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Introduction and recovery of Ga and N sublattice defects in electron-irradiated GaN
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We have used positron annihilation spectroscopy to study the introduction and recovery of point defects
introduced by 0.45 and 2 MeV electron irradiation at room temperature in n-type GaN. Isochronal annealings
were performed up to 1220 K. We observe vacancy defects with specific lifetime of 7;)=190+15 ps that we
tentatively identify as N vacancies or related complexes in the neutral charge state in the samples irradiated
with 0.45 MeV electrons. The N vacancies are produced at a rate 3%*=0.25 cm™'. The irradiation with
2 MeV electrons produces negatively charged Ga vacancies and negative nonopen volume defects (negative
ions) originating from the Ga sublattice, at a rate Eégz 5 cm™!. The irradiation-induced N vacancies anneal out
of the samples at around 600 K, possibly due to the motion of the irradiation-induced N interstitials. Half of the
irradiation-induced Ga vacancies anneal out of the samples also around 600 K, and this is interpreted as the
isolated Ga vacancies becoming mobile with a migration barrier of EXjGa=l.8i0.l eV. Interestingly, we
observe a change of charge state of the irradiation-induced negative ions from 2— to 1- likely due to a
reconstruction of the defects in two stages at annealing temperatures of about 600 and 700 K. The negative
ions anneal out of the samples together with the other half of the Ga vacancies (stabilized by, e.g., N vacancies
and/or hydrogen) in thermal annealings at 800—-1100 K.

DOI: 10.1103/PhysRevB.76.165207

I. INTRODUCTION

Gallium nitride and its alloys form a class of important
semiconductor materials for applications in optoelectronics
at blue and ultraviolet wavelengths and electronic devices
operating at high temperatures and high voltage. The impor-
tance of intrinsic point defects in GaN is due to their role in
determining the electrical and optical properties of the mate-
rial, as well as their influence on the material behavior in
various processing steps such as ion implantation and ther-
mal annealing. Point defects are created in semiconductor
materials during growth, where their formation is governed
by thermodynamics and growth kinetics. They can be intro-
duced in concentrations much larger than those given by the
thermodynamic equilibrium by means of irradiation of the
material, e.g., by electrons. The study of the formation of
point defects under these nonequilibrium conditions and in
the subsequent annealing treatments yield important infor-
mation on the basic physical properties of the semiconductor
material.

The defects introduced in electron irradiation of GaN
have been studied earlier with electrical and optical
methods,'= optical detection of electron paramagnetic reso-
nance (ODEPR),*” and positron annihilation spectroscopy®
as well. However, only in the most recent studies®>7 could
the measurements be performed in samples with both low
impurity content and low dislocation densities,””'! allowing
more accurate observations of the isolated intrinsic point de-
fects. In most of these studies, the irradiations were per-
formed with electrons of 2 MeV (or higher) energy, in which
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case damage is created in both Ga and N sublattices. Recent
experiments>? show that N sublattice defects could be selec-
tively introduced by using 0.42 MeV electrons.

The ODEPR experiments,*~’ performed after irradiations
at cryogenic temperatures, have shown that the isolated posi-
tively charged Ga interstitials are mobile already below room
temperature. However, they may be complexed with other
irradiation-induced defects or residual impurities and survive
thermal treatments up to 800 K.*> The more recent ODEPR
results suggest that the isolated negatively charged Ga vacan-
cies could also be stable up to 800 K,” while the earlier pos-
itron experiments performed after room-temperature 2 MeV
electron irradiation indicate that the isolated Ga vacancies
(produced at a rate of 1 cm™') anneal out of GaN samples
already at 600 K. The results of the irradiations performed
with low-energy (0.42 MeV) electrons® suggest that N va-
cancy donors are produced at a rate of 0.02 cm™! and N
interstitial acceptors at a lower rate of 0.01 cm™".

In this work, we investigate the introduction and thermal
recovery of the point defects created in GaN by room-
temperature irradiation with 0.45 and 2 MeV electrons. To
do this, we apply positron annihilation spectroscopy, which
is sensitive to defects with open volume. Positrons are
trapped at neutral and negative vacancy defects due to the
missing positive ion core. The reduced electron density at
vacancies increases the positron lifetime. In addition to va-
cancies, at low temperatures, positrons can be trapped at the
hydrogenic states around negatively charged nonopen vol-
ume defects. In this case, the positron lifetime is the same as

©2007 The American Physical Society
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in the host lattice due to the wide radius of the hydrogenic
state.

We observe vacancy defects with specific lifetime of 7,
=190+ 15 ps that we tentatively identify as N vacancies or
related complexes in the neutral charge state in the samples
irradiated with 0.45 MeV electrons. The N vacancies are
produced at a rate 33*°=0.25 cm™'. The irradiation with
2 MeV electrons produces negatively charged Ga vacancies
and negative nonopen volume defects (negative ions) at
similar concentrations, at a rate 3g'=5cm”'. The
irradiation-induced N vacancies anneal out of the samples at
around 600 K, possibly due to the motion of the irradiation-
induced N interstitials. Half of the irradiation-induced Ga
vacancies anneal out of the samples also around 600 K, and
this is interpreted as the isolated Ga vacancies becoming mo-
bile with a migration barrier of E};**=1.8+0.1 eV. Interest-
ingly, we observe a change of charge state of the irradiation-
induced negative ions from 2— to 1— due to a reconstruction
of the defects in two stages at annealing temperatures of
about 600 and 700 K. The negative ions anneal out of the
samples together with the other half of the Ga vacancies
(stabilized by, e.g., N vacancies and/or hydrogen) in thermal
annealings at 800—1100 K.

II. METHOD
A. Experimental details

The positron lifetime experiments were performed in un-
doped high-purity freestanding GaN crystals grown by hy-
dride vapor phase epitaxy (HVPE). Two samples were irra-
diated with 2 MeV electrons and two other with 0.45 MeV
electrons, to fluences of 5 10'7 and 2 X 10'7 cm™2, respec-
tively. The irradiations were performed with a current den-
sity of 2 wA/cm? at room temperature, in a vacuum of 2
X 107 torr. The as-grown samples were n-type: N,=5
X 10 cm™ due to residual O ([O]=10'° cm™). The
samples become highly resistive after the 2 MeV electron
irradiation, while the conductivity does not change signifi-
cantly in the 0.45 MeV electron irradiation.

After the 0.45 MeV electron irradiation, the samples were
mounted to a closed-cycle liquid helium cryostat for positron
measurements as a function of isochronal annealing between
300 and 600 K. The 30 min annealings were performed in
situ in the positron measurement cryostat in a vacuum of
1075 mbar. The positron lifetime measurements were per-
formed at 300 K, and a measurement temperature scan from
20 to 300 K was performed after selected annealing steps.
The samples irradiated with 2 MeV electrons were mounted
to a positron measurement setup equipped with liquid nitro-
gen cooling, where 30 min in situ annealings could be per-
formed up to a temperature of 600 K. The samples were
further annealed in a vacuum (about 1073 mbar) furnace up
to 1220 K. The Gibbs free energy at this high temperature
and low pressure is, although being at the limit, still lower
for GaN than for its constituents.'> The positron lifetime
measurements were performed at 300 K, and measurement
temperature scans from 80 to 500 K were performed after
selected annealing steps.
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The positron lifetimes were measured with a conventional
fast-fast coincidence spectrometer with a time resolution of
250 ps.!3 Two identical sample pieces were sandwiched with
a 20 uCi positron source (**Na deposited on 1.5 um Al foil).
Typically, 2 X 10° annihilation events were collected in each
positron lifetime spectrum in the annealing experiments,
with the exception of the spectra measured for the separation
of lifetime components in the 0.45 MeV electron-irradiated
samples, where the number was 2 X 107. The lifetime spec-
trum n(r)=2,1; exp(~t/ ;) was analyzed as the sum of expo-
nential decay components convoluted with the Gaussian
resolution function of the spectrometer, after subtracting the
constant background and annihilations in the source material
(215 ps, 2.9%; 400 ps, 3.5%; 1500 ps, 0.25%). The positron
in state i annihilates with a lifetime 7; and an intensity /. The
state in question can be the delocalized state in the lattice or
the localized state at a vacancy defect. The increase of the
average lifetime 7,,,=2;[;7; above the bulk lattice lifetime 75
shows that vacancy defects are present in the material. This
parameter is insensitive to the decomposition procedure and
even as small a change as 1 ps in its value can be reliably
measured.

B. Data analysis
1. Positron trapping at defects

The temperature dependence of the average positron life-
time is analyzed with the model of trapping and escape rates
of positrons, explained in detail in earlier works.!3-1¢ In this
model, the trapping coefficient uy to a neutral vacancy is
independent of temperature and to a negatively charged va-
cancy it varies as T-%3. The trapping rate of positrons into
the vacancies (concentration cy) is xy=puycy. Positrons can
also get trapped at hydrogenlike Rydberg states surrounding
negative-ion-type defects (shallow traps for positrons). The
positron trapping rate at the Rydberg state up varies also as
T-93, which is the result predicted by theory for the transition
from a free state to a bound state in a Coulomb potential.'®
The thermal escape rate from the Rydberg state can be writ-
ten as'?

32
—) exp(— Ep o/kpT), (1)

where up is the positron trapping coefficient to the lowest
hydrogenlike Rydberg state, £, g is the positron binding en-
ergy of the lowest Rydberg state (typically <0.1 eV), and
m,=m, is the effective mass of the positron. As the binding
energy is proportional to the square of the charge state of the
defect, Z?, different binding energies in the same material
(with the same dielectric constant) reflect defects with differ-
ent charge states. In principle, positrons can also escape from
the Rydberg states around negatively charged vacancies, but
we assume that the transition from the Rydberg state to the
ground state in the vacancy is fast enough so that this effect
can be neglected. This is supported by the results obtained
previously.!” An effective trapping rate of the shallow traps
can thus be defined as'?
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K;ff _ Kt ’ )
1+ O0y/N\g
where A= \p is the annihilation rate of positrons trapped at
the Rydberg state, which coincides with the annihilation rate
Ag from the delocalized state in the bulk lattice and kg
= ugrCy 1s directly related to the concentration of the negative
ions.

2. Kinetic trapping model

The decomposition of the lifetime spectra into several
lifetime components gives the possibility to determine ex-
perimentally the fractions of positrons annihilating in various
states. The average lifetime can be written as'3

Tave = MBTp + 2 MD.jTD.j> (3)
J
where 7z and 75 are the annihilation fraction and positron
lifetime in the free state in the lattice, and 7, ; and 7 ; are
the corresponding values in bound states at the defect D;.
The annihilation fractions are related to the trapping rates
through'3

eff
5= M o = ——Di
B — ’ D,j — .
eff b eff
7\B+2 KD,j )\B+E KD,j'
.
J

J

(4)

Equation (3) can be fitted to the 7, vs T data using the
trapping rates and the possible binding energies to the Ryd-
berg states as fitting parameters. Another possibility is to
write [solving Egs. (3) and (4)] the trapping rate KeDf,fj to a
defect D; as a function of the experimental parameters:

eff Tave — TB 2 eff TDJ’ ~ Tave
Ng————— — E—

Kp,;=

)

TD,j — Tave - b’ TD,j ~ Tave
In the case of only one type of defect, the sum in Eq. (5)
vanishes and the trapping rate can be calculated directly from
the experimental values of 7., 7p j, and 7. If several defect
types are present, the trapping rates to the other defects need
to be known.

III. RESULTS

The results of the positron lifetime measurements in the
as-grown and irradiated (0.45 and 2 MeV electrons) GaN
samples are presented in Fig. 1. At 300—500 K, the average
positron lifetime in the as-grown sample is constant and pro-
vides the lifetime of the positron in the delocalized state in
the GaN lattice, 73=161 ps at 300 K, in good agreement
with previous experiments in defect-free GaN.'%!° The in-
crease in the average positron lifetime with decreasing tem-
perature at 80—300 K is a clear indication of the presence of
negatively charged vacancies, the positron trapping coeffi-
cient of which increases with decreasing temperature. The
vacancy concentration of these vacancies is close to the de-
tection limit of the method and thus these vacancies are not
observed at room temperature. The lifetime spectra could be
decomposed into two lifetime components below 150 K,
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FIG. 1. The average positron lifetime in the as-grown and irra-
diated GaN samples as a function of measurement temperature. The
corresponding second (higher) lifetime components separated from
the spectra are shown in the upper panel.

giving 7,=235+15 ps for the higher component. This life-
time component can be attributed to the Ga vacancy, which
is in the negative charge state and most likely complexed
with oxygen. The concentration of the Ga vacancies in the
as-grown GaN samples can be estimated from the average
lifetime as [Vg,]=4X 10" cm™, in good agreement with
the previously observed relation between O impurities and
Ga vacancies in HVPE GaN.?® No other negatively charged
defects are observed in the as-grown samples, indicating that
their concentrations are below 10" cm™.

After irradiation, the average positron lifetime is higher
than in the as-grown reference (Fig. 1), indicating that va-
cancy defects are produced in the irradiations with both elec-
tron energies. The average positron lifetime is constant or
slightly increasing with decreasing temperature in the
0.45 MeV electron-irradiated samples. This indicates that the
vacancy defects introduced in the irradiation are in the neu-
tral charge state. On the other hand, the constant behavior of
the average positron lifetime at 80—180 K and the subse-
quent strong increase at 200—300 K in the 2 MeV electron-
irradiated samples is a clear indication of both negatively
charged vacancies and negative-ion-type defects being pro-
duced in the irradiation. For both irradiated states, the life-
time spectra could be decomposed into two lifetime compo-
nents at temperatures above 200 K, where the effect of the
irradiation-induced vacancies is the largest in the 0.45 MeV
electron-irradiated samples and the effect of the negative-
ion-type defects is the smallest in the 2 MeV electron-
irradiated samples. The higher component in the 2 MeV
electron-irradiated samples is 7,=235+10 ps, and it can be
attributed to Ga vacancies as in the case of as-grown
samples. Interestingly, the higher lifetime component in the
0.45 MeV electron-irradiated samples is clearly lower, 7,
=190+15 ps, indicating that the size of the observed va-
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FIG. 2. The average positron lifetime measured at room tem-
perature in the irradiated GaN samples as a function of the anneal-
ing temperature.

cancy defect is significantly smaller than that of the Ga va-
cancy. This suggests that positrons annihilate at irradiation-
induced N vacancies in the neutral charge state.

Figure 2 shows the evolution of the average positron life-
time measured at room temperature in the irradiated GaN
samples with the annealing temperature. The average life-
time starts decreasing in both 0.45 and 2 MeV electron-
irradiated samples after the annealing at 450 K. The average
lifetime measured in the 2 MeV electron-irradiated samples
stops decreasing at about 550 K, staying at a level 20 ps
higher than that in the as-grown samples. This indicates that
a part of the irradiation-induced Ga vacancies anneals out in
the annealing at 450—550 K, but a significant concentration
remains in the material. On the other hand, the average life-
time measured in the 0.45 MeV electron-irradiated samples
reaches the as-grown level after the annealing at 600 K,
above which no further evolution is observed. This indicates
that all the irradiation-induced defects have annealed out of
the material after the annealing at 600 K. As can be seen in
Fig. 3, the average positron lifetime coincides with that mea-
sured in the as-grown samples. This recovery temperature is
the same as that assigned to the migration of N vacancies in
previous electrical measurements of irradiated GaN.!

T T T T T
1681 ® As-irradiated i
= O Annealed at 460 K
& A Annealed at 600 K
E 166 o X As-grown .
=
E o4 Apay B y
Z Rxx
o xX
2 1621 g&ﬁ E
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100 200 300 400 500
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FIG. 3. The average positron lifetime measured as a function of
temperature in the 0.45 MeV electron-irradiated GaN samples after
selected annealing temperatures.
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FIG. 4. The average positron lifetime measured as a function of
temperature in the 2 MeV electron-irradiated GaN samples after
selected annealing temperatures up to 775 K. The arrows indicate
the direction of increasing annealing temperature. The solid lines
are fits to the data using Egs. (1)—(5). The corresponding second
(higher) lifetime components separated from the spectra are shown
in the upper panel.

As only a part of the irradiation-induced defects anneals
out at 600 K from the 2 MeV electron-irradiated GaN
samples, annealings at higher temperatures were performed
in a vacuum furnace. Figures 4 and 5 show the average pos-
itron lifetime measured as function of temperature after se-
lected annealing steps in the range 440—1220 K. The higher
lifetime component could be separated from the lifetime
spectra measured between the annealings, shown in the up-
per panels of the figures. Its value remains constant (7,
=235+15 ps) throughout the whole experiment, indicating
that the Ga vacancies are the dominant open volume defect
observed in the samples. Small dips in the second lifetime
component can be observed where the effect of the negative
ions is the strongest due to the mixing of the lifetime com-
ponents in the separation procedure.

Figure 4 shows the average positron lifetime after selected
annealing steps in the range 440—775 K. The data show that
no changes occur up to the annealing temperature of 440 K.
Above this annealing temperature, the average lifetime mea-
sured at 200—400 K starts decreasing, indicating that Ga va-
cancies start annealing out from the material, as seen in the
data measured after the annealing at 560 K. After the anneal-
ing at 625 K, a significant change in the data is observed.
The average lifetime measured at 150-300 K increases by
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FIG. 5. The average positron lifetime measured as a function of
temperature in the 2 MeV electron-irradiated GaN samples after
selected annealing temperatures from 775 to 1220 K. The arrow in-
dicates the direction of increasing annealing temperature. The solid
lines are fits to the data. The corresponding second (higher) lifetime
components separated from the spectra measured in the samples
annealed at most at 1080 K are shown in the upper panel.

15 ps, accompanied by a further decrease at measurement
temperatures above 300 K. In addition, the average lifetime
measured at 80—100 K remains unchanged. The behavior of
the average lifetime as a function of temperature in the range
300-450 K indicates that a part (but not all) of the
irradiation-induced negative-ion-type defects have recovered
after the annealing at 625 K. Interestingly, the presence of
another negative-ion-type defect with a lower positron bind-
ing energy is evident from the behavior at 80—150 K. This
issue is discussed in more detail in Sec. IV. No significant
changes are observed in the data after the annealings at
650-700 K. At annealing temperatures 700-775 K, the av-
erage lifetime measured at 150—300 K increases by another
15 ps, indicating that the rest of the negative-ion-type defects
active close to room temperature anneal out. No significant
changes in the Ga vacancy or low binding energy negative
ion concentrations are observed.

Figure 5 shows the average positron lifetime measured as
a function of temperature after selected annealing steps in the
range 775—1220 K. The data show that the negative-ion-type
defects and the Ga vacancies that remain in the material
gradually anneal out from the samples, and all the
irradiation-induced defects have recovered after the anneal-
ing at 1120 K. No further evolution up to an annealing tem-
perature of 1220 K was observed.
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IV. DISCUSSION
A. Defects introduced in the irradiation

1. 0.45 MeV electron irradiation

We suggest that the lifetime 7,=190+15 ps observed after
the irradiation with 0.45 MeV electrons is due to the nitrogen
vacancy. The Doppler broadening spectrum (not shown)
measured in the samples does not change in the irradiation
when compared to the bulk. This provides support for the
identification of the defect as the N vacancy, as the changes
are expected to be minimal due to the similar overlap with
the Ga3d electrons both in the GaN lattice and in the N
vacancy. Also, the results of theoretical calculations for an
outward relaxed N vacancy suggest that the lifetime could be
20-30 ps above the bulk lifetime.?! In addition, Ga vacan-
cies filled with even two hydrogen atoms, that could be ex-
pected to result in a similar lifetime component, would still
give a clear signal in the Doppler broadening,®® while Ga
vacancies complexed with more than two hydrogen atoms
are unlikely to occur in n-type material.”?> Based on the fact
that the average positron lifetime in Figs. 1 and 3 is almost
constant as function of temperature, the observed N vacancy
is in the neutral charge state. The slight decrease of the av-
erage lifetime with increasing temperature can be attributed
to initial negatively charged Ga vacancies present in the ma-
terial already before the irradiation.

Assuming a positron trapping coefficient of wuy =1
X 1015 s7!, typical of small neutral vacancies, we estimate
the N vacancy concentration from the value of 7,,,=164 ps
at 300 K as [Vy]=5X10' cm™3. The irradiation fluence
was ¢(0.45 MeV)=2 X 107 cm™2, which gives an introduc-
tion rate %% =[Vy]/¢=0.25 cm~!. No Ga vacancy produc-
tion is observed in the irradiation with 0.45 MeV electrons,
in good agreement with the minimum electron energy of
0.53 MeV needed for the Ga displacement predicted by
theory.?

The introduction rate of 70 meV donors in 0.42 MeV
electron irradiation has been observed to be only 0.02 cm™!.2
These donors were attributed to the isolated N vacancies. On
the other hand, taking our estimate of the positron trapping
coefficient to be of the correct order of magnitude, we ob-
serve neutral N vacancies with a production rate an order of
magnitude higher than that of the N vacancies acting as do-
nors. We propose that the N vacancies observed with posi-
trons have formed neutral complexes with hydrogen, present
at high enough concentrations in the samples, a possibility
suggested by theory.”? Hence, they would not contribute to
the electrical measurements. Acceptor-type defects were also
observed to be introduced in the irradiation in Ref. 2, but
with half the introduction rate of the donors. Our data are in
good agreement with this observation, as such low a concen-
tration of additional negatively charged defects would not be
observed due to the higher concentrations of both irradiation-
induced neutral N vacancies and the in-grown negatively
charged Ga vacancies.

2. 2 MeV electron irradiation

The 2 MeV electron irradiation produces Ga vacancies
with the positron lifetime of 7,=235+10 ps. The conven-
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tional S and W (the Doppler broadening data are presented in
Ref. 20) parameters obtained from the Doppler broadening
spectra measured in the samples fall on the line connecting
the bulk and Ga vacancy-specific points, confirming the
identification. In addition to the Ga vacancies, negative-ion-
type defects (likely Ga interstitials and/or antisites) are also
produced, causing the decrease of the average positron life-
time with decreasing temperature, as seen in Figs. 1, 4, and
5.

The concentration of the irradiation-induced Ga vacancies
can be estimated from the average positron lifetime mea-
sured at 400 K after the annealing at 440 K, which has not
caused any changes in the data measured at 300 K or below.
The Ga vacancies are in the negative charge state, which is
demonstrated by the constant average lifetime below 200 K:
if the Ga vacancies were in the neutral charge state, the av-
erage lifetime would continue decreasing toward the bulk
lifetime. The data indicate that some of the positrons annihi-
late as trapped at the negative ions even at 400 K. Hence, in
order to estimate the Ga vacancy concentration, we add 5 ps
to the average lifetime measured at 400 K: Tzve=Tave+5 ps
(the slope of the 7,,. vs T becomes less steep when approach-
ing 400 K). The uncertainty inherent in this adjustment is at
most a factor of 1.5. Assuming a positron trapping coefficient
of puyG.=3%10" 57! at 300 K (typical of negative cation
vacancies in compound semiconductors) and taking into ac-
count the 72 behavior to scale the coefficient at 400 K, we
estimate the Ga vacancy concentration from the value of
7-Zve:214 ps at 400K as [VGa]z(KV,Ga/Iu’V,Ga)Nat: 6
X 10" ¢cm™3, where N,=8.9 X 10> cm™ is the atomic den-
sity of GaN. The irradiation fluence was ¢(2 MeV)=5
X 10" cm™2, which gives an introduction rate 3§
=[Vg, )/ p=1.2 cm™.

In addition to Ga vacancies, negative-ion-type defects are
also produced in the irradiation. Their concentration can be
estimated from their positron trapping rate at 200 K, where
the positrons no longer escape from the hydrogenlike Ryd-
berg states around the negative ions. Keeping in mind the
5 ps adjustment, the trapping rate to the Ga vacancies at
400 K can be estimated as

7'* — T
—wve B 16x10057" (6)
Tv,Ga ™ Tave

Ky,Ga=MNp

At 200 K, where the positron escape from the Rydberg
states is negligible, the trapping rate to the negative ions can
be estimated (for more details on the procedure, see, e.g.,
Ref. 24) as

Tv,Ga — Tav

£ ~9x100g", (7)

Kionl = KV,Ga

Tave — TB

Here, we have used the 7~ dependence of the trapping
coefficient of the Ga vacancies, which gives «yg,=2.3
% 10'% 57! at 200 K. The positron trapping coefficient to
negative-ion-type defects is similar to that to negatively
charged vacancies. Hence, the trapping rates estimated above
indicate that the concentration of the negative-ion-type de-
fects is four times that of the Ga vacancies, i.e., Cjoq =2.4
% 10'® cm™. Assuming that the Ga vacancies are produced
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TABLE I. The experimentally obtained introduction rates (abso-
lute accuracy within a factor of 2-3) of primary defects on both Ga
and N sublattices compared to those predicted by theory. The the-
oretical introduction rates are calculated with the relativistic
McKinley-Feshbach formula using both the minimum thresholds
and the average thresholds averaged over a 15° acceptance angle.

Ga sublattice N sublattice

Method (E,=2 MeV)  (E,=0.45 MeV)
Experiment 5cm™! 0.3 cm™!
Theory, min. thresholds:

Ga: 22 eV, N: 25 eV 3 cm”! 0.6 cm™!
Theory, 15° ave. thresholds:

Ga: 38 eV, N: 66 eV 1.4 cm™ 0.07 cm™!

together with the negative ions, we estimate the total Ga
sublattice defect introduction rate directly from the negative
ion concentration as Eég=cion1/ ¢=5cm™.

3. Comparison of introduction rates with theory

The theoretical minimum displacement energies (E,) are
25 eV for the N displacement and 22 eV for the Ga displace-
ment, depending on the irradiation direction.”> However,
along the [000— 1] direction as used here, and averaging over
a 15° acceptance angle to account for thermal motions and
possible beam misalignment, the calculated displacement en-
ergies are 66 and 38 eV, respectively, for N and Ga
displacements.> The primary defect production rates can be
calculated from these values with the McKinley-Feshbach
relativistic displacement cross-section formula.! The results
calculated with both the minimum and 15° averaged dis-
placement energies are presented together with the ones ob-
tained experimentally in this work in Table I.

As seen in the table, the experimental results for the Ga
sublattice values are of the same order of magnitude and
hence in reasonable agreement with the theoretical values,
obtained with electron energy of 2 MeV. Further, the use of
the minimum or 15° averaged threshold energies has only
little effect (a factor of 2) on the defect production rate be-
cause of the electron energy much higher than the minimum
electron energy [0.53 MeV (Ref. 2)] needed for Ga displace-
ment. The theoretical defect production rate on the N sublat-
tice when using 2 MeV electrons is a factor of 5-6 lower
(not shown in the table) than that on the Ga sublattice.
Hence, as seen in the experiments, the effect of the neutral N
vacancies on the data in the 2 MeV irradiated samples is
negligible as the trapping rate should be an order of magni-
tude lower, and the dominant contribution to the negative
ions originates from the damage in the Ga sublattice. Inter-
estingly, the production rates calculated for the N sublattice
with 0.45 MeV electrons strongly depend on the threshold
displacement energy used, the difference being one order of
magnitude, due to the proximity of the minimum electron
energy [0.32 MeV (Ref. 2)] needed for N displacement. The
experimentally determined value lies between the two theo-
retical values.
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It should be noted that determining the value of the
vacancy-specific trapping coefficient uy is rather difficult
and one should consider the possibility of the coefficient
differing even by a factor of 2-3 from the physically proper
value. However, typical reported values of the trapping co-
efficient range from 0.5 10" to 5Xx 10" s7! at room tem-
perature, the lower end for neutral and higher end for nega-
tively charged vacancies.”® We have used in this work values
pyn=1x10" s7"and uy g,=3 X 10" 57! for the neutral N
and negative Ga vacancies, respectively. It is thus unlikely
that the estimated vacancy concentrations and introduction
rates were off by more than a factor of 2.

Interestingly, for both sublattices and electron energies,
the experimentally determined introduction rates are closer
to those theoretical values where the minimum threshold en-
ergies (i.e., the smaller values) are used in the calculations.
This suggests that the 15° acceptance angle overestimates the
spread of the incident electrons. Another possibility is that
the molecular dynamics simulations used to estimate the the-
oretical threshold energies for atomic displacements give
values that are too high.

B. Recovery of the irradiation damage
1. Negative ions with different charge states

As mentioned in Sec. III, the different temperatures at
which the average positron lifetime starts increasing with
temperature in the as-irradiated samples and samples an-
nealed at 625 K and above indicate that the positron binding
energies to the respective negative ions, causing the lifetime
to be close to that of the bulk at low temperatures, are dif-
ferent. A rough estimate of the difference of these hydrogenic
binding energies can be made by comparing the temperatures
where the effects of the two negative ions are similar, indi-
cating similar escape rates [see Eq. (1)]. In Fig. 4, it can be
seen that roughly half of the effect of the negative ions with
higher (ion 1) and lower (ion 2) binding energies occurs at
about 77=350 K and 7,=120 K, respectively. Assuming that
the two escape rates are equal at these temperatures,
we obtain from Eq. (1)] a relation between the two binding
energies: Ejion1=(T1/T2)Epjona+ 1.5kT In(T1/T,) =3E} on
+35 meV. Hence, we obtain a lower limit for the ratio of the
two binding energies as E, ;on1/Ep jon2 > 3.

Fitting the temperature dependent trapping model to the
average lifetime vs temperature data gives the same trapping
rates as those estimated directly in the previous section.
Thus, no revisions are needed to the defect concentrations
reported above. The binding energies of the negative ion de-
fects are also obtained from the fit shown in Fig. 4 as
Epion1=100£20 meV and Ej, ;,,=25+10 meV. The ratio of
these fitted binding energies is Ej, jon1/ Ep jony =4, in excellent
agreement with the rough estimate (>3). As the binding en-
ergies are proportional to the square of the charge state, this
result implies that the charge states of the two defects are
different by a factor of 2. Finally, as it is not likely for a
defect to exhibit a charge state of an absolute value larger
than 3, we conclude that the charge states of these two
negative-ion-type defects observed in the irradiated samples
are 2— and 1-.
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The average positron lifetime is constant as a function of
temperature in the as-irradiated samples below 200 K, with
no further decrease below 100 K. In addition, the average
lifetime measured below 100 K does not increase in the an-
nealings at temperatures 600—800 K. These two observa-
tions indicate that the total concentration of the negative-ion-
type defects does not change in the annealings at those
temperatures, where the negative ions with charge state 2—
disappear, and that the negative ions with charge state 1— are
not present in the as-irradiated samples. We interpret this as
the negative ions changing their charge state gradually, in
two stages (as there is no evolution of the data at
625-700 K), at annealing temperatures 600—800 K.

Since both the Ga and N vacancies are observed as open
volume defects by positrons, and the N sublattice damage is
less important in 2 MeV electron irradiation, we associate
the negatively charged nonopen volume defects with Ga in-
terstitials and/or antisites. Unfortunately, it is not possible to
determine the identity of these negative defects with positron
annihilation spectroscopy. However, as the isolated intersti-
tials have been shown to be mobile already at room
temperature,®’ it is likely that the observed defects are sta-
bilized by other defects or impurities. The complex anneal-
ing behavior supports this interpretation. As the concentra-
tions of the other impurities are much below the
concentrations of the negative ion defects, hydrogen is a pro-
spective candidate for acting as a negative ion trap. Indeed,
recovery temperatures in the range 700-900 K have been
observed for ODEPR signals assigned to trapped Ga
interstitials.® We would like to take the opportunity here to
encourage theorists to tackle the interactions of hydrogen
with Ga interstitials and/or antisites in GaN, as these defect-
hydrogen complexes are potentially important in determining
the electrical properties and the annealing behavior of ion
implantation processed GaN.

2. Defect dynamics in thermal annealings

It was shown above that the trapping rates to the Ga va-
cancies and the negative-ion-type defects can be directly es-
timated from the positron data without fitting. Using Eq. (5),
the trapping rates to the three defects in the 2 MeV electron-
irradiated samples were calculated as a function of annealing
temperature. They are presented in Fig. 6 together with the
trapping rate to the N vacancies observed in the 0.45 MeV
electron-irradiated samples. The trapping rates are propor-
tional to defect concentrations, but it should be noticed that
they are estimated at different temperatures and hence do not
represent the relations of the concentrations of the different
defects: only the behavior as a function of annealing tem-
perature of each defect separately is important here. We see
in Fig. 6 that the Ga vacancies anneal out of the samples at
two separate stages at around 600 K and above 1000 K, the
2— negative ions also anneal out at two separate stages at
around 600 K (together with the first part of the Ga vacan-
cies) and 700 K, and the 1- negative ions anneal out to-
gether with the second part of the Ga vacancies above
1000 K. The N vacancies also anneal out around 600 K.

The activation energies E, corresponding to the different
annealing stages can be fitted to the positron data. Assuming
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FIG. 6. The positron trapping rates to the different defects as a
function of the annealing temperature (Az=6.25X 10° s7!). The
solid lines are fits to the data.

that each defect anneals independently, the isochronal an-

nealing process for a defect concentration N can be described
27

as

Niy1 =No + (N; = No)exp[— vt exp(— E4/kT;)], (8)

where the subscript i denotes the annealing step (7;=[300
+10(i—1)] K), t=1800 s is the annealing time, and v is a
frequency factor (assumed to be v=10"3 s~!). The trapping
rates are directly proportional to the defect concentrations.
Thus, the trapping rates and activation energies of the an-
nealing stages can be fitted to the data in Fig. 6.

Using the above model, two activation energies for the 2—
negative ions were fitted, giving Ef{“1=1.910.1 eV and
E=23+0.1 eV (the error estimates are based on the vari-
ance of the fit). 90% of these negative ions disappear at the
first annealing stage. The activation energy of the first an-
nealing stage of the Ga vacancies is fitted as Ej
=1.8+0.1 eV, which naturally coincides with the first stage
of the 2— negative ions. 50% of the Ga vacancies anneal out
of the samples at this first annealing stage. The activation
energy of the annealing of the N vacancies is EX’N
=1.9+0.1 eV as well.

The recovery of the 1— negative ions and the second stage
of the Ga vacancies could not be fitted with a single activa-
tion energy. Instead, a linear dependence Ej=E},+a(T;
—T,) was assumed. The fitting gave activation energies rang-
ing from 2.6+0.1 eV at the beginning of the anneal at about
800 K to 3.4+0.1 eV at the end at about 1100 K. This kind
of “sliding” of the activation energy can be expected if the
defects are not all identical and have different diffusion bar-
riers, leading to a complex annealing behavior. Another pos-
sibility would be that the out-annealing of these defects is
not limited only by diffusion, but e.g., by the transition to the
surface or to another lattice site.

The first annealing stage of the Ga vacancies around
600 K is in excellent agreement with earlier experiments,®
where it was associated with the isolated Ga vacancy becom-
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ing mobile at this temperature, based on comparisons with
ODEPR measurements.*"® The migration barrier predicted
by theoretical calculations for the 3— charge state of the iso-
lated Ga vacancy is 1.9 eV.?® As the experimental activation
energy coincides with this value, we obtain the migration
barrier of the isolated Ga vacancy as Ej *=Ej;
=1.8+£0.1 eV.

The activation energies of 1.9 and 2.3 eV of the changes
in the charge state of the negative ions are likely to be asso-
ciated with two subsequent reconstructions of the defects
themselves. This interpretation is based on the general be-
havior of the Fermi level in the samples: in originally n-type
material, the Fermi level typically moves toward the conduc-
tion band when the temperature is decreased, and when com-
pensating irradiation-induced defects are removed by anneal-
ing. Hence, if the negative ion defects changed their charge
state due to the movement of the Fermi level, they would
become more negative in both scenarios, whereas in our ex-
periments, they become less negative (from 2— to 1-). One
possible explanation could be, e.g., the release of hydrogen
from other defect complexes and the subsequent migration
and trapping at these negative ions, making them less nega-
tive. However, as the structure of these defects remains un-
resolved, further experiments are needed in order to under-
stand the observed behavior of the negative ions.

The fact that no single activation energy could be fitted to
the annealing data above 800 K, where the 1- negative ions
anneal out together with the other half of the Ga vacancies,
indicates that complex migration processes are involved. As
the isolated Ga vacancies are concluded to be mobile already
at 600 K, the remaining Ga vacancies need to be stabilized
by other defects. N vacancies that are also produced in the
2 MeV electron irradiation, although at a lower rate, and
hydrogen are possible candidates as it would be difficult to
distinguish Ga vacancy complexes with either (or both) of
them from the isolated Ga vacancies.?” In addition, a signifi-
cant part of the Ga vacancies cannot be complexed with oxy-
gen as the O concentration is too low in our samples, and the
breakup of V,-Oy complexes has been shown to occur only
above 1500 K.>-3! Interestingly, recent results of ODEPR
measurements’ (in high-purity HVPE GaN samples irradi-
ated with 2.5 MeV electrons to a similar fluence as in our
work) were interpreted as isolated Ga vacancies surviving
the annealing at 600 K and disappearing above 800 K. How-
ever, the effect of hydrogen and Ga interstitials, which are
likely to be positively charged and thus invisible to positrons,
should be considered in more detail, and further experiments
are needed here as well to clarify the situation (note that the
H and Ga interstitials will be partly charged and partly neu-
tral, since the Fermi level is likely to be close to their energy
levels).

The predicted”® migration barriers for the 1+ and 3+
charge states of the N vacancy are 4.3 and 2.6 eV, respec-
tively, both clearly higher than the activation energy ob-
served here for the neutral N vacancy complex: EX’N
=1.8+0.1 eV. Interestingly, the same work predicts a migra-
tion barrier for the 1— charge state of the N interstitial (the
samples are clearly n-type after the 0.45 MeV electron irra-
diation) as 1.6 eV, slightly lower than the experimental acti-
vation energy. The N interstitials are likely to be the acceptor
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defects observed in Ref. 2. However, the concentration of
these acceptors is much smaller than that of the neutral N
vacancy complexes observed in our work. We propose that a
significant part of the N interstitials that are produced to-
gether with the N vacancies also are complexed with hydro-
gen, producing neutral complexes invisible to both electrical
and positron experiments. The presence of hydrogen in the
complex does not necessarily increase significantly the mi-
gration barrier of the N interstitial, as (1) the predicted bind-
ing energy of such a complex is below 0.5 eV in n-type GaN
(Ref. 32) and (2) the complex could migrate without disso-
ciation. Hence, we propose that the observed recovery of the
N vacancies at 600 K is due to the N interstitials migrating
and filling the vacancies.

V. CONCLUSIONS

We have applied positron annihilation spectroscopy to
study the point defects introduced by 0.45 and 2 MeV elec-
tron irradiation at room temperature in n-type GaN. The
measurements of the as-irradiated samples were performed at
20-300 K. The thermal recovery of the defects produced by
the irradiation was studied by 30 min annealing of the
samples at temperatures up to 1220 K. The measurements
were performed at room temperature, and the measurement
temperature was scanned from 20 to 500 K after selected an-
nealing steps.

As expected, we observe no Ga vacancies in the samples
irradiated with 0.45 MeV electrons. We do, however, ob-
serve smaller vacancy defects with specific lifetime of 7
=190+15 ps that we tentatively identify as N vacancies or
related complexes in the neutral charge state. The N vacan-
cies are produced at a rate 3%**=0.25 cm™'. The irradiation
with 2 MeV electrons produces negatively charged Ga va-
cancies and negative-ion-type defects (with no open volume)
originating from the damage in the Ga sublattice, at a rate
SE=5cm™.
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The irradiation-induced N vacancies anneal out of the
samples at around 600 K, possibly due to the motion of the
irradiation-induced N interstitials, as the N vacancies them-
selves are predicted?® to be stable up to much higher tem-
peratures. This in very good agreement with earlier
experiments.! Half of the irradiation-induced Ga vacancies
anneal out of the samples also around 600 K, and this is
interpreted as the isolated Ga vacancies becoming mobile
with a migration barrier of EXI’G‘E 1.8+0.1 eV, in excellent
agreement with both theory and earlier experiments.®?® In-
terestingly, we observe a change of charge state of the
irradiation-induced negative ions from 2— to 1- due to a
reconstruction of the defects in two stages at annealing tem-
peratures of about 600 and 700 K. The negative ions anneal
out of the samples together with the other half of the Ga
vacancies (stabilized by, e.g., N vacancies and/or hydrogen)
in thermal annealings at 800—1100 K. No single activation
energy could be fitted to the annealing behavior at these high
temperatures, indicating that the recovery of these defects is
not limited only by the diffusion in the lattice.

In summary, we have identified the vacancy defects intro-
duced on both Ga and N sublattices in the 0.45 and 2 MeV
electron irradiation of high-purity HVPE GaN samples. The
thermal annealings reveal the coexistence of different charge
states of negative nonopen volume defects in the samples
and that a significant part of the Ga vacancies introduced in
the 2 MeV electron irradiation is stabilized by other defects,
making them survive annealing temperatures up to 1100 K.
All the irradiation-induced defects detectable by positrons
are annealed out of the samples at 600 K in the case of the
0.45 MeV electron irradiation and at 1120 K in the case of
the 2 MeV electron irradiation.
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