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Intrinsic defects in GaN. II. Electronically enhanced migration of interstitial Ga observed
by optical detection of electron paramagnetic resonance
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Optical excitation at 1.7 K with 364-nm laser light produces partial annealing recovery of the damage
produced in GaN by 2.5-MeV electron irradiationin situ at 4.2 K. Observed is a reduction in the irradiation-
produced 0.95-eV photoluminescence~PL! band, recovery in the visible luminescence, and conversion be-
tween the two electron-paramagnetic-resonance~ODEPR! signals L5 and L6 associated with interstitial Ga.
This is interpreted as resulting from electronically excited migration of the interstitial Ga allowing it to convert
between lattice sites near the Ga vacancy from which it was ejected. The relative rates of conversion between
the two sites are found to vary between different samples and upon electron irradiation fluence.
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I. INTRODUCTION

The gradual deterioration of devices such as laser dio
during their operation is a major concern for the optoel
tronic industry. One very important and scientifically inte
esting source for such deterioration is recombinati
enhanced migration,1 i.e., the fact that the injection of fre
carriers into the semiconducting material in question c
lead to an enhanced migration of intrinsic defects, wh
causes a change in the electronic and optical properties o
material. As mentioned in the preceding paper2 ~hereafter
referred to as A!, gallium nitride ~GaN! is of considerable
importance for optoelectronic applications. Therefore, a
evidence of electronically enhanced migration of intrin
defects in this material would be highly interesting.

In paper A the observation was reported of two distin
configurations for interstitial Ga in GaN by optical detecti
of electron paramagnetic resonance~ODEPR! after 2.5-MeV
electron irradiationin situ at 4.2 K. Their ODEPR signals
labeled L5 and L6, were observed in a broad photolumin
cence~PL! band centered at 0.95 eV which was also p
duced by the irradiation. Although their spin-Hamiltonia
parameters are very similar and their spectral lines stron
overlap, it was possible to separate their relative contri
tions because L5 is a negative signal~a spin-dependent pro
cess competing with the PL! and L6 is a positive signal~a
feeding process for the PL!. Immediately after the electron
irradiation, only L5 was observed, but, in one sample,
was observed to emerge weakly even at the first annea
stage at 60 K, and there was evidence that its emergence
substantially enhanced when the annealing was perfor
under optical excitation. Evidence of differences for the re
tive concentration of L6 depending upon the sample and
original electron irradiation dose was also briefly cited.

In A, two tentative models were presented for the orig
of the L5 and L6 ODEPR spectra. In one, they were ide
fied as arising from Gai

21 in the two available interstitia
sites in the wurtzite lattice,T and O,3 respectively. In the
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other, they were identified with Gai
21 in two differentT sites

~or, possiblyO sites, see note added in proof, paper A!, with
L6 arising from the interstitial in a site closer to the G
vacancy from which it was ejected. In either case, if corre
this implies diffusional motion of the interstitial at thes
cryogenic temperatures, either via a jump between theO and
T sites, which corresponds to one-half of a full diffusio
jump, or via a full diffusion jump betweenT ~or O) sites.

Normal thermally activated long-range motion of the i
terstitial, with its subsequent trapping by other defects,
been found to require several hours at room temperatur2,4

This strongly suggests that motion at as low a temperatur
60 K must be the result of some other process. In particu
it suggests that optical excitation is playing a central role

In the present paper, we explore more carefully the
� L6 conversion process and the role of optical excitatio

II. EXPERIMENTAL DETAILS

As in A, the ODEPR experiments were performed
;1.7 K in a 20-GHz EPR spectrometer capable of 2.5-M
electron irradiationin situ at 4.2 K. The details of the spec
trometer and its modification for ODEPR studies are d
scribed there. The samples studied were taken from th
different ;500 mm thick undoped (n-type! free standing
platelets grown by hydride vapor phase epitaxy~HVPE! at
NEC, labeled VPE2-155, VPE2-180, and VPE2-331, wh
are also described in A. For the study of the optically
duced L5� L6 conversion rates, the PL was excited wi
;100 mW/cm2 of the 364-nm line from an argon-ion lase
(;25 mW emanating from the fiber which expands to
area of;1/4 cm2 at the sample position!. The 364-nm line
was chosen because it corresponds to a photon en
just below the band gap of wurtzite GaN at 1.7 K, a
therefore penetrates the sample while still exciting fr
carriers ~from defect- and impurity-related levels in th
gap!. For the ODEPR measurements, some were perform
at that elevated excitation level to monitor the L5� L6
conversion during the excitation, others at levels up to
©2004 The American Physical Society08-1
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factor of 10 lower, as was normally done in A, to minimiz
conversion during the ODEPR measurements.~Due to the
slow conversion rate that is observed to occur under
excitation, a detailed quantitative study of the its depende
upon excitation power was not performed, other than to de
onstrate that the rate scales roughly proportional to
power.! In each case, the intensities of the ODEPR sign
were corrected for their measured dependence upon ex
tion level.

For the analysis of the intensities of the L5 and L6 spec
in each ODEPR spectrum, the stronger high-field hyper
lines measured withB' ĉ were used~see Fig. 4 in A!. Each
spectrum was corrected according to its measured magn
field calibration and for small deviations in the microwa
frequency from 19.910 GHz, the value selected for the co
parisons. After having subtracted an appropriate linear ba
ground, the spectrum was then least-squares fitted to

aG~L5 !1bG~L6 !, ~1!

whereG~L5! and G~L6! are each a pair of Gaussian line
~for the two Ga isotopes! which were determined to bes
represent the high-field hyperfine lines of the L5 and
spectra measured at 19.910 GHz, which are shown in F
4~a! and 4~c!, respectively, of A. The intensities, widths, an
magnetic-field positions of the Gaussian components w
kept constant, with the relative intensities of the two isoto
components being locked to the natural abundance r
(69Ga/71Ga560.1/39.9). Thea and b parameters resulting
from the fit provided in this manner our estimates of the
and L6 intensities, respectively, in each spectrum.

III. RESULTS

To separate the role of optical excitation from that of th
mal annealing, we first study the effect of prolonged opti
excitation at 1.7 K, before any thermal annealing step. T
results are shown in Fig. 1 for sample VPE2-331d, after 2

FIG. 1. Intensities of the ODEPR signals and the total IR lum
nescence vs time of 100-mW/cm2 excitation at 1.7 K by 364-nm
laser light for sample VPE2-331d immediately after 2.5-MeV ele
tron irradiation at 4.2 K to a fluence of 631016 e/cm2.
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MeV electron irradiation at 4.2 K to a fluence of
31016 e/cm2. We see that conversion does indeed take pl
under optical excitation alone at 1.7 K.5 The L6 intensity
grows in monotonically from zero, saturating at L6/L5'1.
At the same time, the sum of L5 and L6 is decreasing, a
the shallow effective-mass donor signal~not shown! and the
total luminescence in the IR.~In the ODEPR experiment, the
total IR luminescence between 1000 and 1800 nm, the lo
wavelength limit of the Ge detector, is collected. The to
luminescence, monitored by the dc output of the detec
during the experiment, underestimates the recovery bec
the decrease in the 0.95-eV band is accompanied by a re
ery of the V31 luminescence band originally present.2 This
will become evident in additional experiments to be d
scribed below.! On the other hand, the visible PL~not
shown!, initially reduced by the irradiation to;31% of its
as-grown value, has recovered to;70% of its as-grown
value at the end of the optical excitation. In order to estim
the rates of the annealing and conversion, we have fitted
sum L51L6 ~omitting the initial small increase! and the
ratio L6/L5 to appropriate exponential functions. The resu
ing characteristic decay times are (1764) h for the anneal-
ing and (3.860.5) h for the conversion.

The fact that the IR intensity decreases, accompanied
major recovery in the visible PL, by itself clearly reveals th
optically induced recovery of some kind is taking plac
strongly suggesting that defect motion must be occurri
The apparently correlated L5→ L6 conversion strongly sug
gests that the mobile species is the Ga interstitial.

A subsequent 6-h anneal in the dark at 240 K produ
little change in the amplitudes of the individual ODEPR s
nals or the PL intensities.

Next, to further separate the role of thermal anneal
from that of optical excitation, we reverse the procedure o
freshly electron-irradiated sample by quickly annealing
min at 200 K after only a brief ODEPR characterization b
fore the anneal, and then studying the effect of subsequ
optical excitation at 1.7 K. The result is shown in Fig. 2 f
sample VPE2-331e after irradiation to a fluence of 1
31017 e/cm2 at 4.2 K. Here we see that the L6/L5 rat
increases significantly even during the initial characterizat
prior to the 200-K anneal, having already reached;0.6 by
the time of the first measurement after the 200-K annea
continues to rise, however, after the anneal with a r
roughly comparable to that in Fig. 1, settling down, in th
case to the much larger value of;2.4. From this it is clear
that the anneal alone is not a significant source for the c
version, but that optical excitation appears to be requir
Shown also is the result of a 240-min anneal at 270 K, wh
removes L6 preferentially. Under continued optical exci
tion after the 270-K anneal~not shown!, L6 reemerges at the
expense of L5 but with the L6/L5 ratio at that point a
proaching only;1.

In the figure, we show also the combined L51L6
ODEPR amplitude, and the 0.95-eV PL intensity as m
sured directly from its spectral dependence at several po
during the measurements. Here, the substantial optically
duced annealing of the 0.95-eV PL band is clearly evident
the end of the illumination and 270-K anneal only;6%
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-
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remains. Since;50% of the total IR intensity monitored in
the ODEPR studies remains at this point, similar to that
served for VPE331d in Fig. 1, this shows the important c
tribution of V31 and its recovery to the total IR lumines
cence.

To understand the reason for the much larger L6/L5 ra
obtained in Fig. 2, a third sample VPE2-331h was irradia
to 631016e/cm2 and also quickly annealed to 200 K. In th
case the optically induced conversion after the anneal s
rated at;1, i.e., similar to VPE2-331d with the same irr
diation dose~as shown in Fig. 1!. This strongly suggests tha
in a given sample, the saturation value for L6/L5 is det
mined primarily by the irradiation dose, being greater for t
larger dose, and not by the annealing temperature be
which the optical conversion is performed.

The effect of optical excitation on several samples fro
the VPE2-155 platelet was also studied and for them
behavior was roughly similar to that seen for the VPE2-3
samples. For example, prolonged excitation after 200-K
neal of sample VPE2-155Ae, which was first irradiated at
K by 1.331017 e/cm2, leads to a saturation value of L6/L
;2.1.

However, samples from VPE2-180 were observed to
have differently. In A, early results from sample VPE2-18
were described where L6 first emerged only weakly after
anneal in the dark at 60 K, followed by a larger but still we
increase after a second 60-K anneal under optical excita
No evidence of L6 was observed prior to that even thou
there were prolonged periods of optical excitation during
ODEPR studies prior to the first anneal. To probe this furth
we have repeated the study for a second sample VPE2-
from the same platelet and irradiated to the same appr
mate fluence, 531016 e/cm2. The results are seen in Fig. 3
As appeared to be the case in A for VPE2-180b, no con
sion is indeed observed at 1.7 K prior to anneal. At the sa

FIG. 2. Intensities of the interstitial-Ga ODEPR signals and
0.95-eV PL band vs time of 100-mW/cm2 excitation at 1.7 K by
364-nm laser light for sample VPE2-331e after a 30-min, 200
anneal. The sample was first irradiated by 2.5-MeV electrons at
K to a fluence of 1.631017 e/cm2, and briefly characterized befor
the anneal.
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time, however, substantial recovery is clearly taking place
evidenced by the loss of the L5 and IR intensities and rec
ery of the visible PL~not shown! at a rate comparable to tha
for VPE2-331d in Fig. 1. This clearly suggests that the sa
optically stimulated defect migration is indeed taking pla
in the VPE2-180 materials, but for some reason L6 is
observed to emerge. L6 does emerge after the 200-K ann
but, similar to VPE2-180b in A, its intensity is weak with
saturation ratio L6/L5;0.5.

IV. DISCUSSION

In all of the samples studied so far, optical excitation
1.7 K produces a steady decrease in the irradiation-produ
0.95-eV PL band accompanied by a corresponding recov
of the visible luminescence. It follows that annealing must
taking place, implying, in turn, that optically enhanced defe
migration of some kind is occurring. In all samples, imm
diately after the irradiation, interstitial Ga is observed only
the configuration giving rise to the ODEPR signal L5, and
intensity similarly decreases with optical excitation. In mo
of the samples studied~VPE2-155 and VPE2-331!, L6
emerges as L5 decreases approaching a fixed ratio of L6
as both continue to decrease. With the identification in pa
A of L6 as arising from a different lattice configuration o
interstitial Ga, this supplies strong evidence that intersti
Ga is the mobile species. The annealing, which occurs
rate approximately four to six times slower than that of t
conversion, presumably arises when the interstitial Ga a
having made several jumps recombines with its accompa
ing vacancy or migrates away to ultimately be trapped
other defects or impurities in the material.

e

.2 FIG. 3. Intensities of the ODEPR signals and the total IR lum
nescence vs time of 100-mW/cm2 excitation at 1.7 K by 364-nm
laser light for sample VPE2-180f. After irradiation by 2.5-Me
electrons at 4.2 K to a fluence of 531016 e/cm2, the sample was
first subjected to prolonged excitation and then further excitat
after a 30-min, 200-K anneal.
8-3
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As pointed out in the Introduction, two tentative mode
were presented in A for the origin of L5 and L6. In one, th
were identified as arising from Gai

21 in the two available
interstitial sites in the wurtzite lattice,T andO,3 respectively.
In the other, they were identified with Gai

21 in two different
T sites ~or possiblyO sites, see note added in proof, pap
A!, with L6 arising from the interstitial in a site closer to th
Ga vacancy from which it was ejected. In either case
correct, conversion between the two sites implies diffusio
motion of the interstitial, either via a jump between theO
andT sites, which corresponds to one-half of a full diffusio
jump, or via a full diffusion jump betweenT ~or O) sites.
The convergence toward a fixed L6/L5 ratio suggests that
conversion could be occurring in both directions, L5� L6,
the final ‘‘equilibrium’’ ratio being determined by the tw
rate processes.

The ‘‘equilibrium’’ L6/L5 ratio appears to depend upo
electron irradiation fluence, being greater for larger fluenc
but also upon the starting material. To be consistent w
reflecting simply the balance between the L5� L6 pro-
cesses, this implies that the various electron- and h
capture processes involved at the interstitial as well as
competing centers depend upon the different backgro
doping and impurity concentrations originally present in t
sample as well as the concentration of the various radiat
produced defects. This is of course reasonable, the effec
‘‘pseudo-Fermi level’’ under optical excitation at cryogen
temperatures being strongly dependent upon the various
ture cross sections of the defects present. In particular,
optically enhanced recovery observed in the PL for
VPE2-180 samples reveals that the same annealing pro
is actually occurring for it also. However, to explain in th
simple way the failure to see L6 emerge requires that in
sample the L6→ L5 rate dominates significantly over tha
for L5 → L6. No obvious important differences in th
growth conditions for the different samples are appar
~each undoped with identical 1040 °C growth temperatu
and 40 cc/min GaCl flow rates; and with NH3 flow rates of
1500 cc/min for VPE2-150, 1000 cc/min for VPE2-331, a
alternate 1000 and 2000 cc/min layers for VPE2-180!, but, of
course, the presence of transition element ions detecte
the materials6,7 makes it clear that trace background impu
ties introduced from the Ga and N sources and elsewhere
not completely under control in the growth process and co
therefore vary significantly from sample to sample.

Many questions remain, therefore, about the factors
determine the rates of the various conversion processes
their interpretation in terms of the detailed microscopic jum
processes involved. However, the experimental results
sented here appear to have clearly established that the
definitely occurring, i.e., that interstitial Ga can actua
move from one lattice configuration to another under opti
excitation at 1.7 K.

It is interesting to compare these results to what is kno
about isolated interstitials in other semiconductors. There
only two other cases where isolated host-atom interstit
have been positively identified by magnetic-resonance s
ies. They are interstitial Zn in ZnSe,8–10 and interstitial C in
diamond.11–13Both have been demonstrated to undergo lo
04520
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range migration under electronic excitation at cryogenic te
peratures. To these we can add the isolated interstitia
silicon,14 for which there is ample evidence of its efficie
long-range motion under ionization conditions at cryoge
temperatures even though it may15,16 or may not have been
observed directly. In the case of interstitial Zn in ZnSe
detailed study of the process was possible, and the op
conversion between the two interstitial sites in cubic Zn
was unambiguously demonstrated. In those studies it
also directly established that optical excitation is much m
effective for the process than the ionization accompany
the 2.5-MeV electron irradiation utilized to produce the d
fect. In the present case, the fact that no evidence of L
present immediately after the irradiation reveals the sa
conclusion.

Therefore, in the very few known cases so far, the h
metal-atom interstitial in a compound semiconductor and
interstitial host atom in an elemental semiconductor have
been shown to be mobile under electronic excitation at cr
genic temperatures. Apparently for them, a path exists for
energy of electron-hole recombination at the defect to
occasionally converted into the kinetic energy necessar
overcome the energy barrier for their migration. This is
important and unexpected observation, and one which m
have serious consequences in terms of degradation me
nisms for devices made from the materials.~In the present
case of interstitial Ga in GaN we have not so far establis
that the rate of the process, requiring several hours
100-mW excitation at 1.7 K, actually increases significan
as the temperature is raised, as has been observed fo
other interstitials.!

V. CONCLUSION

Optical excitation at 1.7 K with 364-nm light has interes
ing effects on the ODEPR spectra of GaN crystals irradia
in situ with 2.5-MeV electrons at 4.2 K. In addition to
partial recovery of the irradiation-produced damage, as d
onstrated by a gradual decrease in the irradiation-produ
0.95-eV PL band as well as a gradual recovery of the visi
PL as a function of illumination time, we observe a conv
sion between the ODEPR signals L5 and L6, which ha
been assigned to two distinct configurations of interstitial G
This is best described in terms of diffusional motion of i
terstitial Ga among lattice sites close to the Ga vacancy fr
which it was knocked away during the irradiation. The m
gration must be the result of the electronic excitation p
vided either by recombination at the interstitial of electro
hole pairs injected into the bulk by the optical excitation,
by direct optical excitation of the interstitial, or a combin
tion of the two. The observed annealing occurs when
interstitial, after having made several jumps, either reco
bines with its accompanying vacancy or ‘‘escapes’’ from
and ultimately becomes trapped by impurities or other
fects in the sample.

The fact that the conversion between L5 and L6 co
verges towards a fixed ratio between their intensities stron
suggests that the interstitial can overcome the barrier for
fusion from both sites. The convergence ratio varies, ho
8-4
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ever, between different sample types and with the elec
irradiation fluence, which indicates that the rates of the c
version processes depend in a complex way on the con
tration of irradiation-produced defects as well as the conc
tration of trace impurities and defects in the as-gro
material. Although our experiments do not allow us to u
derstand the details of this, they do show that migration
interstitial Ga in GaN can be induced by electron
excitation—a fact that may have serious implications for
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