individ
ODEPR intensities and the strength of the luminesce
band, we have concluded that for none of the related def
can the spin-dependent process which reveals its spectru
the actual radiation process. We cannot rule out, howe
that at least one of them could be directly related to
luminescing center. For example, spin-dependent cha
transfer to an excited state of a defect which then sub
quently radiates remains a possibility. Such a case has b
cited in ZnS where electron transfer to Fe31 ~seen in the
ODEPR! produces an excited state of Fe21 which subse-
quently radiates to its ground state.23 For such a system
alternative excitation paths can also exist, destroying 1:1 c
respondence between ODEPR and luminescence.

L3 and L4 are suggested to be intrinsic-defect relat
displaying well resolved hyperfine interactions with a sing
Ga atom. Analysis reveals the wave function of the unpai
electron to be highly localized for each in a 4s-4p orbital on
the Ga atom. A model tentatively proposed for the defect
a Ga interstitial trapped by impurities or other defects ori
nally present in the samples.

ACKNOWLEDGMENTS

We acknowledge helpful discussions with M. J. Stavo
We acknowledge also the important roles of A. Doernen,
Thonke, D. Look, and B. Molnar who facilitated the collab
ration between the Lehigh group and the co-authors at S
tgart, Ulm, MIT/Lincoln Lab, and NRL, respectively, wh
grew the crystals. The crystal growth program at MI
Lincoln Lab was sponsored by the U.S. Air Force und
Contract No. F19628-95-C-0002 and the opinions, interp
tations, conclusions, and recommendations are those o
authors and are not necessarily endorsed by the U.S.
Force. The research was supported jointly by the Natio
Science Foundation, Grant Nos. DMR-92-04114 and DM
97-04386, and the Office of Naval Research, Electronics
vision, Grant No. N00014-94-10117.
*Present address: Institute of Physics, Polish Academy of Scien
Warsaw, Poland.

1For a recent review, see H. Morkoc¸, Mater. Sci. Forum239-241,
119 ~1997!.

2M. Linde, S. J. Uftring, G. D. Watkins, V. Ha¨rle, and F. Scholz,
Phys. Rev. B55, R10 177~1997!.

3G. D. Watkins, M. Linde, P. W. Mason, H. Przybylinska, C
Bozdog, S. J. Uftring, V. Ha¨rle, F. Scholz, W. J. Choyke, and G
A. Slack, Mater. Sci. Forum258-263, 1087~1997!.
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