
JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 4 15 AUGUST 2001
Defect clustering during ion irradiation of GaAs: Insight from molecular
dynamics simulations
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Defect formation in compound semiconductors such as GaAs under ion irradiation is not as well
understood as in Si and Ge. We show how a combination of ion range calculations and molecular
dynamics computer simulations can be used to predict the atomic-level damage structures produced
by MeV ions. The results show that the majority of damage produced in GaAs both by low-energy
self-recoils and 6 MeV He ions is in clusters, and that a clear majority of the isolated defects are
interstitials. Implications of the results for suggested applications are also discussed. ©2001
American Institute of Physics.@DOI: 10.1063/1.1384856#
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I. INTRODUCTION

Gallium arsenide is a widely used semiconductor ma
rial that offers decisive advantages to silicon and german
for some opto-electronic applications.1 Because ion implan-
tation is usually the best means to introduce dopants
materials in a controlled manner, the interest in understa
ing the effects of ion irradiation in GaAs is important for th
further development of controlled manufacturing of Ga
components.

Molecular dynamics~MD! simulations are well known
to be the best method for studying irradiation processes
an atomistic level,2–8 but few studies have, to date, examin
irradiation effects in GaAs, and even those have been lim
to quite low energies.5,9 In large part, this is because th
GaAs classical interatomic potentials have been poor in
scribing nonequilibrium phenomena.10 We have recently de
veloped a GaAs potential11 which overcomes many of th
hurdles posed by the previous potentials. While the po
defect properties predicted by our classical potential m
still not be fully reliable~see Sec. II C and Ref. 8!, it can be
expected to reliably predict the overall distribution of t
damage, the division of the damage into point defects
defect clusters, and the size of amorphous zones.

Transmission electron microscopy~TEM! experiments
have unequivocally shown that heavy ion irradiation at k
energies produces large damage clusters in GaAs.12,13 How-
ever, the TEM experiments can not see individual defect
very small clusters. Although several other experimen
methods can observe point defects, these again do not
ally give clear information on cluster properties. The bina
collision approximation~BCA! simulations most commonly
used in the field are also not very good at predicting de
cluster production as they can not describe multiple simu
neous collisions in a small spatial region.

Since cascade simulations performed with classical M
should be reliable in predicting how defects are divided i

a!Electronic mail: kai.nordlund@helsinki.fi
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point defects and defect clusters, they are a good tool
obtaining a better understanding of defect clustering dur
the ion irradiation of GaAs.

In this article, we study this problem in two energy r
gimes. We first~Sec. III A! study the damage produced b
low-energy~0.4–10 keV! self-recoils in bulk GaAs. The en
ergy of 10 keV is chosen as a maximum because~as we shall
show! it is above the energy where cascades are split
subcascades. While this case is not directly related to
common experimental situation, the information gained c
be used to understand damage produced by high-energy
neutrons, or electrons producing recoils in GaAs. To dem
strate this, we evaluate, in Sec. III B, the damage produ
by 100 keV H and 6 MeV He ions irradiating thin layers
GaAs.

These particular irradiation conditions are of practic
interest in space physics applications. Satellites in near-e
orbit are usually powered by GaAs-based solar cells, wh
are bombarded by cosmic rays which contain protons w
energies of the order of 100 keV.14 Radio-isotopes emitting
;6 MeV a particles could produce electron–hole pairs
GaAs, and thus have been considered as a potential po
source in space probes traveling far from the sun. Howe
because the protons anda particles produce damage i
GaAs, it is important to know how much damage is pr
duced, and be able to estimate how much of it is in defe
which are difficult to anneal out.

II. METHOD

A. Collision cascade simulations

To simulate collision cascades in bulk GaAs, we use
same approach as discussed in detail in Ref. 8. A Ga or
atom close to the center of a simulation cell with period
boundaries in all directions is initially given a recoil energ
in a randomly chosen direction. The evolution of the resu
ing collision cascade is then followed until no significa
atom motion is observed in the cell. Heat generated by
0 © 2001 American Institute of Physics
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cascade event is removed from the simulation cell at
outer boundaries using Berendsen temperature control15 with
a time constant optimized to dissipate heat efficiently. T
ambient temperature was 0 K, but test simulations at 30
showed that the results do not change significantly as lon
the temperature is much below the melting temperature.
Ziegler–Biersack–Littmark~ZBL! electronic stopping mode
was applied as a frictional force on all atoms with a kine
energy above 5 eV.

The parameters and basic features of the interatomic
tential used in these simulations is given in Appendix
additional details will be given elsewhere.11

Defects were recognized in the cells using Wigner–S
cells and spheres centered on lattice sites, and by dete
atoms with a potential energy at least 0.2 eV above the e
librium value. The difference between these defect calcu
tion schemes has been examined in detail in Ref. 8 for Si;
found that the same qualitative features are valid also
GaAs. For compatibility with the previous article, we us
Wigner–Seitz defects in our defect cluster analysis. We u
a cutoff radiusr cl of 1 lattice constant~about 5.65 Å! for
determining whether two defects are part of the same clus
comparison with visual inspections of defect structures p
duced in several cascades showed that this cutoff value
cluster sizes in good agreement with an intuitive picture
tained in the visual inspection.

Since a split interstitial structure containing two differe
atom types should not be counted as an antisite, we u
spheres with a radius of 1 Å centered on a lattice sites t
detect antisite defects. Because detection of an antisite i
amorphous zone is not meaningful, we report antisite res
only for cells where the amorphous zones have been
nealed by rapid heating.

B. High-energy ions

The energy deposition and integrated primary rec
spectrum generated by high-energy ions was obtained u
the MDRANGE code.16 The ranges were calculated using t
universal ZBL repulsive potential,17 the SRIM9618 electronic
stopping power, and including the straggling of the electro
stopping19 in the simulation. A ‘‘random’’ irradiation direc-
tion ~7° off the ^100& crystal direction, with a random rota
tion angle around the axis! was employed, with the rang
evaluated as the finalz coordinate of the ions.

The code was used to generate statistics of the numb
primary recoils produced at a given energy per incoming i
i.e., the integrated primary recoil spectrumnt(E)dE, wheret
is the atom type. If the damage production by a given s
recoil Nt

D(E) is known from the full MD simulations, the
total damage produced for the implantationNtot

D can then be
evaluated as

Ntot
D 5(

t51

Nt E
Ethres

E0
Nt

D~E!nt~E!dE, ~1!

whereNt is the total number of atom types,Ethresa threshold
displacement energy, andE0 the initial implantation energy
In practice, it is enough to integrate up to the maximu
possible energy transfer sincent(E)[0 above this energy.
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This approach involves two approximations. The first
the assumption that the recoils are produced so well se
rated from each other that the resulting cascades are
overlapping. For MeV light ions, this is a very good approx
mation. The other approximation is a bit more severe
assumes that the directions of the recoils do not on ave
affect the amount of damage produced. For irradiation i
random~as opposed to channeling! crystal direction, we have
reason to believe that this is a good approximation; in rec
simulations of full amorphization of Si, Ge, and GaAs w
found that the results are independent of the direction of
recoils.20

In this particular case, due to the irradiation of GaAs,
can introduce one more approximation. Since Ga and
have almost the same mass and equivalent lattice positi
we can assume that the total damage production for ener
well above the displacement energy threshold is the sa
i.e., NAs

D (E)5NGa
D (E).

C. Method reliability

The range calculation method has been tested aga
experimental results numerous times~e.g., Refs. 21–23!, and
found to be quite accurate in all cases where the stoppin
either dominated by nuclear stopping, or where the electro
stopping is well known. The case of MeV He irradiation c
be considered to belong to the latter category.

The full collision cascade simulations are not necessa
as accurate. In particular, the properties of individual po
defects or small defect clusters predicted by the class
potential can not be considered reliable without compari
to quantum mechanical calculations or experiments. Si
the point defect production in cascades depends strongl
the defect formation energy, the detailed structure of
point defects produced in the cascades should be vie
with caution. We will examine the detailed properties
point defects produced in cascades in GaAs in a forthcom
paper.24

However, there are still several features which we b
lieve can be determined reliably. Many of the interstitia
produced in the cascades are the results of energeticEkin

.10 eV! collisional events, which can be expected to
treated well by the potential since it has a reliable repuls
part. In Si, we have earlier demonstrated that the fraction
damage in interstitials far from other damage is inde
roughly independent of the choice of the interatom
potential.8

In GaAs, we have also performed some comparison
tween potentials. Comparison of cascades in realistic G
and GaAs, where the chemical difference between the c
stituents was removed, gave almost exactly the same
amount of damage.25 Comparison of the damage productio
in 1 keV GaAs modeled by our potential and the potential
Sayed9,10 showed that the Sayed model gives about 3
lower damage numbers. This indicates the level of unc
tainty of the calculation. Since our potential fit has a bet
description of nonequilibrium, liquid, and solid states, ho
ever, the present results should be considered more relia
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Finally, we shall see next that the effective displacem
energy found in our simulations agrees well with that co
monly used in simple estimates of damage in GaAs. Fr
this discussion, we conclude that although the exact struc
of point defects produced in cascades may not be relia
predicted by our model, the division of damage into free a
clustered defects, and the total amount of damage produ
can be expected to be predicted well.

III. RESULTS

A. Collision cascades

The average numbers of isolated interstitials, isolated
cancies, interstitials in clusters, and total vacancies
shown in Fig. 1. The number of vacancies in clusters a
total interstitials is left out of Fig. 1 since these overlap
most exactly with the curve for the total number of vaca
cies. No statistically significant difference in the damage p
duction was observed between Ga and As recoils.

The lines are fits of a linear functiony5a(E2Ethres) to
the data. For the number of defects in clusters, we used
simulations to determine the minimum energy at which
defect cluster~containing more defects than a single Fren
pair! can be produced, obtainingEthres'30 eV. This value
was used in the fits to all clustered defect curves. For
number of isolated and total defects, we tried fits with

FIG. 1. Damage produced by self-recoils in GaAs is shown. The amoun
vacancies in clusters and total amount of interstitials is left out since th
curves overlap almost exactly with that for the total amount of vacanc
The lines are fits of a linear function to each data set.
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nonzero thresholdEthres, but the fitting parameterEthres was
found to be 0 within the uncertainties, so we usedEthres50
in the final fits. Note that using a value of 0 agrees with t
simple Kinchin–Pease theory.26

Several interesting features can be deduced from Fig
The fits show that except possibly for the case of isola
interstitials, the data follow linear behavior. For free inters
tials, the 1 and 2 keV points appear to deviate from the lin
behavior; However, the deviation is within the statistic
fluctuation.

We note that since all damage is produced by the nuc
deposited energy, the linearity with the recoil energy will
valid only as long as the nuclear deposited energyFDn

is a

linear function of the recoil energyE. We checked that this is
true for at least up to 10 keV. Examination of stopping pow
curves showed that the linear dependence can be expect
be a good approximation to energies of about the nuc
stopping power maximum at;40 keV. As we shall see be
low, most damage for the high-energy irradiation is produc
by recoils well below 40 keV, so we shall use the appro
mationFDn

}E for simplicity.

We also see that the vast majority of the damage is
clusters at all energies. While this is not surprising for the
and 10 keV energies, since it is well known that at the
energies large amorphous clusters are produced, it ma
somewhat surprising that even at the low energies aro
400 eV, the fraction of damage in clusters is quite high. T
free defects are predominantly interstitials. This is simp
because interstitials can be easily produced far from o
damage by ballistic recoils or replacement-collision s
quences, but for vacancies this is much less likely at
relatively low energies involved here

The distribution of damage in clusters is further exa
ined in Table I and Fig. 2. Table I shows that there is
significant difference between the fraction of damage in cl
ters for 5 and 10 keV recoils, and even the 2 keV data
quite close to the 5 keV one. However, the 1 keV cluster s
distribution does not contain very large clusters~more than
40 defects!. This shows that between 2 and 5 keV the ca
cade structure becomes self-similar due to subcascade fo
tion, with little difference in theaveragedamage distribu-
tion. However, even though below a cluster size of about
defects, the 2 and 5 keV distributions are similar in sha
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TABLE I. Fraction of isolated and clustered Wigner–Seitz defects in GaAs cascades is shown. Note t
results depend somewhat on the choice of the value ofr cl ~see discussion in text!; the value used here was on
unit cell. Ndef is the total number of defects in each case.F isol gives the fraction of isolated defects,Fi

isol the
fraction of isolated interstitials andFv

isol the fraction of isolated vacancies compared to the total numbe
defects.Fclus, Fi

clus, andFv
clus give the fraction of defects, interstitials, and vacancies, respectively, in clu

with at least six defects. All fractions are given as percents of the total number of defects; since clusters
size of two to five defects are not included, the total does not equal 100%.

Energy
~keV! Ndef

F isol

~%!
Fi

isol

~%!
Fv

isol

~%!
Fclus

~%!
Fi

clus

~%!
Fv

clus

~%!

0.4 1861 13.160.7 10.260.7 2.860.4 4364 1862 2562
1 4562 15.260.4 12.160.3 3.160.3 6462 2761 3761
2 83634 14.560.4 12.560.4 2.060.2 5863 2462 3362
5 19869 13.260.2 10.760.2 2.560.1 6062 2561 3461

10 397610 12.660.2 9.960.2 2.760.1 6061 2661 3361
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the 5 and 10 keV events produce very large damage clus
~sizes above 60 defects in a cluster! in a few isolated in-
stances. Taken together, the data illustrate that a few
dense cascades can produce increasingly large clusters
energies of at least 10 keV, but that this is not reflected in
average division of damage into clustered and isolated
fects.

Final damage distributions for two 10 keV events, o
with the least damage production, and one with the most,
illustrated in Fig. 3. We see that the vast majority of t
damage is indeed in large amorphous clusters, as expe
from the previously described analysis. Furthermore, e
though we chose the two events with the least and m
damage for Fig. 3, we see that the overall shape and siz
the damaged regions are quite similar.

B. Damage production by high-energy irradiation

The damage produced in GaAs by 100 keV H and
MeV He irradiation was examined with the method d
scribed in Sec. II B. Since we found that the damage prod
tion is to a very good approximation linear with energy, w
used the linear fits to giveND(E) for an arbitrary energy. A
value of 15 eV was used forEthresfor isolated defects and 3
eV for clustered defects. The results were found to be ins
sitive to the exact value ofEthres since most damage wa
produced by higher-energy recoils. Here, we will present
analysis for 6 MeV He ions in detail. The analysis for 1
keV H ions was carried out exactly as the analysis for 6 M
He ions which considered the whole depth range.

The total nuclear deposited energy as a function of de
FDn

(z) for 6 MeV He is shown in Fig. 4. Figure 4 shows th
between 0 and 14mm, the nuclear deposited energy distrib
tion is essentially constant withFDn

'0.67 keV/mm. This
depth region could be interesting for the application d
cussed in the introduction, since the amount of electro
excitation is high in this region while damage production
low.

We therefore consider two cases in the remaining an
sis: damage between 0 and 10mm and the total damag

FIG. 2. Distribution of Wigner–Seitz defects as a function of the clus
size, measured as the number of defects each cluster contains is show
data for each energy is overlaid on that of the higher energies. The 1
results have been omitted for clarity. The numbers are the average ove
to ten events for each energy. Note that because of the limited numb
events and clusters produced by them, the upper end of the 5 and 10
distributions, above about 50 defects, are not statistically significant, as
data reflects defects in single clusters produced in a single event.
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production over allz. To obtain the damage between 0 a
10 mm, we used a recoil spectrum calculated between 2
10 mm ~to avoid possible surface effects!. Tests of calculat-
ing recoil spectra in different intervals between 0 and 10mm
showed that the recoil spectrum is similar in shape in
whole interval, and the absolute defect numbers obtaine
the analysis anywhere in the interval vary by less than 2
from the average calculated between 2 and 10mm. For easy
interpretation for thin GaAs layers of different thicknesse
we report the damage in the surface region as damage p
mm depth.

r
The
V

six
of
eV
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FIG. 3. Defect clusters produced in two 10 keV defects in GaAs are p
sented. Shown are the positions of all atoms with a potential energy at
0.2 eV higher than the equilibrium value, with Ga atoms shown as da
and As atoms as the lighter spheres. The black lines show the sides o
cubic simulation cell; the side length is 203.5 Å.~a! Shows the 10 keV event
where most damage was produced, and~b!, the event with least damage
Note that because of the three-dimensional nature of the damage, the
age is in fact divided into more clusters than what appears. Still, we il
trate that the damage produced is concentrated in a few large amorp
clusters.
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The recoil spectrant(E)dE are illustrated in Fig. 5 and
the fraction of damage produced by recoils up to a giv
energyE in Fig. 6. Figure 5 shows the number of prima
recoils produced per ion as a function of energy, integra
over either the whole depth range or the first 10mm. Now by
performing the integral in Eq.~1!, one obtains the total dam
age produced by the high-energy irradiation~see Sec. II B!.
By integrating toE instead ofE0 , and normalizing to the
total damage production, one obtains the fraction of dam
below a given primary recoil energy. This gives the curves
Fig. 6.

A quantitative measure at which recoil energies dom
nate the energy production is the primary recoil energy
below which half of the damage energy is deposited,T1/2

~Ref. 26!. The values forT1/2 are 600 eV for recoils in the
whole depth range, and 2300 eV for recoils in the first
mm. Thus, we reach the conclusion that in the first 10mm
most of the damage is produced by higher-energy rec
than in the whole irradiation range.

The defect numbers given in Table II show that this d
ference does not effect the relative number of damage
clusters much, however. Both for the whole depth range
the first 10mm, roughly 80% of the vacancies and 70%
the interstitials are in clusters. This is because for both ki

FIG. 5. Average number of primary As recoils produced per ion during
keV H and 6 MeV He ion irradiation of GaAs is shown. The numbers of
recoils are not shown since these overlap almost exactly the As curves
thin lines indicate anE21 energy behavior.

FIG. 4. Nuclear deposited energy as a function of depth for 6 MeV
irradiation of GaAs is shown. The thin line shows the deposited energy l
of 0.67 keV/mm.
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of defects, at least 70% of the damage is produced by rec
above 400 eV, and, already at this energy, much of the d
age is in clusters.

The 100 keV H irradiation, however, does behave diff
ently. Only about 50% of the damage is in clusters. This
because for this ion, 50% of the damage is produced
recoils below 100 eV, where defect clustering is not yet t
significant.

C. Antisites

The interesting issue for many experimental situation
how much of the damage remains at room temperature
higher. Especially interesting is the number of antisites p
duced, since this defect is stable up to high temperatures
has interesting electrical properties.27

The simulations just described are directly valid only f
temperatures below those where any kind of annealing
curs. TEM experiments, however, show that even very la

0

he

FIG. 6. Fraction of total damage produced by primary recoils with energ
below Erec during 100 keV H and 6 MeV He ion irradiation of GaAs
evaluated by a combined MD range calculation and MD cascade simula
is shown.

e
el

TABLE II. Damage produced by 100 keV H and 6 MeV He irradiation
GaAs per incoming ion is shown. The results for 6 MeV He are given for
whole ;24 mm implantation range, and in the first 10mm reported as
damage per 1mm. The upper part of the table gives the total number
vacancies~vac.! and interstitials~int.!, and how many of these are in clus
ters. The number of free defects can be obtained by subtracting these
numbers. Since the nuclear energy deposition profile is essentially flat in
region 0–10mm, the damage per micron can be expected to be about
same anywhere in this depth range. The table lists Wigner–Seitz def
since more than two atoms can, in rare instances, be in the same Wig
Seitz cell, the number of interstitials is slightly lower than the number
vacancies.

Type of Damage
100 keV H
~defects/ion!

6 MeV He

All z
~defects/ion!

First 10mm
~defects/mm/ion!

Vac. 10.960.2 29764 2.8560.04
Int. 10.660.1 28963 2.7760.04
Clustered vac. 6.160.2 23164 2.3060.04
Clustered int. 5.160.2 19164 1.9060.04
Clusters 1.660.1 6261 0.6260.01
Large clusters 0.2360.03 1361 0.1460.01
Antisites 0.8460.03 2361 0.2260.01
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amorphous clusters anneal completely over a few minute
room temperature.12,13 It is not known what damage remain
at the site of the amorphous cluster, since TEM experime
can not see defects smaller than about 1 nm.

Since at least some of the possible interstitial and
cancy configurations in GaAs are mobile at roo
temperature,28,27 it is not possible within the limited time
scale of MD simulations to predict how the annealing ac
ally occurs. However, it is possible to estimate roughly h
much damage can be expected to remain by a rapid hea
of the cell. To be precise, we heated the cells to 1000 K
100 ps and subsequently quenched them back to 0 K to en-
able accurate defect recognition. This allows us to estim
the number of antisites remaining after recrystallizatio
Since antisites are neither experimentally mobile at ro
temperature,27 nor have time to anneal or migrate during t
quick heating of our simulation cell, our simulations shou
provide an estimate of their numbers after the amorph
clusters have annealed.

We found that, as for the other defects, the number
antisites produced is linear with energy, so we can calcu
their number produced in the H and He irradiation simila
as for the other defects. The result is given in Table II.

The number of antisites is small, more than an order
magnitude smaller than the number of defects prior to
nealing. This conclusion is in good agreement with previo
simulations employing lower-energy recoils.5 However,
since the amorphous zones anneal out at room tempera
and much of the remaining damage is in small clusters, m
of which can also be expected to anneal out easily,29 the
antisites will be one of the most important defects remain
at high temperatures.

IV. DISCUSSION

A. Damage production in cascades

The linear dependence of the amount of damage p
duced with the incoming ion energy is similar to the behav
that has been observed in Si and Ge before.8,30 It is, however,
in stark contrast to the behavior in metals, where a dram
drop of the defect production efficiency is observed w
increasing energy.26 The linear behavior in Si and Ge ha
been explained to be due to the poor ability of the op
diamond lattice structure to regenerate the lattice from m
ten zones, and hence it is not surprising that the same be
ior is observed in GaAs.6,31

The linear behavior also essentially implies that t
simple modified Kinchin–Pease32 estimate for the total num
ber of Frenkel pairs producedNFP,

NFP50.8
FDn

2Ed

~2!

is valid in GaAs. HereEd is the average displacement ener
of the material. From the fitting constant used in describ
the total number of vacancies, we obtain from our MD sim
lations a value ofEd514.8'15 eV.

Overall, the cascades in GaAs behave much like c
cades in Ge, which we have studied earlier.8 The total num-
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ber of defects produced is similar at all the energies. In
we found that about 40% of the defects produced at 400
and about 90% of those produced at higher energies, we
large ~at least six defects! clusters. In GaAs, the fraction o
clustered defects is almost exactly the same at 400 eV,
only about 60% at higher energies. Also, at the highest e
gies simulated, we observed somewhat~about 30%! larger
total numbers of defects in Ge. The likely reason for th
difference is that the lower melting point of Ge~1200 K!
compared to GaAs~1500 K! allows for the production of
larger amorphous zones. This observation is in excel
agreement with TEM experiments, in which amorpho
zones in Ge have also been observed to be somewhat la
than those in GaAs.33,34

It is not possible to make an exact comparison betw
experimental and simulated displacement energies, as di
ent definitions of what is a defect both in simulations a
experiments give conflicting values, and the corresponde
between simulated and experimental quantities is not kno
Nevertheless, the displacement energy obtained fr
Wigner–Seitz defects is reasonable for a rough compar
with the experiment, as the Wigner–Seitz analysis will
ways give exactly one displaced atom for an isolated Fren
pair, which follows the usual definition.

Experimentally, there has been some uncertainty in
value of the displacement energy in GaAs. Some ea
sources reportedthreshold~minimum! displacement values
around 25 eV,35 but most recent sources report values clo
to 10 eV.28,36–38We could not find a value for theeffective
~average! displacement energy measured using nonelectr
methods at low temperatures, to which our displacem
value would correspond. But since the effective displacem
energy is typically somewhat (;50%! higher than the
threshold one,39,32 the value of 15 eV seems very reasonab
in comparison to the experiment.

These observations imply that simple BCA models~such
as TRIM!17,40 can be used to obtain quick estimates of t
total amount of damage produced in GaAs, with a thresh
displacement energy of 15 eV.

B. Damage by high-energy recoils

We saw that the damage produced in the near-sur
region is produced by somewhat higher-energy recoils t
those in the whole depth range. To estimate how big an ef
this has on the typical cluster sizes, we calculated the ac
number of clusters, in the same way as the number of def
was calculated. The results are listed in Table II. We cal
lated both the total number of clusters, and the numbe
large clusters. A large cluster is one with at least six defe
this is of course a quite arbitrary limit. The numbers d
however, show that the ratio between the number of all cl
ters and large clusters is about the same for the whole ra
and the surface region. This shows that even in the sur
regions, some very large damage clusters will be presen

After annealing, which experimentally occurs even
room temperature, the amorphous zones vanish, and th
maining damage is mostly in isolated defects, small def
clusters, and antisites. At least the antisites will be stable
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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to very high temperatures, and may thus seriously degr
the performance of GaAs devices in space.

V. CONCLUSIONS

We have studied point defect and defect cluster prod
tion in GaAs by self-recoils and high-energy light ions usi
MD simulations. We showed that even for low-energy~400
eV! recoils, about half of the damage produced is in la
clusters containing at least six defects. For 100 keV H an
MeV He irradiation of GaAs, we showed that although mo
of the damage is near the ion end of range, very large d
age clusters can be expected to be produced throughou
ion range. We demonstrated that a sizable number of anti
can be expected to remain after annealing even in the n
surface regions, where damage levels are often assume
be low.
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APPENDIX A: POTENTIAL FUNCTION

The potential we use for GaAs was developed by
Albe in collaboration with our group. The potential is d
scribed in greater detail elsewhere,11 so we only describe the
central features here. The potential is based on the Te
formalism; however, we found it necessary to modify thel3

term41 for compounds to prevent very strong forces wh
nonequivalent atoms are in the potential cutoff region. T
resulting potential form is essentially the same as that of
Brenner potential excluding the functions describing bo
conjugation.42 The potential correctly reproduces the grou
states of Ga, As, and GaAs; this is important to prevent
collapse of GaAs into artificial states when it is molten f
instance in collision cascades. It also gives a reason
good value for the melting point of GaAs~1900 K, vs the
experimental value of 1510 K!.43 It was fitted to reproduce
all the first-order elastic constants of GaAs, as well as sev
over- and under-coordinated phases. We believe these
tures make the potential well suited for studies of irradiat
effects, at least for robust effects such as defect distribut
disordering, and amorphization.

We write the potential energy as a sum over individu
bond strengths:

VEq5(
i . j

f i j ~r i j !FVi j
R~r i j !2

Bi j 1Bji

2
Vi j

A~r i j !G . ~3!

Here, the pair-like attractive and repulsive energies are gi
in a Morse-type form,

VR~r !5
De

S21
exp@2bA2S~r 2Re!#,
~4!
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VA~r !5
SDe

S21
exp@2bA2/S~r 2Re!#,

whereDe and Re are the dimer bond energy and distanc
andS andb are adjustable parameters.

The cutoff functionf i j is used to restrict the interactio
to the next neighbors and is defined as:

f ~r !5H 1, r<Rcut2Dcut,

1
2 2 1

2sin$p~r 2Rcut!/~2Dcut!%, uRcut2r u<Dcut,

0, r>Rcut1Dcut,
~5!

with Dcut andRcut as adjustable parameters. The many-bo
term is adopted from Brenner and is formulated as:

Bi j 5~11x i j !
21/2,

~6!

x i j 5 (
k~Þ i , j !

f ik~r ik!gik~u i jk !exp@2m ik~r i j 2r ik!#,

where the angular functiong(u) is

g~u i jk !5gS 11
c2

d2
2

c2

@d21~h1cosu i jk !2#
D . ~7!

To realistically account for high-energy (Ekin@10 eV!
collisions, we construct a total potentialVTot using

VTot~r !5VR~r !@12F~r !#1@VEq~r !#F~r !, ~8!

where VEq is the potential for states close to equilibriu
described,VR(r ) is the repulsive pair potential for close in
teractions and the Fermi function

F~r !5
1

11e2bf ~r 2r f !
. ~9!

The repulsive potentialVR(r ) is derived from density-
functional theory calculations.44–46 The value of the con-
stantsbf and r f are chosen such that the potential is ess
tially unmodified at the equilibrium and longer bondin
distances, and that a smooth fit to the repulsive potentia
short separations with no spurious minima is achieved for
realistic coordination numbers. We emphasize that in ap

TABLE III. Full parameter set for the three types of interactions is show

i j Ga–Ga As–As Ga–As

g 0.007 874 0.455 0.0166
S 1.11 1.86 1.1417
b(Å21) 1.08 1.435 1.5228
De~eV! 1.40 3.96 2.10
Re~Å! 2.3235 2.10 2.35
c 1.918 0.1186 1.29
d 0.750 0.1612 0.56
h5cos(u0) 0.3013 0.077 48 0.237
m(Å21) 1.846 3.161 0.0
Rcut ~Å! 2.95 3.4 3.1
Dcut ~Å! 0.15 0.2 0.2
r f ~Å! 1.2 1.0 1.0
bf(Å

21) 12.0 12.0 12.0
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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cations where high-energy collisions are not present, the
no need to include the high-energy repulsive potential. T
parameter values are given in Table III.
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