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Molecular dynamics study of damage accumulation in GaN during ion beam irradiation

J. Nord, K. Nordlund, and J. Keinonen
Accelerator Laboratory, P.O. Box 43, University of Helsinki, FIN-00014, Finland

~Received 28 May 2003; revised manuscript received 6 August 2003; published 7 November 2003!

We have used molecular dynamics methods to study the accumulation of damage during ion beam irradia-
tion of GaN. First we analyzed individual recoils between 200 eV and 10 keV. We found that the spatial
average of the threshold displacement energy was high and much less damage was produced in GaN than in Si,
Ge, or GaAs cascades. Most of the damage was in isolated point defects or small clusters, which enhances the
damage recombination probability. Ion beam amorphization was simulated by starting successive 400-eV or
5-keV recoils in an initially perfect crystal. The development of volume, energy, and ring statistics, as well as
segregation of compounds, was followed through the process. The simulations show that the amorphization
begins with single defects and formation of long weak Ga-Ga bonds in the distorted lattice. We also observe
that nitrogen gas is produced during prolonged irradiation, in agreement with experimental observations. We
recognize two reasons for the high amorphization dose of GaN, the high threshold displacement energy and
different varieties of in-cascade recombination.

DOI: 10.1103/PhysRevB.68.184104 PACS number~s!: 64.70.Kb, 61.43.Dq, 61.72.Cc, 61.82.Fk
ria
d

an

c
n
on
aN

-
th
-
th
m

ac
e

th
io

en

t
ar
r-

n

n

im
s

fu

ntil
an
-

th-
the

c.

lar
m-

and

ite
e-
m-
ting
ng
ms
nce
d-
the
ture

ell.
14.
ged
in
-
ous

he
ndi-
ec-
I. INTRODUCTION

GaN is an important compound semiconductor mate
especially for optoelectronic applications. It has a large
rect band gap and is hard and chemically inert. For m
applications, ion beam implantation of doping atoms is
useful tool for modifying the material properties. For a su
cessful application of the implantation, it is important to u
derstand the production of damage in GaN during irradiati

Experimental studies on ion beam amorphization of G
have revealed the complexity of the process.1–10 For heavy
ions and low temperatures~less than 80 K!, two amorphous
peaks have been observed;6,7,9,10 one at the surface and an
other in the bulk. At higher temperatures saturation of
damage peak occurs in the bulk6–8,10and amorphization pro
ceeds from the surface. In the case of silicon irradiation,
damage saturates in the bulk for both 77 K and 300 K te
peratures, and the amorphous area grows from the surf7

For lighter C and O ions, the damage level in the bulk do
not saturate at 77 K or 300 K,6,7,10 but two intermediate
saturation levels have been found in a recent study9 at 15 K,
where thermal annealing can be ruled out. Even further,
level at which the damage saturates for 300 K implantat
of heavy ions depends on the ion species.7 Dynamic
annealing11 and chemical effects for light ions have be
proposed to explain some of these issues,1,2,7,8,10but much
remains poorly understood.

The reported amorphization doses depend strongly on
implantation conditions: the displacements per atom v
from about 5 dpa~damage level at the border of the amo
phous area for 180 keV Ar at 77 K temperature4! and 10 dpa
@measured at the damage peak for surface amorphizatio
180 K for Au ~Ref. 8!# to 60 dpa@in bulk at 300 K~Ref. 8!
for Au#. The amorphization doses are 1–3 orders of mag
tude higher than the dose for Si or GaAs.1,3,4,9 The high
variation in the results and complex interaction between
plantation parameters and observed behavior complicate
interpretation of the experimental findings.

Molecular dynamics computer simulations are a use
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tool for studying irradiation induced damage processes. U
recently such simulations were restricted by the lack of
interatomic potential model, which could describe far-from
equilibrium processing of GaN.

The paper is organized as follows. The simulation me
ods are explained in Sec. II. In Sec. III, we first examine
threshold displacement energy~Sec. III A! and the damage in
individual cascades~Sec. III B!. After that we examine the
amorphization process~Sec. III C! and the structure of the
amorphous GaN~Sec. III D!. The results are dicussed in Se
IV and the paper is concluded in Sec. V.

II. METHOD

To study irradiation effects in GaN, we used molecu
dynamics methods and an analytical potential model. Da
age production was studied both in individual cascades
during prolonged irradiation.

GaN simulation cells were created using the wurtz
~WZ! crystal structure with an orthogonal unit cell corr
sponding to two conventional hexagonal unit cells. The da
age production in individual cascades was studied by star
a recoil in the middle of the simulation cell. Energies varyi
from 200 eV to 10 keV were used, and the number of ato
in the simulation cell was between 7000 and 1 800 000. Si
we are primarily interested in bulk damage, periodic boun
ary conditions were used in three dimensions. To remove
excess heat energy from the cell, Berendsen tempera
control13 was applied near the borders of the simulation c
The simulation method is discussed in more detail in Ref.

We simulated the amorphization process during prolon
irradiation by starting successive 400-eV or 5-keV recoils
initially perfect cells with 14 000 or 59 000 atoms. A two
phase iteration scheme was used to model the continu
irradiation. In the first phase, a recoil is started from t
center of the cell, and the process is simulated as an i
vidual recoil event. After the cell has cooled down, the s
©2003 The American Physical Society04-1
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ond phase is initiated. In this relaxation phase, the syste
effectively cooled down to 0 K as theBerendsen pressur
control13 is applied to the whole cell and pressure is relax
to zero. After the relaxation, all atoms in the cell are shift
randomly a distance (u1Sx ,u2Sy ,u3Sz), whereu1 , u2, and
u3 are random numbers in the range 0–1, and (Sx ,Sy ,Sz) is
the cell size. After this the periodic boundary conditions a
used to bring the atoms outside the cell back on the o
side. In this way the starting point of the next recoil is ra
dom in continuous periodic space. Then the iteration is c
tinued with a new recoil.

Using this approach, homogeneous periodic amorph
cells can be generated. The method, which has been p
ously successfully applied in Si, Ge, and GaAs, is descri
in more detail elsewhere.15

The forces between the atoms were described by a cla
cal many-body potential model for GaN.12 Since we also
study high-dose irradiation, it is important to note that t
model describes well pure Ga and N phases also. The m
does not include long-range Coulombic interactions,
many properties~such as melting, point defect propertie
and elastic moduli!, important for the modeling of far-from
equilibrium effects, are well described by this potent
model. We have compared the primary damage of G
simulated with ionic and nonionic potential models.16 Our
initial results show that the damage level in the ionic mo
is within a factor of;2 compared to the nonionic mode
Such a difference might be related to the potential fitting
well, and is not large enough to explain the order-
magnitude difference in the damage level between GaAs
GaN. The ionicity may affect the defect migration and r
combination properties, but these long time scale effects
not readily accessible with molecular dynamics.

During the amorphization process, the development of
cell volume, average potential energy, ring statistics, and
segregation of compounds was followed. The defects w
recognized by using the Voronoy-polyhedron approach. T
positions of the atoms after the recoil event were assigne
belong to some Voronoy polyhedron of the initial lattice co
figuration. An empty polyhedron was considered a vacan
If a multiply filled polyhedron contained atoms of the sam
type as it initially contained, all atoms except the initial o
were counted as interstitials. Otherwise one of the atoms
counted as an antisite and the others as interstitials. A
atoms on a singly filled polyhedron of a wrong type we
considered antisites.

III. RESULTS

A. Threshold displacement energy

We studied the threshold displacement energy for Ga
N recoils in wurtzite GaN by starting recoils from perfe
lattice sites in 1000 random directions. The threshold d
placement values were searched by a binary search algor
for each direction as follows. We first set upper~200 eV! and
lower ~0 eV! limits for the threshold displacement energy.
recoil energy with the average value of upper and lower l
its was then selected for testing. After the recoil event w
simulated, the total energy of the cell was calculated. If
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total energy was higher than 1 eV over the value of a per
crystal, a displacement was assumed. This cutoff value
chosen after visually confirming a displacement in seve
recoil events. If a displacement occurred, the upper limit w
set to the current recoil energy. Otherwise the lower lim
was set to the recoil energy. This process was iterated u
the difference between upper and lower limits was less t
1 eV.

The distributions of different energies for both atom typ
are shown in Fig. 1. Although the lowest values for t
threshold displacement energy are small (1861 eV for Ga
and 2261 eV for N!, the average values are considerab
high (4561 eV for Ga and 10962 eV for N!. This high
average threshold displacement partly explains the sm
amount of damage produced in individual cascades and
high amorphization dose. The lowest threshold displacem
energy value for Ga is in excellent agreement with the dir
experimental value of 1962 ~Ref. 17!.

The smallest value for the threshold displacement ene
for nitrogen is in a direction about 10° angle off thec axis,
away from the Ga bond in the~0001! direction. For gallium,
the minimum is obtained toward the second-nearest
neighbor on the negative side of thec axis.

B. Primary damage states in individual cascades

The primary damage states produced in individual c
cades were studied for recoil energies between 200 eV
10 keV. The number of interstitials, vacancies, and antis
is shown in Table I. A comparison with GaAs in Fig. 2 show
that much less damage is produced in GaN than in Ga
About a factor of 5 for the difference in the amorphizatio
doses is explained by the low damage production in in
vidual cascades, which is related to a high threshold d
placement energy as explained in Sec. III A. Figure 2 a
shows that there is a dip in the damage production afte
recoil energy of 1 keV. The effect is akin to metals, where
molten areas in a heat spike can recrystallize efficiently
produce almost intact lattice.18 To examine the local heating
effect, we calculated the average temperature of the at
closer than 13 Å to the energy-weighted cascade center.
results for representative 1-, 2-, and 5-keV recoil events
presented in Fig. 3. The region between 200 fs and abo

FIG. 1. Area density of different threshold displacement en
gies for Ga and N recoils in WZ GaN.
4-2



oils.

MOLECULAR DYNAMICS STUDY OF DAMAGE . . . PHYSICAL REVIEW B 68, 184104 ~2003!
TABLE I. Average production of point defects in 200 eV–10 keV cascades in GaN for N and Ga rec

E ~eV! VN VGa I N I Ga NGa GaN

N recoils
200 1.060.1 0.1260.05 0.8060.09 0.3260.07 0.2260.06 0.0260.02
400 1.360.2 1.460.2 1.360.2 1.460.1 0.4360.09 0.3360.09
1000 3.360.3 2.160.4 2.760.3 2.860.3 1.360.2 0.7160.20
2000 3.960.9 5.360.9 3.160.6 6.060.7 1.560.6 0.7560.25
5000 11.261.0 11.361.0 9.960.8 12.661.1 4.260.6 2.960.4
10000 29.562.7 21.460.9 24.961.9 26.061.1 12.461.2 7.860.9

Ga recoils
200 0.3260.05 1.360.1 0.4060.06 1.260.1 0.0260.01 0.1260.03
400 1.260.2 1.860.1 1.260.1 1.860.1 0.3060.07 0.2660.06
1000 4.060.4 3.160.3 3.660.4 3.560.3 1.360.2 0.8060.21
2000 6.160.5 4.860.5 4.960.4 6.060.6 1.260.2 2.460.4
5000 13.161.0 11.360.6 11.360.4 13.161.0 4.660.7 2.860.5
10000 24.662.2 22.161.4 21.862.2 25.061.4 8.861.5 5.961.4
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ps, where the temperature in the volume is almost cons
indicates the presence of a heat spike. This in-cascade
combination is another reason for the high amorphizat
dose, but the effect is smaller~only about a factor of 1–2!
than that caused by the high effective threshold displacem
energy~about a factor of 5!.

Damage clusters are harder to anneal than individual
fects. Therefore we performed a cluster analysis for the d
age in individual cascades. We considered interstitials
vacancies closer than 4.5 Å to each other to belong to
same cluster. Table II shows the percentage of interstit
and vacancies in clusters larger than six defects for diffe
recoil atom types and energies. Antisite defects are m
clustered than other defects. About 30–50 % of the antis
are in clusters for nitrogen recoils and about half for galliu
recoils. The majority of the damage is isolated at all t
studied energies. The damage is especially strongly scatt
for 2-keV nitrogen recoils, where less than 5% of the dam

FIG. 2. Number of Voronoy defects produced by Ga and
recoils in GaN and linear fits to data. For comparison the dam
production in GaAs is also shown. The GaAs data is from Ref.
Note that all the Ga recoil points at 200 eV–1 keV are clearly ab
the fitted line, indicating in-cascade recombination at higher e
gies.
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is in clusters. The small amount of clusters in this case
explained by the small weight of N. Since most of the da
age is in point defects or small clusters~smaller than six
defects!, it is likely that a large amount of damage can
annealed after small irradiation doses. The large volume
cascades and low defect concentration mean that mul
passes of ions are needed to amorphize the material
given spatial region.

C. Amorphization process

Experiments have shown that GaN is much harder
amorphize than many other common semiconductor ma
als, such as Si, Ge, or GaAs. It has been estimated tha
doses needed to amorphize GaN and GaAs may diffe
much as 1–3 orders of magnitude.1,4 The high amorphization
dose can be partly explained by the properties of individ
cascades discussed elsewhere in this paper. Previously
namic annealing11 had been proposed to explain the expe

e
.
e
r- FIG. 3. Average temperature of area near cascade ene
weighted center.
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mental differences.1,4,6 To examine the issue, we have sim
lated the amorphization process by successive 400-eV
5-keV recoils.

The changes in volume and potential energy are show
Fig. 4 as a function of irradiation dose. As in Si,15 the local
heating caused by higher-energy recoils~1 keV versus 100
eV for Si and 5 keV versus 400 eV for GaN! relaxes defects
with the highest potential energy and volume, and the res
ing average potential energy and volume saturate to a sm
value. For both recoil energies the volume and the aver
potential energy saturate between 30 and 40 eV/atom dos
large volume expansion~almost 20% with 400 eV! is ob-
served during irradiation. Even larger expansions have b
seen in experiments~about 50% in Ref. 5!. This means that
high internal stress is produced during irradiation.

The change in volume or potential energy is not a go
measure of amorphous fraction due to the nonlinear rela
to the number of defects. To get the amorphous fraction,
calculate the structure factorPst ~Ref. 19! for every atomi,

Pst5
1

pu~ i ! S (j
@u i~ j !2u i

p~ j !#2D 1/2

, ~1!

pu~ i !5S (
j

@u i
u~ j !2u i

p~ j !#2D 1/2

, ~2!

whereu i( j ) is a list of angles formed between the atomi and
its neighbors,u i

p( j ) is the distribution of angles in a perfec
lattice, andu i

u( j )5 j p/4(421)/2 is the uniform angular dis

TABLE II. Percentage of damage in clusters for N and Ga
coils in GaN.

E ~keV! Ga recoil N recoil

1 20.766.9 17.266.2
2 21.866.9 3.463.4
5 30.865.1 13.264.7

10 23.165.7 29.166.7

FIG. 4. Development of volume and potential energy compa
to perfect crystal as a function of amorphization dose for Ga
Recoil energies of 400 eV and 5 keV were used.
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tribution. Before taking the sum over angles theu i( j ) lists
are sorted by magnitude. All atoms for whichPst is larger
than 0.125 are considered ‘‘defect’’ atoms. If a defect at
has at least three defect neighbors, it is defined as am
phous. A saturation value of the amorphous atoms in
400-eV case was used as a reference point for full am
phization. The same method has previously been used
study of amorphous fraction for Si, Ge, and GaAs.15

Figure 5 shows the simulated buildup of the amorpho
fraction for 400-eV and 5-keV recoils. The amorphous fra
tion saturates below a dose of 40 eV/atom, which is low
than the experimental estimate of 90 eV/atom~Ref. 4! but
much higher than that obtained for Si, Ge, and GaAs with
current method~about 10 eV/atom15!. We therefore conclude
that the high threshold displacement energy~leading to low
damage production! and the in-cascade recombination c
explain much of the high amorphization dose, but some
combination effect is not apparently reproduced by o
method. This might be close Frenkel-pair recombination o
long time scales at low doses or additional dynamic rec
induced annealing11 at the high doses.

It is noteworthy that the number of amorphous atoms
the 5-keV case saturates at a lower value than for the 400
case. This is consistent with the smaller volume expans
and the lower average potential energy in the 5-keV ca
This may be due to the metal-like in-cascade recombina
effect of molten areas or dynamic recoil-induced anneal
of high-energy defects produced by earlier recoils. Sin
heavy ions produce more high-energy recoils, this differe
may explain the variation in the saturation observed in
periments for different heavy ions.7

There are some other differences between the amorph
fraction buildups in the 400-eV and 5-keV cases. In the ea
stages of the process the amorphous fraction is higher for
5-keV case, because the damage in 5-keV cascades is
scattered for the same dose than for the 400-eV case,
more atoms are counted as amorphous instead of isol
defects. With more irradiation, the roles change as the lo
heating in 5-keV cascades is able to recombine some of
damage, and the 5-keV case amorphizes about 20% slo
than the 400-eV case. In the high-dose region the differe
between the 400-eV and 5-keV cases grows even further,

-

d
.

FIG. 5. Simulated amorphization fractions as a function of do
Simulated values for 400-eV and 5-keV recoils are obtained
structure factor analysis.
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a 60% higher dose is needed for the 5-keV compared to
400-eV case to reach an amorphization level of 85%. T
indicates that the recombination by local heating~dynamic
recoil-induced annealing11! caused by high-energy recoils19

may be an important factor in the highly damaged regi
and the use of higher than 5-keV recoils in the simulat
can be estimated to lead to a higher amorphization dose

D. Structure of amorphous material

To analyze the short-range order of the amorphized m
rial, we calculated the full and partial pair-correlation fun
tions of the irradiated GaN. The first peak in Fig. 6 at ab
1.1 Å is a sign of segregated pure N gas formed by N
dimers. The peak at about 2.0 Å is due to Ga-N bonds
the one at 2.7 Å is due to the weak Ga-Ga bonds in Ga-
areas.

Bonding state analysis confirmed the formation of pu
nitrogen gas. Cutoffs of 2.0 Å, 2.9 Å, and 2.9 Å were us
for counting N-N, Ga-N, and Ga-Ga bonds, respectively. F
ure 7 shows the formation of pure elements during irrad
tion. In this analysis, an atom is considered to be segreg
if it has only like-atom bonds. The figure shows that pu
nitrogen is produced at a constant rate during irradiation,

FIG. 6. Simulated partial pair-correlation functions of irradiat
amorphous GaN. 400-eV recoils were used.

FIG. 7. Production of pure elements during irradiation. An ato
is considered segregated if it has only like-atom bonds. The fig
shows that pure nitrogen is produced at constant rate, but gall
only regions are rare.
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although gallium-rich regions are produced, there is no s
of gallium-only regions at these doses.

Figure 8 shows the changes in the bond-angle distri
tions during the amorphization process. The main peak
109° is widened and new peaks form at about 90° and 5
The peak between 90° and 100° is formed by weak Ga
bonds, which are generated after a small irradiation do
After small distortions in the WZ lattice due to the initia
damage, the gallium atoms form bonds with other galliu
atoms in the WZ lattice. The gallium atoms move closer
each other, and the Ga-N-Ga angles are decreased.

Ring analysis methods were used to characterize the
pological structure of the material. The prime rings, defin
in Ref. 20 as rings with no shortcut, and the statistics of
shortest rings for bonds are shown in Table III. Only s
membered rings are found in the perfect crystal. In am
phized material five-membered and three-membered
rings are dominant, with a significant amount of four-, six
and seven-membered rings. It is interesting to note tha
majority of the bonds belong to at least one ring with the s
of 3. Only a few bonds have the shortest ring of size m
than 7 and all bonds are members of at least one ring w
size smaller than 11. The five-membered rings are m

TABLE III. Number of prime rings per atom and the shorte
rings the atoms belong to in GaN amorphized by 400-eV recoil

Ring size Rings/atom Shortest ring for bonds

3 0.576 0.62
4 0.347 0.22
5 0.581 0.13
6 0.463 0.021
7 0.310 0.0039
8 0.103 0.0017
9 0.067 0.0011

10 0.034 0.0004
11 0.035 0
12 0.023 0
13 0.018 0
14 0.010 0
15 0.007 0

re
-

FIG. 8. Development of bond-angle distribution during irrad
tion.
4-5
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common than the four-membered rings as the smallest
size for bonds until the amorphization fraction reaches 0
The statistics shown in Table III remain stable during furth
irradiation.

IV. DISCUSSION

In our simulations of individual cascades, we found th
much less damage is produced in GaN than in Si, Ge
GaAs. Most of this~about a factor of 5! is explained by the
higher threshold displacement energy of GaN. Another fac
affecting the damage production in GaN is the enhanced
cascade recombination effect akin to metals19 for high-
energy~over 1 keV! recoils. The simulations also show th
the damage in GaN cascades is very scattered, and mo
the damage lies in point defects or small clusters. Since
dividual defects are easier to anneal than large cluster
large amount of damage in GaN can be annealed after s
irradiation doses~or recombined to more complex defects!.

Many competing processes are involved in the am
phization of GaN,8,10 and different implantation condition
lead to very different amorphization dynamics. Point def
migration and recombination, dynamic and thermal anne
ing of clusters, chemical effects due to doping ions, pre
ential sputtering, local stoichiometric differences, ion sp
cific primary cascade damage, and ion energy-depen
deposited energy density affect the outcome of ion be
implantations.5,7,8,10 Since some of these effects~long time
scale and long-range processes! are not included in our
model, the role of other effects can be observed more cle
Our amorphization simulations describe high fluence lo
temperature~less than 130 K, when defects are not mobile21!
amorphization at the damage peak. Ion beam induced ann
ing of defects, local stoichiometric imbalance and segre
tion, and the structure and variation of individual casca
damage are well described in our model.

Amorphization proceeded in the simulations as follow
First highly separate damage and some clusters were
duced by the initial recoils. This initial damage genera
high stress and distortion in the lattice, where the seco
nearest-neighbor Ga atoms started to form long ‘‘metall
bonds with each other distorting the lattice even further. G
lium and nitrogen started to segregate, and nitrogen gas
produced throughout the process, in agreement with exp
mental observations.10,22,23In the high damage region~amor-
phous fraction.50%) local heating started to recombin
some of the damage produced by earlier recoils. This ef
was larger for high-energy~5-keV! recoils than for low-
energy ~400 eV! recoils. Since heavier ions produce mo
high-energy recoils, this may explain the observed low
saturation damage level in the bulk damage peak for hea
ions during 300-K ion bombardment of GaN.7 At 40 eV/
atom the amorphization was complete~although the fraction
of atoms fulfilling our criterion for amorphous atoms w
lower for the 5-keV than for the 400-eV recoils!.

The amorphization dose in GaN, 40 eV/atom, is mu
higher than that obtained for Si, Ge, or GaAs with the sa
method,15 ;10 eV/atom. The main reason for the hig
amorphization dose in GaN is related to the high thresh
18410
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displacement energy leading to low damage production
individual cascades. Other factors are the in-cascade rec
bination in high-energy (.1 keV) cascades and the dynam
recoil-induced recombination of pre-existing damage
high-energy cascades leading to lower saturation dam
level for the 5-keV recoils compared to the 400-eV reco
Dynamic annealing effects, which have been proposed
earlier work1,4,6,11 are therefore confirmed by our simula
tions.

Although the amorphization dose we observe is mu
higher ~a factor of;5) than the dose in other semicondu
tors, it is still about a factor of 2 lower than the experimen
value of 90 eV/atom~Ref. 4! at the border of the amorphou
area in 180-keV Ar bombardment of GaN at 77 K tempe
ture ~we think that this value, which is determined at th
amorphous frontier, is comparable to our simulations sin
the defects cannot escape the periodic cell to the outer c
talline lattice!. Thus, since our simulations cannot fully re
produce the high amorphization dose of GaN, it is likely th
in addition to the effects we do observe~high threshold en-
ergy and in-cascade and dynamic recoil-induced anneali!,
there are long time scale and long-range processes which
modeling cannot handle. Clearly further study is needed
fully understand the high variation of dose required for t
amorphization of GaN during different implantation cond
tions.

V. CONCLUSIONS

We have studied the damage formation in bulk GaN d
ing ion beam irradiation using molecular dynamics metho
Both individual cascades and amorphization during p
longed irradiation were studied.

Amorphization was found to start by formation of wea
metallic Ga-Ga bonds in the distorted lattice. We observ
nitrogen gas production during the irradiation, but not form
tion of pure gallium regions.

The simulations show that the high threshold displa
ment energy efficiently limits the damage in individual ca
cades. For high-energy recoils, in-cascade recombina
similar to that in metals was observed. Also, during p
longed irradiation we observe dynamic recoil-induced a
nealing. Out of these three reasons, the first one lead
roughly a factor of 5 reduction in damage production co
pared to common semiconductors~Si, Ge, or GaAs!, while
the two others reduce the production less, a factor of 1
depending on conditions. These factors are shown to be
main reason for the high amorphization dose of GaN dur
low-temperature heavy-ion irradiation.
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