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Intrinsic defects in GaN. 1. Ga sublattice defects observed by optical detection of electron
paramagnetic resonance
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Irradiation of GaN by 2.5-MeV electrons situ at 4.2 K produces a broad photoluminesce(fe) band
centered at 0.95 eV. Optical detection of electron paramagnetic resof@DB&PR in the band reveals two
very similar, but distinct, signals, L5 and L6, which we identify as interstitiaf ‘G two different lattice
configurations. L5, present immediately after the irradiation, is seen via a spin-dependent electron transfer
process from the shallow effective-mass doitBM) which competes with the Plnegative signal L6
emerges upon annealing at various stages starting Gt K, possibly assisted by optical excitation, as a
spin-feeding procesgositive 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 badfe) also disappears
in this anneal, the remaining fraction being stable~t600 °C. Two tentative models are presented, each of
which identifies L5 and L6 with Ga 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 stabte500 °C.
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[. INTRODUCTION present paper we describe in detail what has been learned.
We find that interstitial Ga can actually be observed in two
Vital to the successful optical or electronic application of distinctly different configurations. We will propose two pos-
any semiconductor is the understanding of its intrinsic desible models for them, each of which identifies them to be
fects, i.e., lattice vacancies and interstitials, because theip different lattice sites near the gallium vacancy from which
provide the various diffusion mechanisms involved in pro-they were ejected. In addition, we will supply evidence
cessing and device degradation, as well as in often controthat one of the defects previously detected in the room-
ling background doping, compensation, minority-carrier life-temperature irradiationgL1) may be the isolated Ga
time, and luminescence efficiency. Currently there is muchvacancy.
interest in the wide-bandgap semiconductor gallium nitride  In & companion paper immediately following this dre,
(GaN) because of its proven success for light emitting anchereafter to be referred to as B, the mechanism for conver-
laser applications, and its potential for high-temperaturesion between the two interstitial configurations will be
electronic application$.Although there have been several explored.
theoretical studies of vacancies and interstitials in Gal,
little experimentql information presently exig,ts. The only di- Il. EXPERIMENTAL DETAILS
rect and unambiguous method of introducing these defects
for experimental study is by high-energy electron irradiation, Most of the samples studied were free standing, thick
where host atoms can be displaced from their lattice sites b§200—-500um), single wurtzite crystal platelets of GaN
Rutherford scattering. In addition, the most successful exgrown at NEC by hydride vapor phase epitdiv/PE) using
perimental technique for identifying and studying the defectsa facet-initiated epitaxial layer overgrowiffrIELO) tech-
has proven to be electron paramagnetic resonance, detecteidue on a GaN-nucleatectaxis sapphire substrate which
either directly(EPR) or optically (ODEPR. Studies combin- was subsequently removed. The details are described in Ref.
ing room temperature electron irradiation and ODEPR havéd2. The samples were not intentionally doped, beirtgpe,
recently been reportétf leading to the observation of sev- with n<10' cm™3, and with very low dislocation content
eral new defects produced by the irradiation, labeled L1—L4(~ 10" cm 2). Samples from three such platelets, grown at
two of which (L3 and L4 were tentatively identified as different times, labeled VPE2-155, VPE2-180, and VPE2-
trapped Ga interstitialSThis observation strongly suggested 331 were studied. In addition, a @m thick p-type sample
that the Ga interstitial must be mobile below room temperagrown by metal-organic vapor phase epita®yOVPE) on
ture. c-axis sapphire, labeled MOVPE-208B, was also studied.
Here we describe a continuation of these studies, where The experimental setup used to obtain the data described
the electron irradiation has been performeditu at 4.2 K,  in this paper is identical to that of earlier ODEPR work on
to freeze in the primary defects for study before their movedl-VI semiconductors, which should be referred to for further
ment is possible. An early result of the experiments has aldetails'® Briefly, the experiments were performed at 20 GHz
ready been published, where an isolated Ga interstitial wais an EPR spectrometer capable of irradiatiositu at 4.2 K
identified’® These studies have been continued and in thevith 2.5-MeV electrons from a Van de Graalff accelerator.
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FIG. 2. ODEPR spectrum observed in the 0.95-eV PL band at
Wavelength (nm)

1.7 K for sample VPE2-180b afters10%/cn? in situ irradiation
FIG. 1. PL spectra, corrected for monochromator and detectogt 4.2 K.

spectral response, for sample VPE2-155c at 1.7 K before and after

2.5-MeV electron irradiatiomn Snlfzu at 4.2 K. Solid: before irrigia- Before irradiation, the visible luminescence is dominated pri-
tion; dashed: after 0:610"'e/cn; dotted: after 1.%107e/cn?. oy by a broadband at 700 nm, which appears to be the

(The dlp at~ ;400 nm is an artifact resulting from absorption in the characteristic of low-dislocation samples grown by the
quartz light pipe used to extract the PL from the cryostat. HVPE method!5 This band decreases in intensity mono-

. . . tonically with irradiation dose. In the infrared, a strong zero-
Subsequent ODEPR experiments were accomplished by |rb y g

N he T . X fused honon line (ZPL) at ~1350 nm and associated phonon
serting into the Thy, microwave cavity a fused quartz cap- gycqre is initially present, again characteristic of all of our
|Ilary tube, which served as a_Ilght PIpe to extract the phOto'HVPE samples, which has been attributed to vanadium
luminescence(PL), and within which was threaded an

. X . (V3.1 Its intensity also decreases with irradiation as a
opu'cal fiber which aIIqwed.for the samp(daocgted a few strong broadband centered-at300 nm ¢ 0.95 eV) grows
mllllmletelrshbelow the |Ightﬁlp)3t0 be photoe>iC|ter:1 V\I"th ul- in. Within our accuracy, this band is identical to that previ-
traviolet light. To monitor the ODEPR signals, the lumines- | ' it f )
cence was detected with either a silic®G&G 250UV) or ously observed to result from room-temperature

. : : t tiall
cooled germaniunm{North Coast EO-817Sdiode detector, |(rf;1§i<|gt)|on, but its production rate is substantially greater

and, for most of the experiments_:, excitatios & mW) was The ODEPR spectrum observed in the 0.95-eV band im-
supplied by the 364-nrB.41-eV) line of an argon-ion laser. mediately after the 4.2 K irradiation is shown in Fig. 2. None
This wavelength is just below the Iow-temperatgre bandga%f the signals seen previously in this band after the room-
of GaN (3.51 eVf and allowed for bulk penetration of the temperature irradiatiofiS are present. Instead, two negative
t.h'Ck samples, Wh_'Ch were immersed in pumped liquid he'signals are seen, one single line associated with the shallow
“L.’m (~1.7 K). Microwave power from a 300-mW Gunn effective-masgEM) donor!’ as indicated, the other a set of
diode was on-off modulated at200 Hz, and ;ynchrqnous lines which we have labeled L5. The positions of the L5 lines
changes in the luminescence were detected via lock-in dete¢; - v accurately fit by the following spin Hamiltonian:
tion. The platelet sample was indium soldered onto a brass
post, cut at 45° in order to provide equal surface area for the H=ugS g-B+S-A-1—g,unl B, (1)
horizontal electron irradiation and subsequent vertical photo-

excitation.(The magnetic field could be rotated in the hori- whereB is the external magnetic fielgyg denotes the Bohr

zontal plane and therefore only directions betwBerc axis ~magnetonuy represents the nuclear magneton, @ik a

and 45° to thec axis were accessible. hyperfine tensor which couples the electronic sBirto a
nuclear spin for which the nucleag value isg,,. As shown

in Fig. 2, the structure is accurately reproduced by assuming
that L5 is anS= 1/2 center with a strong, slightly anisotropic,

In Fig. 1 we show the characteristic photoluminescencéiyperfine interaction from a single Ga nucle(isotopic
observed in one of the-type HVPE samples before and after abundance: 6096°Ga, 40% "*Ga; g°%g/'=0.78703, and
irradiationin situ at 4.2 K. for both, 1=3/2). The spin-Hamiltonian parameters are

This behavior was similar in all of oun-type samples. given in Table |, where “parallel” refers to the axis of the

Ill. RESULTS
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TABLE |. Spin-Hamiltonian parameters for the ODEPR signals.

Signal g, g %A, (GH?)  *°A|(GH2)
L5 2.0001) 2.0003) 3.7711) 4.013) ] (d) L6*
L6 1.9992) 1.9994) 3.852) 4.054)

L6* 2.0003)  2.00Q5) 3.842) 4.0005) | L1
L1 2.0081)% 2.0041)2  0.101) 0.102) i MJ\,J\«\/\NN/\MWM/\/\W (©)L6

%Reference 9.

(I I | L
wurtzite crystal. In some of the samples studied, the two 1 e N (b) L5L6
signals could also be observed weakly, again negative, in the .
visible luminescence. l
Figure 3 shows the result of an isochroitdd min) an- (@) L5

nealing sequence for the ODEPR signals in the sample of

Fig. 2. At each temperature, a 30-min anneal was first per-

formed in the dark followed by a 30-min anneal with the .
laser on. There are several interesting effects occurring, -
which we now considerti) L5 and the negative EM signal 03 04 05 06 07 08 09 1.0
remain present up to the 295 K anneal, at which point they .

disappear together. Continued annealing at this temperature, Magnetic field (T)
shown in the inset, reveals a time constant for the disappear- FIG. 4. (b) ODEPR spectrunBL c, in sample VPE2-331c after
ance of L5(and EM of ~200 min’® Simultaneous with  1.6x 10te/cn? at 4.2 K, subsequent anneal at 200 K, and several
their disappearance, L2 grows in and there is a correspondingays of study under optical excitation at 1.7 (€) Signal L6 plus
growth in of L1, both L1 and L2 being signals previously L1*, after subtracting frontb) the component of L5 shown i@).
studied, but not identified, in room-temperature irradiatedThe sticks show the positions for the L6 lines predicted by the
GaN®? (i) A different signal, labeled L6, emerges at various spin-Hamiltonian parameters in Table (H) The L6* signal ob-
stages throughout the lower-temperature annealing seerved in thep-type MOVPE sample after 260 K anneal.

quences. In this particular sampgMPE2-180b, its intensity o ) ) )

was very weak, and it was initially missédFigure 4b),  relative intensity of L6, it was possible to separately extract
however, shows the spectrum in a different and more heaviljt. @ shown in Fig. &), and estimate its spin-Hamiltonian
irradiated sampléVPE2-331¢ after 200 K anneal and pro- Parameters. These parameters are included also in Table I.

longed laser illumination, where, because of the strongefThe greater uncertainty indicated for the L6 parameters than
for those of L5 reflects an estimate of the additional possible

error in this nontrivial extraction.Once identified in this
fashion, it was possible to go back to the spectra for the Fig.
3 annealing sequence and extract the L6 contribution at each
stage, as showr{The detailed method for this extraction is
002 "%, described in B.L6 is apositivesignal, which like thenega-

tive L5 signal, displays hyperfine interaction with a single Ga
atom, and which is only a few percent larger than that for L5.

ODEPR signal

0.30 1

0.25

0.00¢6—=
0.20 0 100 200 300 400

-\I Annealing fime a1 295 K (min) No EM signal appears to be associated with it. L6 is less
045 s stable than L5, annealing faster at 295(K.) Another posi-
' L2 . tive signal which appears to be indistinguishable from°L1,
010_' - \: i but which we tentatively label L1*, begins to grow in at the

i lower-temperature anneal stages roughly in synchronism

ODEPR Intensity (arb. units)

’ with the growth in of L6. It is more apparent in Fig(c}, as
indicated, where the strength of L6 is greater) There is a
strong suggestion that illumination speeds up the annealing
0.00 - process in the lower-temperature stages. Spectral dependence

0 50 100 150 200 250 300 350 400 . :
) studies reveal both L5 and L6 to accurately mirror the
Annealing Temperature (K) 0.95-eV band

FIG. 3. Result of isochronal annealing on the amplitudes of the ~Figure 5 shows the result of annealing on the various PL
various ODEPR spectra observed in the 0.95-eV PL band for th@@nds for the sample VPE2-180b of Fig. 2. There is evidence
VPE2-180b sample of Fig. 2. At each temperature the sample wa@f partial recovery at various low-temperature stages, as seen
annealed first for 30 min in the dark and then 30 min under laseflSO for the ODEPR in Fig. 3, but, as for the ODEPR, the
excitation. (Plotted for L5 and L6 are the amplitudes of their high- major change occurs at the 295 K anneal, with the loss of
field ®°Ga line) The recovery vs annealing time at 295 K is shown most of the 0.95-eV band. At that point, the characteristic
in the inset. 0.88-eV PL bandiof L2 is observed to emerge, mirroring

0.05 L6x2 *“*“Q .
] "
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FIG. 5. Intensities of the PL bands after the total 60-min anneal- ! “ n N A AN
ing time at each temperature for sample VPE2-180b, as shown for . ol : , b [
its ODEPR spectra in Fig. 3. Shown also after the broken lines are 1.22 1.24 1.26
the values after several days at room temperature. The points for the M i
o . . agnetic field (T
visible and \A* PL have been normalized to their values before 9 (M

irradiation. The normalization for the 0.95-eV PL is arbitrary. FIG. 6. (3) ODEPR spectrum at 35 GHz of L1, ar®) its

that observed in the ODEPR. The remaining 0.95-eV ban(§econd derivative, foBL ¢, compared to predictions for hyperfine
. . L . g_ ’ interactions with three equivalent Ga atoms, as shown by the sticks,
(~10-15% of its original intensilyhas previously been

Shown 1o be stable t6.500 °C 2 and, after convoluting with a Gaussian of appropriate width, by the

- . . ashed curves.

Similar overall behavior has been observed in samples o
the other HVPE platelets, VPE2-331, and VPE2-155, thesignal similar to that of L1. It disappears upon annealing at
ODEPR immediately after irradiation showing only the 300 K over a period of a few hours. Its estimated spin-
negative L5 and EM signals, and the PL and ODEPR follow-Hamiltonian parameters are also included in Table I, where
ing roughly similar annealing behavior. In addition, in one we have tentatively labeled it L6* because the deviation of
more heavily irradiated VPE2-155 sample, the emergence dfs parameters from those for L6 is probably within the error
a weak L4 signal could be detected after room-temperaturef measurement for each. We recognize, however, that it
annealing(The emergence of the correspondingly expectedcould conceivably represent yet another slightly different Ga
concentration of L3 could not be established due to its overinterstitial configuration. Its intensity was too weak to per-
lap with other existing spectnaThis appears to confirm that form a detailed spectral dependence for it, but with selective
all of the spectra previously observed after room-temperaturélters it appears to originate from a slightly higher-energy
irradiatior? are indeed produced in the room-temperature anportion of the 0.95-eV band, as opposed to L5 and L6 in the
neal of the low-temperature-irradiated samples, but not nem-type HVPE materials, whose spectral dependences accu-
essarily in the same relative concentrations. In these otheately mirror the complete band.
samples, however, one significant difference is observed. The A careful study of the L1 signal in a separate 35-GHz
conversion of L5 to L6 is substantially greater than thatODEPR spectrometer after room-temperature anneal has re-
shown for VPE2-180 in Fig. 3. This important difference, vealed partially resolved structdfenot noted in our initial
and a detailed study of the L5 to L6 conversion process, willstudy® As shown in Fig. 6, it is greatly enhanced by second-
be the subject of B, the accompanying paper immediatelglerivative processing, and can be matched very well as the
following this one!! result of hyperfine interaction with three equivalent Ga at-

In the p-type MOVPE sample, the luminescence behavioroms.[Here the sticks represent the relative intensity and po-
is similar, the visible blue luminescence characteristic ofsitions for the lines arising from three identida+ 3/2 Ga
p-type GaN decreasing with electron fluence at 4.2 K, andcaitoms, each with the normal abundance of their two stable
with the growth in of what appears to be the same broadsotopes, and witi\(®°Ga) = 100 MHz] The hyperfine in-
0.95-eV band in the IR. However, as reported earlier in aeraction appears isotropic with no distinguishable difference
p-type sample from a different sourt&heavier irradiation (+10 MHz) betweenB|c, and BLc. Resolution of the
doses (-5X) are required. Some of the signals reported instructure is, however, observed to depend somewhat upon
the earlierp-type studies were also observed in the presenbrientation forB in the c plane, as is evident in the study in
sample, but not th&=1 center, labeled L8, that emerged in the 20-GHz ODEPR spectrometer shown in Fig. 7. Attempts
that work in the visible PL upon anneal at 180 K. Instead, theo use the existence of this structure to establish whether or
weak positive signal associated with interstitial Ga shown imot L1* the weak L1-like signal appearing to emerge at
Fig. 4(d) is observed to emerge in the IR after an anneal atower temperatures with L6, is identical to L1 have so far not
260 K, again also with the simultaneous emergence of &een successful. The structure is not clearly evident in L1*
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[36% 4s, 37(*=6)% 4p] but the localization on the Ga atom
becomes the more realistie73(£6)%, again highly local-
ized.

The presence of L5 immediately after a 4.2 K irradiation
clearly reveals it to be directly related to one of the intrinsic
B|[[1010] defects produced by the primary knock-on damage event.
Two possibilities suggest themselves—the Ga interstitial in
its Gaf or Gaf+ paramagnetic state, or a paramagnetic charge
state of the nitrogen vacancy with the wave function highly
localized on one of its four Ga neighbors, the result of a
Jahn-Teller distortion. We can reasonably rule out We
paramagnetic state because all theoretical calculations appear
to agree that it should be a shallow effective-mass $tate.
The paramagnetilv’ﬁ,+ state can also be ruled out since it is
0,68 070 o2 oy not p_redic_ted2 l_ay theory to exis‘g in the band@&ﬁ,and, even

' ' ' ' if it did exist,” it should be undistorted, with one electron in
Magnetic field (T) an orbitally nondegeneratg state. Of the two Ga interstitial
charge states, (‘3a:an also be reasonably ruled out because
theory predicts it to be only a shallow EM state in either of
its two possible sites@ or T),® but also because spin-

: K v olus th . ‘ | dependent electron capture would carry it to a negative
but its weak intensity plus the uncertainty of tkeplane charge state, additionally unreasonable.

ODEPR signal
Il

BI|[1120]

FIG. 7. Resolution of the L1 structure at two different orienta-
tions of B in the c plane.

orientation in mounting the tiny samples for timesitu irra- We conclude therefore that L5 must result from the Ga
d_|at|on experiments make this observation so far '”Conduinterstitial in its Gﬁ* paramagnetic state, with its ODEPR
SIve. detection along with that of EMresulting from the spin-

dependent process

IV. DISCUSSION Gq2+ n EMO—>GQ+ LEMT 2
A. ODEPR spectra Its disappearance upon extended anneal at room temperature
1. 15 with the simultaneous emergence of signals previously ob-
i ) ) served in earlier room-temperature irradiatiofiscluding
_ The simultaneous 1:1 presence immediately after 4.2 K 4 \which was previously suggested to be a trapped Ga in-
irradiation, and vs annealing, of the shallow effective-massestitia)), reveals, in addition, the important information that
donor and the L5 resonances, both negative, reveals that theexecutes sufficient long-range migration in the lattice at

two signals result from a spin-dependent transfer process beyjs temperature to be trapped by impurities or other defects.
tween the shallow donor and the deep L5 center, which is

competingwith, but not directly related to, the recombination 2 L6

process giving rise to the PL being observed. That the L5

center is deep, with the spin wave function highly localized, L6 clearly also originates from @&, with only slightly

is evident from its hyperfine parameters in Table |. Compardifferent spin-Hamiltonian parameters from those of L5. But
ing the values fotAj|=a+2b, and|A, |=a—b to Hartree- its signal ispositive revealing a spin-dependent process that
Fock estimates for the®Ga neutral free atom a is directly or indirectly involved in theproduction of the
=7430.4 MHz for the 4, and b=148.2 MHz for the 4 0.95-eV luminescence. A corresponding positive EM signal
orbital) (Ref. 20 gives, in a simple linear combination of is not observed that correlates with it. Instead, the positive
atomic orbitals(LCAO) treatment, 52% of the spin wave Signal L1* appears to emerge in close correlation with L6.
function located in the @ orbital and~54(+8)% inthe 4 This suggests spin-dependent recombination betweéii Ga
orbital of the Ga atom(The indicated accuracy for thep4 and the defect giving rise to L1*. Like L5, the L6 defect is
contribution is the result of the probable error estimates irlso deep, with its spin wave function highly localized on the
Table | and their significant effect in extracting the smallGa atom. LCAO analysis similar to that for L5 using the
anisotropy in the hyperfine parameteBhis simple calcula- Ga' " estimates gives it to be 37% localized in the dnd
tion implies that~100% of the wave function is accounted 31(=18) % in the 4 orbital of the G&* atom, with ~68

for on the Ga atom. It would be more appropriate, of course(* 18) % localized on the atom. The character of th¢ Ga
to compare to the values for the Ga free ion, which are  spin wave function for L6 is therefore very close to that for
not directly available. However, a rough estimate can bd.5.

made by scaling the neutral atom Hartree-Fock values by the L6 must result from a different configuration for Eain
ratio calculated for the isoelectronic Al3s to AI°3s the lattice than that for L5. This, therefore, implies motion of
values?® ~1.45. If we do that, the approximate 50-50 distri- some kind for the interstitial even at 60 K, where, as shown
bution between the gtand 4p orbitals remains the same in Fig. 3, it first appears in the-type material, particularly in
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the presence of optical illumination. The details of the L5atoms back bonded to the impurity. In this model, the domi-
—L6 conversion, and the role of optical excitation, will be hance of the Ga hyperfine interactions over those of the three
presented in paper B. Here we note only that it is occurringnear-neighbor N atoms would be helped by thé times

and that it implies motion of some kind for the interstitial. greater Ga atomic hyperfine values over those for atomic N.
The N interactions could provide the remaining broadening.

3. L6* c. Isolated Ga vacancyn cubic GaN, a Jahn-Teller dis-
Like L6 in the n-type material, L6*, observed ip-type tortion would be expected for thé;, paramagnetic charged

, : o121
material, is also detected as a positive ODEPR signal anE:ate blecause _It hf'is olne ho'é)f-,'” a degener:/tiaz prbzltag
appears to be accompanied by a second positive signal indid? analogy to its isoelectronit; counterpartvz, in Znse,

tinguishable from that of L1. Its spin-Hamiltonian param- °"€ of its four neighbors would distort inward, and the hole
eters given in Table | are close enough to those of L6 to bd/ould tend to localize on that neighbBrin wurtzite GaN,

the same within our experimental accuracy. It too is clearlyVNere the local departure from cubic symmetry corresponds
associated with G4 , but whether it arises from the identi- [0 COMPression along theaxis, this means that the localiza-

cal configuration as L6, or reflects a third slightly diﬁerentgﬁg Vr:! dtglndtr:(e)rebf?)rgnt?héhin%r;]a-i?()a(:js :F;ti:‘og\];gvge;gggﬁgnl?s
one, as perhaps suggested by its slightly different PL spectr tuifted toward the on-axis N and its three back-bonded Ga

dependence, cannot be determined at this stage. We will ng

consider it further in the present paper, a more comprehenq oms. Again, as for the trapped vacancy, these Ga atoms

sive study inp-type materials being required to resolve this would account for the resolved structure, and the nitrogen
question. hyperfine interactions would have to be weak enough to

serve primarily to broaden the ling&Ve note briefly also the
interesting prediction of Chadi tha N neighbor could move
into the vacant Ga site to produce what is in effect a N
The L1 signal can be produced iirtype material both by antisite next® a N vacancy, which would be a triple donor
room-temperature irradiation, and by annealing at room temand 3.2 eV more stable when the Fermi level is at the
perature after low-temperature irradiation. In these materialsjalence-band edgé.The N vacancy produced by this trans-
it can always be observed in the irradiation-producedformation would have three Ga neighbors, suggesting an-
0.95-eV band under UV excitatiof8.53 or 3.41 eYand it  other interesting possibility for the three-Ga hyperfine inter-
disappears when the band disappears upon annealing attions, as for the trapped nitrogen vacancy considered
~500°C? On the other hand, L1 is not observed for argon-above. However, this transformation is predicted to occur
ion excitation energies of 2.73 eV or below, even though theonly in strongly p-type material, the 3.2-eV energy differ-
PL band is present for excitation energies down to and inence having vanished already when the Fermi level has risen
cluding the 1.52-eV line. L1 is therefore directly involved in by only ~0.6 eV. Therefore, in our case nftype material,
a spin-dependent feeding process for the 0.95-eV PL but thig should not be a consideration.
process is nothe luminescence process itsélf. Model (a) requires the motion at room temperature of the
The resolved nearly isotropic hyperfine interaction withN vacancy, and modéb) that of the Ga vacancy. Of course,
three Ga atoms of=100 MHz, amounts, when compared either is possible, and we cannot rule them out. However, the
to the neutral Ga free atom values, to oali.4% 4s char- onset of long-range migration for either almost simulta-
acter on each, or a total of onty4%. Setting an upper limit neously with that of the Ga interstitial would be a coinci-
for the possible undetected hyperfine anisotropy @&f 3 dence. On the other hand, the emergence of the isolated Ga
<15 MHz, as given by the experimental uncertainty,vacancy could follow naturally as its perturbing nearby Ga
+10 MHz, gives<3.5% 4p on each, for a total of some- interstitial migrates away.
where between 4 and 15% of the wave function distributed
between the three. The wave function is therefore not highly
localized on these three Ga atoms. ] _ )
Three models possibly consistent with the Ga hyperfine The 0.95-eV PL is present immediately after the 4.2 K
interactions have been suggested. irradiation. It, therefore, must arise from an intrinsic defect
a. Trapped nitrogen Vacancylere one Of the four neigh_ |tse|f Although "’85% Of |t iS IOSt after room-tempel’ature
boring Ga atoms is replaced by an impurity. Since the nitro2nnealing, the remaining component, which is indistinguish-
gen vacancy is believed to be a shallow donor, a |ogicafib|e in spectral shape from that immediately after irradiation,
|mpur|ty m|ght be a Group-” atom such as Mg or Zn, eachis stable to~500°C. This suggests that it is associated with
of which is an acceptor. Each has only a low-abundanc@n intrinsic defect that is stable up t9500°C, but for
nuclear-spin isotope, leaving the three remaining Ga neathich the PL intensity drops dramatically when the Ga in-
neighbors to the vacancy to produce the hyperfine structurderstitial begins to migrate and become trapped.
b. Trapped Ga vacancidere one of the fouN neighbors
is replaced by an impurity. Since the Ga vacancy is a deep V. MODEL
acceptor, a logical impurity trap would be a substitutional
Group-VI donor, such as O or S, which also have low- InFig. 8, we first present a simple schematic model which
abundance nuclear-spin isotopes. In this case, the relativesummarizes what our results appear to suggest concerning
weak hyperfine interactions could come from the three Gahe origin of the 0.95-eV luminescence and the ODEPR sig-

4. 11

B. 0.95-eV photoluminescence
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EM (Gay)ys X (Gaye EM Gay(T) Vea  Ga(0)
. YIIII S S .
—0 —0 -0 ¢ 0 0 0 ¢
+ + + + +
~ EM :: Ey+2.6eV
N EM _+
N L6 ++ L5 L6 ++ Ey+1.7eV
\\ Ly +++ L1 +++
— — E,+1.1eV
+ E,+08eV —* Y
++  pLfo0.95ev ++  pLjo095eV

% - 7 7 i

FIG. 8. Schematic model for the origin of the PL and ODEPR  F|G. 9. Model I, identifying L5 and L6 with G& in the T and
signals. O interstitial sites, respectively, and L1 with the Ga vacan¢§).
The indicated level positions for the interstitials come from Ref. 6,
nals. Here, the 0.95-eV luminescence is the result of holéhe value forVg, from Ref. 5.
capture from the valence band by a radiation-produced defect

wh|c.h' we labelX. The'(.axact configurations for Fhe WO IN- {he relevant energy levels where they have to be to explain
terstitials are not specified so they are labeled smp_lx)(@a the ODEPR signals. In particular also, tig, level predic-
and (G@.e- As shown, the electrical level position of (o atE,,+1.1 eV is remarkably close to what is required to
(G& )6 is placed above the level fof, so that transfer of account for the broad Stokes-shifted PL band centered at
an electron from it toX can occur, feeding the luminescence 0.95 eV. In addition, the identification of the 0.95-eV lumi-
and producing the positive L6- L1* resonances. Electron nescing centefX) as the gallium vacancy satisfies the further
transfer from the shallow EM state to (ﬁa)Ls, whose elec- requirement that it be identified with an intrinsic defect. We
trical level position is placed below that fof, is in compe- have already presented arguments for the possible identifica-
tition with processes feeding the luminescence because th®n of its L1 signal withVZ, . In this model, the lumines-
electron cannot subsequently be transferretdhe EM  cence results when nonparamagnafi, captures a hole,
and L5 signals are therefore negative. Shown also as the ODEPR signals arising from competing and/or feeding
dashed line is a less efficient direct electron transfer from th@rocesses that vie for the required electron transfer to its
shallow EM donor taX, which emerges as positive EM and paramagnetid/4, state, and not the luminescence process
L1 signals only after annealing at room temperature. In thistself, as required. As initially produced, each Ga vacancy
model the L1* and L1 resonances are identical, coming fronhas a positively charged Ga interstitial nearby, and the elec-
the same electron-receiving state>of tron feeding processes to the negatively charged vacancy
Further progress beyond this requires the construction afhould therefore be strongly favored to go by way of the
reasonable models for the specific interstitial configurationgCoulomb-attractive interstitial. When the Ga interstitials start
involved, as well as for the defeet that is responsible for to migrate at room temperature, presumably some recombine
the 0.95-eV PL. We now present two such models. with the vacancies, others get away and become trapped. At
this point, the remaining isolated Ga vacancies can be fed by
a less efficient process directly from the shallow donors, pro-
ducing the L1 ODEPR signal. This model therefore serves to
In Fig. 9, we show that the schematic model of Fig. 8 canexplain the ODEPR and PL changes during annealing at
be fit very nicely with recent calculations for the electrical room temperature in terms of one mobile species—the inter-
level positions if we identify L5 with G&" in the interstitial ~ stitial. In this model, the low-temperature conversion be-
T site, L6 with Gé* in the interstitialO site, and L1, which tween L5 and L6 is the result of interchange of the interstitial
arises from theX defect, with a nearby Ga vacancy in its between itsT and O sites. This motion constitutes a half
paramagnetid/Z, state. As shown, in th& site, Ga(T) has  diffusion step, implying migrational motion of some kind for
been predicted to be a triple donor, with its second and thirdh€ interstitial also at this low temperature.

donor states deep and in strongly negativesrdering, the Although thi; model is very attractive in that it appears to
relevant second donor level +(++) being at Ey explain essentially everything that has been observed, there

+0.8 eV® where Ey, denotes the energy at the top of the IS @ Serious concern that must be addressed. It requires Ga
valence band. For G@) at theO site, the second and third to have almost identical hyperfine interactions in ThendO
donor levels are predicted to be very close in energy, cersites(within ~2-3%). Isthat reasonable? Maybe, but let us
tered aroundEy+ 1.7 eVE or in negativet ordering atE,, ~ consider an alternative model.

+1.9 eV (Ref. 3 or Ey+2.25 eV? For each configuration,

This model, therefore, fits remarkably well, locating all of

A. Model |

the first donor level is predicted to be shallow and EM-like. B. Model Ii
For the triple acceptor level of g, (3—/2—), its position In Fig. 10 we consider a very similar model, but with the
has been predicted to be B+ 1.1 eV? exception that the two different (-,%1‘1 sites are each sites,
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EM Ga(T) Vg Ga(T) EM VI. SUMMARY
= T Ee We have estgblished_ the followir?g: Int_erstitial Gahas _

+ + + I+ been observed in two different configurations by ODEPR in
+t g oi2gev —tF ,' undopedn-type GaN aftelin situ 2.5-MeV electron irradia-
iy o tion at 4.2 K. In one, signal L5, it is observed via a spin-

EM 1 . .
s \ L6 ' dependent process involving electron transfer from the shal-
“ L1 1 low EM donor to it, which is competing with spin-
== ! independent processes feeding an irradiation-produced
E,+08eV = + ¥ 0.95-eV luminescence band. In the other, signal L6, it is
PL{ 0.95 eV +* observed via a spin-dependent process of electron transfer
; Ey between it and a defect giving rise to signal L1*, which is
feeding the luminescence. Only L5 is observed immediately
FIG. 10. Model II, identifying L5 and L6 as arising from after irradiation, but conversion between the two configura-

G&"(T) and G&*(T*), respectively, both irT sites, but withT* tions can occur at as low a temperature as 60 K, and aided by
closer to itsVg,. As in Model I, L1 and the 0.95-eV PL are iden- optical excitation. Long-range migration, with subsequent
tified with the Ga vacancy\g,). The solid lines represent the trapping of the interstitial, occurs over a period of several
dominant transitions. hours at room temperature. Within experimental accuracy,
L1* has the sameg values and width as L1, the signal that
grows in upon annealing at room temperature and which is
stable to~500°C, where the irradiation-produced 0.95-eV
luminescence also disappears. Having been created by irra-
diation in situ at 4.2 K, the 0.95-eV band must also arise
from an intrinsic defect.

with, therefore, very similar hyperfine interactions. We retain
the identity of Vg, with the 0.95-eV PL and with the L1
ODEPR, but look more closely at the level positions pre-
dicted by theory for G4T). A third donor level ¢ +/+ +

+) is actually predicted to be d&y+2.6 €V, as shownin 15 tentative GaV, Frenkel-pair models have been
the figure, and the spin-dependéeedingprocess, which we  presented to explain the results. One identifies L5 as arising
did not consider in Model I, from G&" in a nearbyT interstitial site of the wurtzite lat-

tice, and L6 as arising from G4 in a nearbyO site. The
other identifies L5 and L6 as arising from £ain two dif-
ferent nearbyf sites, with L6 arising from G& in a site that

is closer to itsV g, partner. In each model, thiesite has been
chosen to play a role because it easily provides a simple
mechanism for the competing process involving L5. This is
fully consistent with the calculations of Boguslawsial,®

GE (T)+V&,—Gg (T)+ Vg, (3)

could also occur from each site as well, in addition to the
spin-dependent competitive process of E2). On the left

side of E'gf 1O,t\I/1v§/corf15|der ‘E?f‘.‘? be Se\{er?l (Ijatucle S.'tesl which predict theT site to be~0.2 eV more stable than the
removed from Ga ITOM WHICh It was €jected, a logical 4 gjta We note, however, that the calculations of Neuge-

a_lssurr_lption for the average distance aﬁgr a Z'S'va irradiat')auer and Van de Waﬂepredict theT site to be less stable
tion displacement event. In that case, since botfi'Gand  han theo site, by~1 eV. This provides another reason to
V&, are deep, with highly localized wave functions, their consider these models tentative, although in the low-
electronic overlap is weak, and transfer in thgype material  temperature radiation damage production process, the exact
from the large orbit shallow EM donors to ﬁa, Eq. (2), configurations that result do not necessarily reflect the ther-
dominates, producing the negative EM and L5 ODEPR sigmodynamically stable ones. In each of these models, conver-
nals. sion between L5 and L6 implies that diffusional motion of
For G&*(T*), where T* is a T site closer toV4,, the ~ some kind can occur for the interstitial Ga atoms at cryo-
enhanced overlap of their wave functions could now makegenic temperatures. Thermally activated long-range migra-
the electron-transfer process between them,(Bx.become tion of the interstitial, on the other hand, appears not to occur
dominant, as shown on the right-hand side of Fig. 10, givinguntil annealing at room temperature. This strongly suggests
rise to the dominance of the positive signals L6 and L1. Thghat the cryogenic temperature motion must be associated
presence of the closafé; would account for the slightly with the optical excitation. This will be explored in more
different hyperfine interaction for L5 and L6The fact that ~ detail in B, the accompanying paper that follofs.
there appears to be a single unique L6 suggests a particularly The 0.95-eV luminescence is proposed to arise from hole
stable near-neighbor position, such as, for example, with &apture by the triply negatively charged Ga vacavigy and
nearest neighbor N atom separating it from the vacancy, imwvith the identical L1 and L1* ODEPR signals arising from
analogy to the observation in the annealing for; Zn  its Vé;1 paramagnetic state. If this is correct, the stability of
ZnSe? the 0.95-eV PL and the L1 ODEPR signal to 500 °C provides
Here, the low-temperature conversion between L5 and Léhe important additional information that the isolated gallium
involves motion between twd sites, in this case a full dif- vacancy is stable to this temperature.
fusion step, implying again motion of some kind for the in-  Finally, the correct interpretation of our results would be
terstitial at this low temperature. greatly assisted by further calculations on several specific
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points concerning the defects involved, and we would like tathis to be correct, our models, both of which involve the
take this opportunity to encourage theorists to tackle themsite, must be reconsidered. One likely alternative is that the
They include:(1) estimation of the central hyperfine interac- two sites in model Il areD sites, again distant frorfgiving

tion for interstitial Ga in thel andO sites;(2) determination  L5) and close tdgiving L6) the Ga vacancy.

of the spin wave function foW2, to test whether its distri-
bution among the neighbors is consistent with its identifica-
tion as L1; and(3) further resolution of the question of the
relative stability of the two Ga interstitial sitdsand O.

Note added in prooivan de Walle informs us that further ~ This research was supported jointly by Office of Naval
calculationg® confirm the ~1 eV higher energy for th&  Research Grant No. N00014-94-1-0117 and National Science
site and, in addition, find it a saddle-point configuration andFoundation Grants Nos. DMR-97-04486 and DMR-00-
therefore not even a local metastable minimum. Assumin@3784.
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