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Optical detection of electron paramagnetic resonance in electron-irradiated GaN
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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 at0.95 eV, three optically detecteB=1/2 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 reved&=dn ODEPR signal, as yet not identified.
[S0163-182609)05719-1

There is considerable current interest in the role of poinfuminescence (PL) and optical detection of electron-
defects in GaN, stimulated by the successful application of iparamagnetic-resonané@LODEPR characterization in the
and its alloys in blue light emitting and laser diode devicesas-grown state, the samples were irradiated at room tempera-
and their potential for high-temperature electronic deviceture with electrons from a 2.5 MeV van de Graaff accelera-
application* The main focus of the present investigation is tor. Although the effect of irradiation could already be seen
the characterization of the intrinsic defects—vacancies andfter 5x10'7 e/cnf, the typical dosage was~1.5
interstitials on the two sublattices. Since essentially nothingx 10'8 e/cn?. Isochronal anneals of two of the sampiese
is known concerning these important defects in GaN, thisach from groups A and )Bwere subsequently performed.
study represents an attempt to unravel their properties usinphese were performed in closed quartz ampoules under N
magnetic resonance techniques. gas at pressure slightly above one atmosphere.

Our approach is to study by optical detection of electron The PL and PLODEPR were performed under excitation
paramagnetic resonand®DEPR the effect of 2.5 MeV  with the various ultraviole{UV), visible, or near-infrared
electron irradiation on the photoluminescence properties ofiR) lines available from either a He-Q8.82 eV}, Ar* ion
the material. The primary defects produced in such an irra¢3.53, 3.41, 2.73-2.41 eV or tunable Ti-sapphire laser
diation are vacancies and interstitials on each sublattice. Wg.61-1.52 eV. The typical excitation power was 20 mW.
therefore can expect the defects produced by the irradiatioDetection of the luminescence was achieved in the visible
to be related to these intrinsic defects, either singly isolatedand near-UV by a silicon diod¢EGG 250 UV} and in
or, if mobile, as trapped by other defects. In two previousthe near-IR by a cooled Ge detectdtorth Coast EO817S
brief reports>® we have described preliminary ODEPR re- followed by lockin detection synchronized to the frequency
sults on a single irradiated thin-film sample grown on sap-of a chopper in the excitatioffor PL), or to the microwave
phire. The present paper provides the first detailed descrimn-off modulation frequencyfor PLODEPR. All PL and
tion of these results, including analysis and discussion of th€®LODEPR studies were performed at pumped liquid He
spectra observed. In addition, the work has been greatly ex—~1.7 K) in a 35 GHz ODEPR spectrometer which has been
panded, including the study of several additional sampleslescribed elsewhefefor the spectral dependence of the PL
from separate sources, and the observation of an important PLODEPR, a 1/4 m Jarrell-Ash monochromator was in-
additional ODEPR spectrum. serted before detector.

I. EXPERIMENTAL PROCEDURE Il. EXPERIMENTAL RESULTS

The samples investigated were all films of wurtzite GaN A. As grown
grown on sapphire. Their origin, method of growth, and Figure 1 summarizes the visible PL and associated

other properties are given in Table |. After a brief photo- PLODEPR signals before irradiation. In samples A, B, and
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TABLE I. GaN samples studied. All were grown on sapphire substrates.

Growth Thickness Carrier type, Nucleation
Samples Source method win) conc. (cm?®) (buffer) layer
A Stuttgart U. MOVPE 1,3 n-, mid-10'6 125, 1000 A, AIN
B NRL MOVPE 24 semi-ins. ~200 A, AN
C MIT/Lincoln HVPE® 61.3 n-, mid-10'® ZnO pre-treatment
D Ulm U. MBE? 1.8, 11.0 n-, 2—-3x 10" GaN

8. Scholz, V. Hde, H. Bolay, F. Steuber, B. Kaufmann, G. Reyher, Arien, O. Gifer, S.-J. Im, and A.
Hangleiter, Solid State ElectroAl, 141(1997.

bA. E. Wickenden, D. K. Gaskill, D. D. Koleske, K. Doverspike, D. S. Simons, and P. H. CiGaifium
Nitride and Related Materialeedited by F. A. Ponce, R. D. Depuis, S. Nakamura, and J. A. Edmond, MRS
Symposia Proceedings No. 398 aterials Research Society, Pittsburgh, 1996 679.
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D, the dominant luminescence is the much studied 2.2 eV\fransfer from the shallow donor to a deep, but different de-
“yellow” band as shown in Fig. (a), and the two ODEPR fect, as characterized by L1. We will find that this L1 signal
signals detected in it are the usual ones obsetvéthe shal-  is also observed in irradiation-produced bands in the near IR.
low effective-mass dono(EM) and deeper DD defect, as We therefore defer discussion of its EPR properties until the
illustrated in Fig. 1b). The visible luminescence in the hy- next section. Seen also in the HVPE sample is a relatively
dride vapor phase epitaxy{VPE) sample C, however, con- strong zero-phonon lin€ZPL) at 0.93 eV with associated
tains an additional and stronger red band~dt.8 eVy as  phonon structure. This luminescence has previously been re-
shown in Fig 1c). The ODEPR for it also differs, as shown e in GaN and attributed to théVimpurity ® Observed

in Fig. 1(d) in that a different deep defect signal that we IabeIW(_:,aMy also with varying intensity in most of the samples is

L1 dominates along with the EM signal. The spectral depeng p|_ system with ZPL at 1.30 eV which has been identified
dence of the EM signal shown in Fig(€l reveals that it is with Ee&+ @

involved in both the 2.2 eV and stronger 1.8 eV PL, but that
of L1, shown in Fig. 1f), reveals that it is associated only
with the “red” 1.8 eV band. Like the yellow band therefore B. After electron irradiation

the red band also results from a spin dependent electron L .
The visible PL signals are strongly quenched by the elec-

tron irradiation in samples A, B, and C. However, the 2.2 eV
band, and its associated PLODEPR signals, is still observ-
able, though weaker, in the molecular-beam-epitdBE)-
grown samples D.

In all samples, two new overlapping PL bands are pro-
duced by the irradiation in the near-Ifig. 2). One, the
broad band centered at0.95 eV in Fig. Zb), can be pro-
duced by all of our excitation energies down to and including
1.52 eV. The other, with the sharp ZPL at 0.88 eV and as-
sociated phonon-assisted structure shown in Rig), 2an be
excited only with energies down to 2.4 eV, being lost for our
next lowest available 1.61 eV laser line. This difference in
excitation properties has allowed their separation in Fig. 2. In
most of our studies to follow, however, we used near band-
gap excitation, where they are simultaneously present. The
polarization of the broad 0.95 eV luminescence appears iso-
tropic, but the 0.88 eV system displays preferential polariza-
tion along thec axis, ~2:1. Little evidence of saturation for
either PL band was observed for abd®53 e\) or below
band-gap(3.41 eV} excitation over the range of excitation
14 16 18 20 22 24 26 28 3.0 powers used in our experimernts20 mW).

(Very recently, Buyanovat all° have reported a some-
what more detailed study of the PL changes in GaN upon
FIG. 1. (@ Visible PL in the MOVPE(A,B) and MBE (D)  €lectron irradiation. In addition to confirming our previously
samples, with{b) corresponding PLODEPR signalg) Visible PL  reported quenching of the visible and near-UV bands and the
in the HVPE samplg(C), with (d) its corresponding PLODEPR. emergence of the two dominant IR bands described above,
Spectral dependence in the HVPE sample(@the EM donor, and  they have observed other bands which emerge and disappear
(f) L1. at intermediate dosages, depending upon the conductivity

PL and ODEPR signal intensity (arb. units)

Energy (eV)
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FIG. 3. Spectral dependences of the various PLODEPR signals,

L L L L L L L LA L DL B H i
0.75 0.80 0.85 0.90 0.95 100 1.05 110 115 1.20 compared to the luminescence, under low spectral resolution.

Energy (eV) L3(L4) originate from the broad bandThe L4 resonance is
too weak for direct spectral dependence studies through the

FIG. 2. PL in the near-IR produced by electron irradiation in all . . .
. . monochromator, but its intensity relative to L3 vs the spec-
of the samples. Indicated are the ranges of the two filters used to

separate the PLODEPR spectra fréanthe structured PL with ZPL tral filters indicated below appears constant suggesting simi-

at 0.88 eV andb) the broad PL band centered -a0.95 eV. lar dependence for jt.In one of the sample$D, MBE-
grown), the shallow donor resonan¢eM) is also observed

_ in the broad band, and its spectral dependence is also shown.
type of the material. We here concentrate only on ODEPRrhe spectral dependence of L2 reveals, however, that it

St“d'%s of the two IR bands which dominate after dosagegyiginates solely from the structured 0.88 eV system. The

~10* e/cnt.) _ runs for Fig. 3, performed at the indicated low resolution to
Four new ODEPR spectra are detected in these IR bandgpain adequate signal to noise, could not reveal the structure

which we here label L1—4In our present study, we find that ¢ ihe .88 eV band. The results of a slower, signal-averaged

the signal we previously labeled LE4,is actually part of scan ot higher resolution for L2 is shown in Fig. 4, which

what we had labeled LE2. We therefore here relabel thenfirms the presence of the structure as well.

spectra, dropping the E to avoid later confusion. LE1 be-  qr adequate signal to noise in the PLODEPR studies, the

comes L1, LE2 and LE4 become L2, and LE3 becomes L34 gverlapping bands were partially separated using either a
as indicated in Table Il. L4 is an additional spectruifheir

spectral dependences, shown in Fig. 3, reveal that L1 and

[2]
c
TABLE Il. Spin-Hamiltonian parameters for the L1-L4 ; _./\4_
ODEPR defects. The notation in parenthesis after each defect label & - =
denotes its previous lab&f The z axis is the crystat axis. The )
number in parentheses after each entry denotes the uncertainty in its 2 PL
last digit. £
©
L1 (LE1) L2 (LE2,4 L3 (LE3 L4 %
s 12 1 1/2 1/2 T
g, 2.0081)  2.0022)  1.9981) 1.9981) o L2
0y 2.0041)  2.0022) 1.9981)  1.9981) °
gy 2.0041) 1.99713) 1.9981) 1.9981) &
D,(GH2) +0.541) o
D(GHz) +0.333) 07 08 08 10 11 12
D,(GH2) ¥0.873) Energy (eV)
8%A,(GH2) 1.905) 3.455)
8% (GH2) 1.6005) 3.105) FIG. 4. Spectral dependence of L2 compared to the PL, under

higher resolution.
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L1 H=pugS-g-B+S-D-S+S-A-, 1)
where ug is the Bohr magnetonB the external magnetic
field, D the fine-structure tensor, applicableéSf-1/2, and, if
resolvedA is the hyperfine tensor coupling to a nuclear spin

L3 I. The results for each of the spectra are given in Table II.
3 MR L4 1. L1
@ ol l W W\,/A l l i L1, shown in Fig. 5, is a single, structureless, slightly
c 10 oy anisotropic S=1/2 signal present in all of the irradiated
B 5 samples throughout the broad PL band. It appears to be the
O |25 same signalidenticalg valueg as the one also present in the
35° red band of the HVPE-grown sample A, before irradiation. It
: is seen only for UV excitation(3.53 and 3.41 e)/ being
22 absent for excitation energies of 2.73 eV and below, even
?g though the luminescence band is present for excitation ener-
g gies down to and including 1.52 eV. From this, we conclude
29 that L1 arises from a defect which is involved in a spin-
—— dependent feeding process for the luminescence, but this pro-
1.0 11 12 13 14 15 cess cannot bthe luminescence process itself.

Magnetic Field (T)
2.L2
FIG. 5. Angular dependence of L1, L3, and L4 observed in the

broad 0.95 eV band. L2, shown in Fig. 6, is als=1 center observed in all of

the irradiated samples, and is associated only with the sharp

structured 0.88 eV bandln the actual recorded spectrum, a
15n long pa;s(<0.8 e\) or Lap short pa$i>0.88 eV ~small contribution of L1, L3, and L4 also exists due to the
interference filter, the otherwise full IR luminescence be'”%verlap of the broad 0.95 eV band into the®.83 eV filter
focused on the detector. These selection limits are indicatefggion used for the study, see Fig. 2. In Fig. 6, it has been
in Fig. 2. The resulting spectra for the two bands, and theigpiracted.As seen in the figure foB|c axis, the high-field
angular dependences, are shown in Figs. 5 and 6. In thge s positive, the low-field line negative, and as they cross
following, the spectra for each of the defects has been angy their angular dependence they reverse sign. This can be
Iyz_ed using the spin Hamiltonian, applicable for electronicnaracteristic of arg=1 system for which the spin-lattice
spinS=1/2, relaxation time is shorter than the radiative lifetime, allowing
Boltzmann equilibrium to occur between the spinstates.
(As mentioned above, we mistakingly analyzed the spectrum
in our earlier preliminary reports as arising from two sepa-
rate S=1/2 spectra, labeling the positive signal Bjfc axis
LE2, and the negative lower field transition LE€ombined
with angular studies in the plane perpendicular todfais,
the spin-Hamiltonian parameters given in Table Il are de-
duced.(In the analysis, an adequate fit to the data was ob-
tained by taking the principa axis along thd 0001] wurtz-
ite crystalc axis, as given in the table. By symmetry, the

andy axes therefore lie one alorig 100], the other along
[1220], but without detailed crystal structure determination
for the films, it is not known which.The solid lines in the
figure show the predicted transitions using these parameters.
Consistent also with th&=1 identification, the weald M
=+ 2 transition at half the\M = *=1 magnetic field is also
observed, as shown in the figure.
In this case, the L2 signal is seen over the full range of
excitation of the 0.88 eV luminescen¢down to 2.41 eV,
but not 1.61 eV. This, plus its unique identification with the
05 06 07 12 13 structured 0.88 eV system, strongly suggests that the defect
_—— giving rise to the L2 signal is directly involved with the
Magnetic Field (T) defect producing the luminescence. However, the ODEPR
FIG. 6. Angular dependence of theM =1 L2 spectrum ob- Signal appears to saturate somewhat more strongly than the
served in the 0.88 eV PL system, showing alsoAé =2 transi-  luminescence vs excitation pow@0% reduction in the ratio
tion at half the field. The solid lines give the theoretical fit using theof the ODEPR signal to the luminescence intensity at 20 mW
parameters of Table II. for above band-gafB.53 e\ excitation. This suggests that

(AM=2)

x10

ODEPR signal
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Hamiltonian parameters in Table II. solid curve for MOVPE sample B.

although it is directly related to the defect producing the 4. Stability of the defects

luminescence, it may not simply result from an excitgd In Fig. 8, we show the stability of the defects giving rise
=1 luminescing state of the defect, for which the ODEPRto the ODEPR spectra vs an isochrof@0 min) annealing
should scale directly with the luminescen¢@onsistent with  sequence. To the previously published 100°C interval
this conclusion, we have also observed the 0.88 eV luminegesults for L1, L2, and L3 in sample A, we have added new
cence in a partially annealed hydrogen-implanted sampleesults on a sample from batch B to determine the relative
but, in that case, no L2 ODEPR signals were obsefed. stability of L4, which was missed in the earlier study. In this
study, the sample was first annealed for 150 min at 300 °C,
3. 13 and L4 which served to remove L3. The subsequent isochr¢3@l
- , min) annealing stages were performed at 50 °C intervals, as
L3 and L4 appear in Fig. 5 as the weaker satellites aroundy,q\yn As reported in the earlier wotkere also the anneal-
the strong L1 signal, as showfs mentioned in the previ- g of the corresponding luminescence bands was observed
ous section, the L4 designation is here being reassigned {8".qrelate approximately with that of the ODEPR spectra.
the weaker further split-out satellites, which were missed in N0t shown in the figure, and noted in our earlier stddy,
the previous studies’) They both arise from the broad Iu- ¢ disappearance of an additional signal superposed upon
minescence band only, as shown in Fig. 3. Like the broaq 1 ot gccurs in the same temperature range that L3 does.
luminescence band, they show no evidence of saturation, bl jystrated in Fig. 2 of that paper, its intensity variation vs
the|.r |n.tensmes relative to the Iummescence drop to zero fOErystaI orientation is significantly different from L1, ruling
excitation at 2.73 eV and below. From this, we can concludg,;t s identification with L1, and we discussed the possibil-
again that, like L1, they are involved in a spin-dependenfy, hat it might also be part of L3. Our present accurate
excitatior_1 process for the [uminescence but, in eaph case, thfatch of the L3 spectrum shown in Fig. 7 suggests that it is
process itself does not uniquely produce the luminescencey o presymably it is related to an additional spectrum which
These signals have been seen, but with slightly varying,e il not attempt to characterize here. Also not indicated is
relative intensities, in the irradiated metal—organlc. VapOrihe weak detection of the EM donor signal in the broad 0.95
phase epitaxyMOVPE) grown samples A and B, and in the g/ panq after L3 disappears. We cannot completely rule out

HVPE-grown sample C, but not in the MBE-grown samplesiq nresence before the annealing, but it appears to emerge at
(D). In the MBE samples, the broad luminescence is presenfy o+ point in the anneal.

but the ODEPR signals observed in them are L1 and, in
place of L3 and L4, the shallow donor resonafE®) usu-
ally seen in the 2.2 eV luminescence.

As shown in Fig. 7, the structure of each spectrum can be Excitation of the irradiated samples from the sapphire or
accurately reproduced as 8 1/2 center with strong hyper- GaN side, with either penetratif§.41 eV, below GaN band
fine interaction from a single Ga nucle(80% %°Ga, 40% gap or nonpenetratindg3.53 or 3.82 eV, above GaN band
"IGa, bothl =3/2). In Fig. Ta), we show, forB perpendicu- gap excitation, reveals no significant difference between the
lar to thec axis, the simulation of the L4 spectrum with the luminescence intensity or the relative strengths of the indi-
spin-Hamiltonian parameters given in Table Il. In Figb)7  vidual ODEPR spectra. We can therefore conclude that the
after subtracting the simulated L4 spectrum in Figa),ywe  defects producing the luminescence and the ODEPR are dis-
show the simulation for L3 with its parameters in Table Il. tributed through the bulk of the GaN layers, and not interface
The fit in each case is excellent, as it is for the other orienspecific.(The equivalence for above GaN band-gap excita-
tations ofB. tion also further confirms that neither the luminescence nor

5. Effects of the GaN/sapphire interface
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The S=1 character of the defect finds further confirma-
tion in some recent results reported by Buyan®taall?
Although they did not report ODEPR studies, they reported
evidence of an energy-level crossing for the emitting defect
from enhanced luminescence broadly centered at150—

300 G, withB|| ¢ axis. Our parameters in Table Il predict a
level crossing at 200 G, in excellent agreement with their
observation(Actually, they interpreted apparent inflections
in their broad derivative signal to result from two crossings,
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 must
superpose foB| ¢ axis, so actually only one level crossing
should occuy.
e Without additional hyperfine interactions, the L2 signal
0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 unfortunately tells us nothing concerning the chemical or
Energy (eV) atomic lattice construction of the defect responsible. The
strain-related shifts of the 0.88 eV luminescence, however,

FIG. 9. Difference in the PL spectrum for the HVPE sample for may reveal something about the electronic structure of the

above GaN band-gap excitation from the GaN vs the substrate sideefect. It was pointed out by Buyanoeaal 1 that the shifts
they observed in the 0.88 eV system correlated with the
the ODEPR spectra originate from the sapphire substrateshifts in the band gap, as monitored by the A, B, C exciton
which is, of course also being electron irradiajed. positions observed in the reflectance spectra of the same

However, the sharp 0.88 eV luminescence reveals signifisamples. We find also a 1:1 correspondence between the
cant broadening and spectral shifts from sample to sampl@.88-eV ZPL shifts and those observed before irradiation for
and vs the direction of excitation that clearly reflect the strairthe bound exciton luminescence line at 3.47 eV in each of
near the interface. This is illustrated in Fig. 9, for abovethe corresponding samples. From this, Buyanewal. sug-
band-gap excitation of the two sides of the thick fi(61.3  gested that the excited state was a shallow effective-mass-
um) HVPE sample C. Exciting the GaN side produces thelike state close to the conduction band. Consistent with this,
sharp ZPL and phonon-assisted structure expected from they cited thermal quenching studies of the luminescence
high quality sample with low internal strains. Presumably theindicating an activation energy of30 meV. Taking this
thick growth has allowed the material to recover from thevalue for the excited-state level position below the conduc-
interface strain produced in the layer growth by the GaNfion band, and the ZPL energy of 0.88 eV, they estimated the
sapphire lattice mismatch and differential thermal expansiotevel position of the defect ground state to be gt#.910
coefficients. Excitation from the sapphire side, on the otheeV. These arguments appear reasonable, but it remains to be
hand, reveals a shift to higher energy of the ZPLb§.01  seen whether this estimate is consistent with the excitation
eV, and considerable broadening. For the much thinneenergy dependende-1.61 eV, see Sec. Il B)2
MOVPE film samples A and B, similar high-energy shifts These authors have made the further interesting very re-
and broadening are observed, but with little difference becent observatio that the phonon structure of the 0.88 eV
tween the side of excitation. For the MBE samp(&9, a  PL bears a striking similarity to that of the much studied
slight shift to lower energies is apparent with only moderate0.841 eV PL system in GaP. The band in GaP has been
broadening. The observation of similar shifts for the 0.88 eVattributed to a transition between a shallo8(E) effective
system have also been reported recently by Buyaroeh!>  mass state to a deep groun8(A,) state of the neutral iso-

Pio~0.01eV
i e

GaN side

|

Sapphire side

PL intensity (arb. units)

lated substitutional oxygen dontt.Chen et all* suggest
IIl. DISCUSSION therefore that the band is oxygen-related, arlld,.in particular,
that it may also be due to the isolated substitutional oxygen
A. L2 and the 0.88 eV band donor in GaN. This is clearly consistent with their earlier

The unique connection between L2 and the 0.88 eV struceonclusion that the excited state is shallow EM-Hkedow-
tured luminescence band strongly suggests that the ODEPRVET, it is surprising that the energy difference between a
signal is directly associated with the defect responsible foghallow 1S(E) EM state and the deep neutral ground state of
the luminescence. However, the lack of a constant ratio of L& donor would be so insensitive to the band-gap difference of
signal to luminescence intensity argues that Sl state the host(2.26 eV for GaP, 3.51 eV for GaNNThis interesting
detected in L2 is not the emitting excited state giving rise toSuggestion will therefore require further testing. One obvious
an S=1—0 luminescence, as is often the case in ODEPR!est, at least for the incorporation of oxygen, is the effect of
One possibility is that the emission is actually an allowed®Xygen isotope substitution on the ZPL and its phonon struc-
transition from arS=0 excited state of the defect, for which tUré, as has been established for the 0.841 eV band in
a nonradiativeM-dependent transfer from an energeticaIIyGaP- ’
closeS=1 state of the defect is involved. Such a case has
been observed for the carbon-carbon pair in silicon, for B.L3and L4
example'? In that case, alternative excitation paths were evi- We can compare estimates of tA%a free neutral atom
dent, as well. hyperfine interactions for a s4(a=7430.4 MH2 and
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4p (b=148.2 MH2 orbital'’ to the observed values of be involved, and that the excited state is shallow effective-
|Aj|=|a+2b| and|A, |=|a—b|. This leads, for the required mass-like.
fractional components of the wave function on the Ga atom, The other is a broad band centered~&.95 eV, which
to ~62% 4p and ~23% 4s for L3, and ~72% 4p and reveals thre&=1/2 ODEPR signals, L1, L3, L4, plus, in an
~43% 4s for L4. The wave function in each case is there-MBE sample, the EM shallow donor signal, as well. From
fore highly localized on a single Ga atom in a-4p orbital  the lack of 1:1 correspondence between the individual
pointing along thec axis of the crystal. ODEPR intensities and the strength of the luminescence
This is exciting, because these represent ODEPR spectl@nd, we have concluded that for none of the related defects
in GaN with resolved anddentified hyperfine structure. In can the spin-dependent process which reveals its spectrum be
addition, in involving a host atom in a configuration pro- the actual radiation process. We cannot rule out, however,
duced by the irradiation, they are clearly related to an intrinthat at least one of them could be directly related to the
sic defect in the material. The logical first choice is a Galuminescing center. For example, spin-dependent charge
interstitial. The fact that there are two similar defects, withtransfer to an excited state of a defect which then subse-
different thermal stabilities suggests that it is paired off withquently radiates remains a possibility. Such a case has been
some other defect, the result, perhaps, of migration of theited in ZnS where electron transfer to>Fe(seen in the
interstitial. The failure to see it in the presumably purer MBEODEPR produces an excited state of 2Fewhich subse-
material could be interpreted to further support the idea ofjuently radiates to its ground sta&teFor such a system,
trapping by trace impurities in the material. Also, the mag-alternative excitation paths can also exist, destroying 1:1 cor-
nitude of the isotropic hyperfine component is similar to thatrespondence between ODEPR and luminescence.

observed in ODEPR spectra of as-grown Ga8RL GH2,'® L3 and L4 are suggested to be intrinsic-defect related,
and ALGa _,As (1.5 GH2,*® which were interpretedcor-  displaying well resolved hyperfine interactions with a single
rectly or incorrectly as Ga interstitial related. Ga atom. Analysis reveals the wave function of the unpaired

However, it should be noted that we cannot completelyelectron to be highly localized for each in a-4p orbital on
rule out a highly localizeddeep state of a nitrogen vacancy- the Ga atom. A model tentatively proposed for the defects is
related defect. In that case, the unpaired electron could ba Ga interstitial trapped by impurities or other defects origi-
highly localized on the single axis Ga near neighbor. This nally present in the samples.
would seem unlikely, the nitrogen vacancy having generally
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