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Molecular dynamics study of damage accumulation in GaN during ion beam irradiation
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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. lon 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.
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[. INTRODUCTION tool for studying irradiation induced damage processes. Until

recently such simulations were restricted by the lack of an

GaN is an important compound semiconductor materialnteratomic potential model, which could describe far-from-

especially for optoelectronic applications. It has a large di-equilibrium processing of GaN.

rect band gap and is hard and chemically inert. For many The paper is organized as follows. The simulation meth-

applications, ion beam implantation of doping atoms is aods are explained in Sec. Il. In Sec. lll, we first examine the
useful tool for modifying the material properties. For a suc-threshold displacement ener§ec. Il A) and the damage in
cessful application of the implantation, it is important to un-individual cascade$Sec. Il B). After that we examine the
derstand the production of damage in GaN during irradiationamorphization proces&Sec. 11 O and the structure of the

Experimental studies on ion beam amorphization of GaNamorphous GaNSec. Ill D). The results are dicussed in Sec.
have revealed the complexity of the proce&s€.For heavy |y and the paper is concluded in Sec. V.

ions and low temperaturdfess than 80 K two amorphous
peaks have been obsent®!one at the surface and an-
other in the bulk. At higher temperatures saturation of the
damage peak occurs in the btiiR1°and amorphization pro-
ceeds from the surface. In the case of silicon irradiation, the To study irradiation effects in GaN, we used molecular
damage saturates in the bulk for both 77 K and 300 K temdynamics methods and an analytical potential model. Dam-

peratures, and the amorphous area grows from the surfaceyge production was studied both in individual cascades and
For lighter C and O ions, the damage level in the bulk doegjuring prolonged irradiation.

not saturate at 77 K or 300 W’lo_ but two intermediate GaN simulation cells were created using the wurtzite
saturation levels have been found in a recent stadyL5 K, (W2Z) crystal structure with an orthogonal unit cell corre-
where thermal annealing can be ruled out. Even further, the,,nding to two conventional hexagonal unit cells. The dam-
level at Wh'.Ch the damage saturates for 300 .K |mpIan.tat|orhge production in individual cascades was studied by starting
of he"’?"yl lons depe.nds on the lon sp.e&e@.ynamm a recoil in the middle of the simulation cell. Energies varying
annealmé and ch_em|cal effects for_llght 'g?os have beenfrom 200 eV to 10 keV were used, and the number of atoms
proposed to explain some of these isstie§?*but much in the simulation cell was between 7000 and 1 800 000. Since

remains poorly understood. S . o
The reported amorphization doses depend strongly on thye are primarily interested in bulk damage, periodic bound-

implantation conditions: the displacements per atom varfry conditions were used in three dimensions. To remove the
from about 5 dpadamage level at the border of the amor- excestheat energy from the cell, Berendsen temperature
phous area for 180 keV Ar at 77 K temperatbrand 10 dpa contrgfL was applied near the borders of the simulation cell.
[measured at the damage peak for surface amorphization &€ Simulation method is discussed in more detail in Ref. 14.
180 K for Au (Ref. 8] to 60 dpa[in bulk at 300 K(Ref. 8 We simulated the amorphization process during prolonged
for Au]. The amorphization doses are 1-3 orders of magniirradiation by starting successive 400-eV or 5-keV recoils in
tude higher than the dose for Si or Gak*® The high initially perfect cells with 14000 or 59000 atoms. A two-
variation in the results and complex interaction between imphase iteration scheme was used to model the continuous
plantation parameters and observed behavior complicates tliwadiation. In the first phase, a recoil is started from the
interpretation of the experimental findings. center of the cell, and the process is simulated as an indi-
Molecular dynamics computer simulations are a usefulidual recoil event. After the cell has cooled down, the sec-

IIl. METHOD
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ond phase is initiated. In this relaxation phase, the systemis T

effectively cooled downa 0 K as theBerendsen pressure £ 0045 .. ]
controf® is applied to the whole cell and pressure is relaxed _: 0.04 ]
to zero. After the relaxation, all atoms in the cell are shifted & 0.035 ]
randomly a distanceuyS,,u,S,,usS,), whereu,, u,, and g 0.03 7
uz are random numbers in the range 0-1, agd.§, ,S,) is g 0.025 .
the cell size. After this the periodic boundary conditions are S 002 .
used to bring the atoms outside the cell back on the other 5 0.015 .
side. In this way the starting point of the next recail is ran- g 001 -
dom in continuous periodic space. Then the iteration is con- £ 0.005 - -
tinued with a new recoil. < o o o~ ;

.0 —
0 20 40 60 80 100 120 140 160 180 200

Using this approach, homogeneous periodic amorphous
Energy (eV)

cells can be generated. The method, which has been previ-
ously successfully applied in Si, Ge, and GaAs, is described £ 1. Area density of different threshold displacement ener-

in more detail elsewher®. . gies for Ga and N recoils in WZ GaN.
The forces between the atoms were described by a classi-

cal many-body potential model for GaN.Since we also
study high-dose irradiation, it is important to note that the
model describes well pure Ga and N phases also. The mod
does not include long-range Coulombic interactions, bu}e
many propertieqsuch as melting, point defect properties

total energy was higher than 1 eV over the value of a perfect
crystal, a displacement was assumed. This cutoff value was
osen after visually confirming a displacement in several
coil events. If a displacement occurred, the upper limit was
. - ; ' set to the current recoil energy. Otherwise the lower limit

and elastic modulj important for the modeling of far-from- ;.25 set 10 the recoil energy. This process was iterated unti

equilibrium - effects, are well described by this potentialy,q gifterence between upper and lower limits was less than
model. We have compared the primary damage of Ga eV.

;imulated WilhSionIc and nanionic potenti_al moqé*is()ur The distributions of different energies for both atom types
initial results show that the damage level in the ionic model

S o are shown in Fig. 1. Although the lowest values for the
is within a factor of~2 compared to the nonionic model.

threshold displacement energy are small £18eV for Ga
Such a difference might be related to the potential fitting aSnd 22+ 1 efoor N), the avegrége values iare considerably

well, .and i; not Iarge enough to explain the order-of—high (45+1 eV for Ga and 1082 eV for N). This high
gaﬁlnlt#je .d'ﬁ.er.ence n thf? darrr\]ags Ifevel bgtwegn Gags an&\/erage threshold displacement partly explains the small
aN. The lonicity may affect the defect migration and re-, ., of damage produced in individual cascades and the

combination properties, but these long time scale effects arﬁigh amorphization dose. The lowest threshold displacement

not reqdny accessmle_ W't_h molecular dynamics. energy value for Ga is in excellent agreement with the direct
During the amorphization process, the development of th%xperimental value of 192 (Ref. 17

cell volume, average potential energy, ring statistics, and the The smallest value for the threshold displacement energy
segreggﬂon of cqmpounds was followed. The defects Wereor nitrogen is in a direction about 10° angle off thexis,
recognized by using the Voronoy-polyhedron approach. Th%way from the Ga bond in th@®002) direction. For gallium,

ngoltrllontf)(;];’::ee f\i};?nsoafteglt?}ié?gf?':)ﬁf:m.e;ﬁ;?iggi?]_ e minimum is obtained toward the second-nearest Ga
9 y poly nit : neighbor on the negative side of theaxis.

figuration. An empty polyhedron was considered a vacancy.
If a multiply filled polyhedron contained atoms of the same
type as it initially contained, all atoms except the initial one B. Primary damage states in individual cascades

were counted as interstitials. Otherwise one of the atoms was The primary damage states produced in individual cas-

counted as an antisite and the others as interstitials. Alsggdes were studied for recoil energies between 200 eV and
atoms on a singly filled polyhedron of a wrong type were1g kev. The number of interstitials, vacancies, and antisites
considered antisites. is shown in Table I. A comparison with GaAs in Fig. 2 shows
that much less damage is produced in GaN than in GaAs.
Ill. RESULTS About a factor of 5 for the difference in the amorphization
doses is explained by the low damage production in indi-
vidual cascades, which is related to a high threshold dis-
We studied the threshold displacement energy for Ga anglacement energy as explained in Sec. Il A. Figure 2 also
N recoils in wurtzite GaN by starting recoils from perfect shows that there is a dip in the damage production after a
lattice sites in 1000 random directions. The threshold distecoil energy of 1 keV. The effect is akin to metals, where the
placement values were searched by a binary search algorithmolten areas in a heat spike can recrystallize efficiently and
for each direction as follows. We first set upg200 e\ and  produce almost intact lattic&.To examine the local heating
lower (0 eV) limits for the threshold displacement energy. A effect, we calculated the average temperature of the atoms
recoil energy with the average value of upper and lower limcloser than 13 A to the energy-weighted cascade center. The
its was then selected for testing. After the recoil event wagesults for representative 1-, 2-, and 5-keV recoil events are
simulated, the total energy of the cell was calculated. If thepresented in Fig. 3. The region between 200 fs and about 5

A. Threshold displacement energy
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TABLE |. Average production of point defects in 200 eV—-10 keV cascades in GaN for N and Ga recails.
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E (eV) Vi Vea In lca Nga Gay
N recoils
200 1.0:0.1 0.12-0.05 0.80-0.09 0.32:0.07 0.22-0.06 0.02:0.02
400 1.3:0.2 1.4-0.2 1.3+0.2 1.4-0.1 0.43-0.09 0.33:0.09
1000 3.3:0.3 2.1+0.4 2.7+0.3 2.8-0.3 1.3+0.2 0.71-0.20
2000 3.9-0.9 5.3-0.9 3.1+0.6 6.0-0.7 1.5-0.6 0.75-0.25
5000 11.2-1.0 11.3-1.0 9.9-0.8 12.6-1.1 4.2-0.6 2.9-0.4
10000 29.52.7 21.4-0.9 24.9-1.9 26.0r1.1 12.4-1.2 7.8-0.9
Ga recoils
200 0.32:0.05 1.3-0.1 0.40:0.06 1.2:0.1 0.02:0.01 0.12-0.03
400 1.2+0.2 1.8+0.1 1.2+0.1 1.8-0.1 0.30-0.07 0.26-0.06
1000 4.0-0.4 3.1+0.3 3.650.4 3.5-0.3 1.3+0.2 0.80-0.21
2000 6.1-0.5 4.8-0.5 49-0.4 6.0-0.6 1.2+0.2 2.4-0.4
5000 13.x-1.0 11.3-0.6 11.3+0.4 13.x-1.0 4.6-0.7 2.8-0.5
10000 24.6:2.2 22.1+1.4 21.8:2.2 25.0-1.4 8.8-1.5 5.9-1.4

ps, where the temperature in the volume is almost constanis in clusters. The small amount of clusters in this case is
indicates the presence of a heat spike. This in-cascade rexplained by the small weight of N. Since most of the dam-
combination is another reason for the high amorphizatiorage is in point defects or small clustefsmaller than six
dose, but the effect is smalléonly about a factor of 192  defects, it is likely that a large amount of damage can be
than that caused by the high effective threshold displacemerinnealed after small irradiation doses. The large volume of
energy(about a factor of b cascades and low defect concentration mean that multiple
Damage clusters are harder to anneal than individual dgpasses of ions are needed to amorphize the material in a
fects. Therefore we performed a cluster analysis for the danmgiven spatial region.
age in individual cascades. We considered interstitials and
vacancies closer than 4.5 A to each other to belong to the
same cluster. Table Il shows the percentage of interstitials
and vacancies in clusters larger than six defects for different Experiments have shown that GaN is much harder to
recoil atom types and energies. Antisite defects are morgmorphize than many other common semiconductor materi-
clustered than other defects. About 30—50 % of the antisiteg|s, such as Si, Ge, or GaAs. It has been estimated that the
are in clusters for nitrogen recoils and about half for galliumgoses needed to amorphize GaN and GaAs may differ as
recoils. The majority of the damage is isolated at all themych as 1-3 orders of magnitutiéThe high amorphization
studied energies. The damage is especially strongly scatterg@se can be partly explained by the properties of individual
for 2-keV nitrogen recoils, where less than 5% of the damag@ascades discussed elsewhere in this paper. Previously, dy-
namic annealintf had been proposed to explain the experi-

C. Amorphization process
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FIG. 2. Number of Voronoy defects produced by Ga and N 102 T e ]
recoils in GaN and linear fits to data. For comparison the damage 10° 2 5 100 2 5 100 2 s 100 2
production in GaAs is also shown. The GaAs data is from Ref. 24. Time (fs)

Note that all the Ga recoil points at 200 eV—-1 keV are clearly above
the fitted line, indicating in-cascade recombination at higher ener-
weighted center.

gies.
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TABLE Il. Percentage of damage in clusters for N and Ga re- 10°F T T
coils in GaN.
5 5
E (keV) Ga recoil N recoil 3
(]
Ee)) 2
1 20.76.9 17.2-6.2 E ,
2 21.8+6.9 3.4+3.4 § 10°F
5 30.8£5.1 13.2:4.7 % 5
10 23.1£5.7 29.16.7 g
2
mental difference$*® To examine the issue, we have simu- 107 57 2 P r—
lated the amorphization process by successive 400-eV or
5-keV recoils. Dose (eV/atom)

The changes in volume and potential energy are shown in  F|G. 5. Simulated amorphization fractions as a function of dose.
Fig. 4 as a function of irradiation dose. As in*Sithe local  Simulated values for 400-eV and 5-keV recoils are obtained by
heating caused by higher-energy recdilskeV versus 100 structure factor analysis.
eV for Si and 5 keV versus 400 eV for Gakelaxes defects
with the highest potential energy and volume, and the resulttribution. Before taking the sum over angles théj) lists
ing average potential energy and volume saturate to a smallare sorted by magnitude. All atoms for whiéh; is larger
value. For both recoil energies the volume and the averagghan 0.125 are considered “defect” atoms. If a defect atom
potential energy saturate between 30 and 40 eV/atom dose.lfas at least three defect neighbors, it is defined as amor-
large volume expansiofalmost 20% with 400 eYis ob-  phous. A saturation value of the amorphous atoms in the
served during irradiation. Even larger expansions have bee#00-eV case was used as a reference point for full amor-
seen in experiment&@bout 50% in Ref. b This means that phization. The same method has previously been used in a
high internal stress is produced during irradiation. study of amorphous fraction for Si, Ge, and GdAs.
The change in volume or potential energy is not a good Figure 5 shows the simulated buildup of the amorphous
measure of amorphous fraction due to the nonlinear relatiofraction for 400-eV and 5-keV recoils. The amorphous frac-
to the number of defects. To get the amorphous fraction, wéion saturates below a dose of 40 eV/atom, which is lower
calculate the structure factét; (Ref. 19 for every atomi,  than the experimental estimate of 90 eV/at@ref. 4 but
i much higher than that obtained for Si, Ge, and GaAs with the
P 1 2 [6:())— 6P(}) ]2 1) current methodabout 10 eV/ator?). We therefore conclude

SUopu(i)\ 4 it Y ' that the high threshold displacement eneftpading to low
damage productignand the in-cascade recombination can
172 explain much of the high amorphization dose, but some re-
pu(i):<2 [67()— 0?(])]2) ; (20 combination effect is not apparently reproduced by our
: method. This might be close Frenkel-pair recombination over
where#;(j) is a list of angles formed between the atoend  long time scales at low doses or additional dynamic recoil-

its neighborsgP(j) is the distribution of angles in a perfect induced annealirig at the high doses.

J

lattice, andd(j) = j w/4(4— 1)/2 is the uniform angular dis- It is noteworthy that the number of amorphous atoms for
the 5-keV case saturates at a lower value than for the 400-eV
1.2 . . . ' ; case. This is consistent with the smaller volume expansion

and the lower average potential energy in the 5-keV case.
This may be due to the metal-like in-cascade recombination
effect of molten areas or dynamic recoil-induced annealing

115 ]
§° 11} I of high-energy defects produced by earlier recoils. Since

heavy ions produce more high-energy recoils, this difference

105 — s00ev may explain the variation in the saturation observed in ex-
. . . Lo 5keV ] periments for different heavy iorfs.
;:g i ' ' ' ' ' i There are some other differences between the amorphous
i fraction buildups in the 400-eV and 5-keV cases. In the early
u}i 04} . stages of the process the amorphous fraction is higher for the
T ozl ] 5-keV case, because the damage in 5-keV cascades is less
2 Tamey scattered for the same dose than for the 400-eV case, and
0.0 . . . L L more atoms are counted as amorphous instead of isolated
0 10 20 30 40 50 60

defects. With more irradiation, the roles change as the local
heating in 5-keV cascades is able to recombine some of the

FIG. 4. Development of volume and potential energy comparedlamage, and the 5-keV case amorphizes about 20% slower
to perfect crystal as a function of amorphization dose for GaNthan the 400-eV case. In the high-dose region the difference
Recoil energies of 400 eV and 5 keV were used. between the 400-eV and 5-keV cases grows even further, and

Dose (eV/atom)
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. ) ) . . . . FIG. 8. Development of bond-angle distribution during irradia-
FIG. 6. Simulated partial pair-correlation functions of irradiated 5,

amorphous GaN. 400-eV recoils were used.

although gallium-rich regions are produced, there is no sign
a 60% higher dose is needed for the 5-keV compared to thgs ga”ﬁjm%my regions gt these dgses. ¢

400-eV case to reach an amorphization level of 85%. This Figure 8 shows the changes in the bond-angle distribu-

indicates that the recombination by local heatidgnamic 515" quring the amorphization process. The main peak at
recoil-induced annealiiy caused by high-energy recdils 159 is widened and new peaks form at about 90° and 50°.
may be an important factor in the highly damaged region,-l-he peak between 90° and 100° is formed by weak Ga-Ga
and the use of higher than 5-KeV recoils in .the' Simulaﬁonbonds, which are generated after a small irradiation dose.
can be estimated to lead to a higher amorphization dose. afier small distortions in the WZ lattice due to the initial
damage, the gallium atoms form bonds with other gallium
D. Structure of amorphous material atoms in the WZ lattice. The gallium atoms move closer to
. each other, and the Ga-N-Ga angles are decreased.
To analyze the short-range order of the amorphized mate- Ring analysis methods were used to characterize the to-

rial, we calculated the full and partial pair-correlation func- : - ; ; .

- . . . - ological structure of the material. The prime rings, defined
tions O.f the |rrad|ated GaN. The first peak in Fig. 6 at abo?ﬁ] Ref. 20 as rings with no shortcut, and the statistics of the
1.1 A is a sign of segregated pure N gas formed by N-

dimers. The peak at about 2.0 A is due to Ga-N bonds an hortest rings for bonds are shown in Table Ill. Only six-

) : ~membered rings are found in the perfect crystal. In amor-
;hr(;;sne at 2.7 Alis due to the weak Ga-Ga bonds in Ga-ricliizeq material five-membered and three-membered odd

. . , _ rings are dominant, with a significant amount of four-, six-,
Bonding state analysis confirmed the formation of pure

. and seven-membered rings. It is interesting to note that a
;ntrogen gas. Cutoffs of 2.0 A, 2.9 A, and 2.9 A W.erei us(.Edmajority of the bonds belong to at least one ring with the size
or counting N-N, Ga-N, gnd Ga-Ga bonds, respec.'uve' Y. F'.g'of 3. Only a few bonds have the shortest ring of size more
ure 7 shows the formation of pure elements during irradiasan 7 and all bonds are members of at least one fing with

f[io_n. In this a”?'VSiS' an atom is cons_idered to be segregated; o gmaller than 11. The five-membered rings are more
if it has only like-atom bonds. The figure shows that pure

nitrogen is produced at a constant rate during irradiation, but TABLE III. Number of prime rings per atom and the shortest

rings the atoms belong to in GaN amorphized by 400-eV recaoils.

1900 Gax10 ' ' ' _ _ _ i
900... N ] Ring size Rings/atom Shortest ring for bonds
800 - B
g 700 | ] 3 0.576 0.62
2 so0 | e ] 4 0.347 0.22
2 s00f ] 5 0.581 0.13
2 a00 | ] 6 0.463 0.021
2 s00| ] 7 0.310 0.0039
® a0l ] 8 0.103 0.0017
100f .7 9 0.067 0.0011
oo--“'" ) 10 0.034 0.0004
Dose (eV/atom) 1 0.035 0
12 0.023 0
FIG. 7. Production of pure elements during irradiation. An atom 13 0.018 0
is considered segregated if it has only like-atom bonds. The figure 14 0.010 0
shows that pure nitrogen is produced at constant rate, but gallium- 15 0.007 0

only regions are rare.
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common than the four-membered rings as the smallest rindisplacement energy leading to low damage production in
size for bonds until the amorphization fraction reaches 0.5individual cascades. Other factors are the in-cascade recom-
The statistics shown in Table Ill remain stable during furtherbination in high-energy¥ 1 keV) cascades and the dynamic
irradiation. recoil-induced recombination of pre-existing damage in
high-energy cascades leading to lower saturation damage
level for the 5-keV recoils compared to the 400-eV recoils.
Dynamic annealing effects, which have been proposed in
In our simulations of individual cascades, we found thatearlier work*%! are therefore confirmed by our simula-
much less damage is produced in GaN than in Si, Ge, otions.
GaAs. Most of thislabout a factor of bis explained by the Although the amorphization dose we observe is much
higher threshold displacement energy of GaN. Another factohigher (a factor of~5) than the dose in other semiconduc-
affecting the damage production in GaN is the enhanced inpyrs, it is still about a factor of 2 lower than the experimental
cascade recombination effect akin to mefaléor high-  yajye of 90 eV/atoniRef. 4 at the border of the amorphous
energy(over 1 keV recoils. The_simulations also show that 5rea in 180-keV Ar bombardment of GaN at 77 K tempera-
the damage in GaN cascades is very scattered, and most @fe (we think that this value, which is determined at the
the damage lies in point defects or small clusters. Since ingy o hhous frontier, is comparable to our simulations since
|d|V|duaI defetct? éare ea3|'eréo Snnea:) than Iarlgz clfl:sters, tT\e defects cannot escape the periodic cell to the outer crys-
arge amount of damage In ©al¥ can be annealed arer Srnﬂlline lattice. Thus, since our simulations cannot fully re-

'rra'\(/jl:‘;;)ncg%s;i?r:gres;)orzggzz t(;rrgoi:]evgl?lrgéﬂ?;( ?ﬁ;e;triorproduce the high amorphization dose of GaN, it is likely that

phization of GaN*™° and different implantation conditions " addition to the effects we do obserdeigh threshold en-
lead to very different amorphization dynamics. Point defect’Y and m-cas_cade and dynamic recoil-induced anne)_allng
migration and recombination, dynamic and thermal annealthere are long time scale and long-range Processes which our
ing of clusters, chemical effects due to doping ions, preferModeling cannot handle. Clearly further study is needed to
ential sputtering, local stoichiometric differences, ion spe-fully understand the high variation of dose required for the
cific primary cascade damage, and ion energy_dependeﬁfnorphlzatlon of GaN during different implantation condi-
deposited energy density affect the outcome of ion beartons.

implantations”®1° Since some of these effectdng time

scale and long-range processese not included in our

IV. DISCUSSION

model, the role of other effects can be observed more clearly. V. CONCLUSIONS
Our amorphization simulations describe high fluence low- . o
temperaturdless than 130 K, when defects are not mdBjle We have studied the damage formation in bulk GaN dur-

amorphization at the damage peak. lon beam induced annedfld ion beam irradiation using molecular dynamics methods.
ing of defects, local stoichiometric imbalance and segregaBoth individual cascades and amorphization during pro-
tion, and the structure and variation of individual cascaddonged irradiation were studied.
damage are well described in our model. Amorphization was found to start by formation of weak
Amorphization proceeded in the simulations as follows.metallic Ga-Ga bonds in the distorted lattice. We observed
First highly separate damage and some clusters were praitrogen gas production during the irradiation, but not forma-
duced by the initial recoils. This initial damage generatedtion of pure gallium regions.
high stress and distortion in the lattice, where the second- The simulations show that the high threshold displace-
nearest-neighbor Ga atoms started to form long “metallic’ment energy efficiently limits the damage in individual cas-
bonds with each other distorting the lattice even further. Galcades. For high-energy recoils, in-cascade recombination
lium and nitrogen started to segregate, and nitrogen gas Wagmilar to that in metals was observed. Also, during pro-
produced throughout the process, in agreement with experjonged irradiation we observe dynamic recoil-induced an-
mental observation¥:?*?In the high damage regio@mor-  nealing. Out of these three reasons, the first one leads to
phous fraction>50%) local heating started to recombine roughly a factor of 5 reduction in damage production com-
some of the damage produced by earlier recoils. This effecrgared to common semiconductd®i, Ge, or GaAs while
was larger for high-energy5-keV) recoils than for low-  the two others reduce the production less, a factor of 1-2
energy (400 eV) recoils. Since heavier ions produce more gepending on conditions. These factors are shown to be the

high-energy recoils, this may explain the observed loweimain reason for the high amorphization dose of GaN during
saturation damage level in the bulk damage peak for heaviggy.-temperature heavy-ion irradiation.

ions during 300-K ion bombardment of GaNAt 40 eV/
atom the amorphization was complétdthough the fraction
of atoms fulfilling our criterion for amorphous atoms was
lower for the 5-keV than for the 400-eV recails
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method!® ~10 eV/atom. The main reason for the high computer time from the Center for Scientific Computing in
amorphization dose in GaN is related to the high thresholdEspoo, Finland are gratefully acknowledged.

ACKNOWLEDGMENTS

184104-6



MOLECULAR DYNAMICS STUDY OF DAMAGE . .. PHYSICAL REVIEW B 68, 184104 (2003

IH.H. Tan, J.S. Williams, J. Zou, D.J.H. Cockayne, S.J. Pearton, our work we use the phrase “dynamic recoil-induced annealing”
and R.A. Stall, Appl. Phys. Let69, 2364(1996. to specify the former meaning.

2C. Liu, B. Mensching, K. Volz, and B. Rauschenbach, Appl. Phys.*?J. Nord, K. Albe, P. Erhart, and K. Nordlund, J. Phys.: Condens.
Lett. 71, 2313(1997). Matter 15, 5649(2003.

3C. Liu, B. Mensching, M. Zeitler, K. Volz, and B. Rauschenbach, 134.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren, A. DiNola,
Phys. Rev. B57, 2530(1998. and J.R. Haak, J. Chem. Phy, 3684(1984).

4C. Liu, A. Wenzel, B. Rauschenbach, E. Alves, A.D. Sequira, N.1*K. Nordlund, M. Ghaly, R.S. Averback, M. Caturla, T. Diaz de la
Franco, M.F. da Silva, J.C. Soares, and X.J. Fan, Nucl. Instrum. Rubia, and J. Tarus, Phys. Rev.58, 7556(1998.

Methods Phys. Res. B78 200 (2002J). 153, Nord, K. Nordlund, and J. Keinonen, Phys. Re\6B 165329
5s.0. Kucheyev, J.S. Williams, C. Jagadish, J. Zou, V.S.J. Craig, (2002.
and G. Li, Appl. Phys. Lett77, 1455(2000. 163. Nord, K. Nordlund, and K. Albéunpublishegl
65.0. Kucheyev, J.S. Williams, C. Jagadish, J. Zou, and G. Li}’A. lonascut-Nedelcescu, C. Carlone, A. Houdayer, H.J. von
Phys. Rev. B62, 7510(2000. Bardeleben, J.L. Cantin, and S. Raymond, IEEE Trans. Nucl.
’S.0. Kucheyey, J.S. Williams, C. Jagadish, J. Zou, and A.l. Titov,  Sci. 49, 2733(2002.
Phys. Rev. B54, 035202(2001). 18T, Diaz de la Rubia, R.S. Averback, R. Benedek, and W.E. King,
Sw. Jiang, W.J. Weber, and S. Thevuthasan, J. Mod. 8pt7671 Phys. Rev. Lett59, 1930(1987); 60, 76(E) (1988.
(2000. 19K, Nordlund and R.S. Averback, Phys. Rev5B, 2421(1997.
9E. Wendler, A. Kamarou, E. Alves, K. ®aer, and W. Wesch, 2°X. Yuan and A.N. Cormack, Comput. Mater. S2#, 343 (2002.
Nucl. Instrum. Methods Phys. Res. 26, 1028(2003. 21K.H. Chow and G.D. Watkins, Phys. Rev. LeB5, 2761 (2000.
105.0. Kucheyev, J.S. Wiliams, J. Zou, C. Jagadish, and G. Li??S.0. Kucheyev, J.S. Williams, C. Jagadish, and S.J. Pearton,
Nucl. Instrum. Methods Phys. Res..H8 209 (2001. Appl. Phys. Lett.76, 3899(2000.

e note that it is not always clear in the literature whether dy-23s.o. Kucheyev, J.S. Williams, J. Zou, C. Jagadish, and G. Li,
namic annealing is used to mean athermal annealing of preex- Appl. Phys. Lett.77, 3577(2000.
isting defects by new recoils in the same spatial region, or ther?*K. Nordlund, J. Peltola, J. Nord, J. Keinonen, and R.S. Averback,
mally activated annealing occurring during the irradiation. In  J. Appl. Phys90, 1710(2001).

184104-7



