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 discusse2D01©
American Institute of Physics[DOI: 10.1063/1.1384856

I. INTRODUCTION point defects and defect clusters, they are a good tool for

Gallium arsenide is a widely used semiconductor matepbtaining a better understanding of defect clustering during

rial that offers decisive advantages to silicon and germaniunqqe :ontrllr_radl?_tllon of GatAj thi bl int
for some opto-electronic applicatioh®ecause ion implan- n this article, we study this problem in two energy re-

tation is usually the best means to introduce dopants inff'mes' we grzt(sl%Ci(”l A ﬁtUdy .tlhe. dgn;s%eairod#hc ed by
materials in a controlled manner, the interest in understan ow-energy(0.4- ey self-recoils in bu s 'he en-

ing the effects of ion irradiation in GaAs is important for the ergy of 10 keV is chosen as a maximum becaasewe shall

further development of controlled manufacturing of GaAsShO‘M it is above j[he energy Where ca§cades are split into
components subcascades. While this case is not directly related to any

Molecular dynamicgMD) simulations are well known common experimental situation, the information gained can
to be the best method for studying irradiation processes oHe used to understand damage produgeq by high-energy ions,
an atomistic leve?;® but few studies have, to date, examined "€ULrons. or electrons producing recoils in GaAs. To demon-
irradiation effects in GaAs, and even those have been limite trate this, we evaluate, in Sec. lll B, the damage produced

to quite low energied® In large part, this is because the Gyaigo keV'H and 6 MeV He ions irradiating thin layers of

GaAs classical interatomic potentials have been poor in de- . . . - .

scribing nonequilibrium phenomed@We have recently de- These particular irradiation conditions are of practical

veloped a GaAs potentidlwhich overcomes many of the interest in space physics applications. Satellites in near-earth
prbit are usually powered by GaAs-based solar cells, which

hurdles posed by the previous potentials. While the poin bombarded b . hich tai i ith
defect properties predicted by our classical potential maﬁ‘re ombarded Dy Cosmic rays which contain protons wi

still not be fully reliable(see Sec. Il C and Ref)8it can be energies of the order of 100 ké¥Radio-isotopes emitting

expected to reliably predict the overall distribution of the ~6 MeV a particles could produce electron—hole pairs in

damage, the division of the damage into point defects anéi;aAs’ gnd thus have been can|dered as a potential power
defect clusters, and the size of amorphous zones. source in space probes traveling far from the sun. However,

Transmission electron microscogif EM) experiments because the protons and particles produce damage in

have unequivocally shown that heavy ion irradiation at keVGaAS’ It Is important to kpow how much daf.“"?‘g?‘ IS pro-

energies produces large damage clusters in G&R&How- duc;ed, and .b? able to estimate how much of it is in defects

ever, the TEM experiments can not see individual defects oYVh'Ch are difficult to anneal out.

very small clusters. Although several other experimental

methods can observe point defects, these again do not USH- METHOD

ally give clear information on cluster properties. The binary

collision approximationBCA) simulations most commonly A. Collision cascade simulations

used in the field are also not very good at predicting defect 14 simulate collision cascades in bulk GaAs, we use the

cluster production as they can not describe multiple simultag, e approach as discussed in detail in Ref. 8. A Ga or As

neous collisions in a'smalllspatlal region. _ atom close to the center of a simulation cell with periodic
Since cascade simulations performed with classical MO, ndaries in all directions is initially given a recoil energy

should be reliable in predicting how defects are divided intoj 5 randomly chosen direction. The evolution of the result-

ing collision cascade is then followed until no significant

dElectronic mail: kai.nordlund@helsinki fi atom motion is observed in the cell. Heat generated by the
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cascade event is removed from the simulation cell at the This approach involves two approximations. The first is
outer boundaries using Berendsen temperature cohwith the assumption that the recoils are produced so well sepa-
a time constant optimized to dissipate heat efficiently. Theated from each other that the resulting cascades are non-
ambient temperature was 0 K, but test simulations at 300 Koverlapping. For MeV light ions, this is a very good approxi-
showed that the results do not change significantly as long awvation. The other approximation is a bit more severe. It
the temperature is much below the melting temperature. Thassumes that the directions of the recoils do not on average
Ziegler—Biersack—LittmarkZBL) electronic stopping model affect the amount of damage produced. For irradiation in a
was applied as a frictional force on all atoms with a kineticrandom(as opposed to channelingystal direction, we have
energy above 5 eV. reason to believe that this is a good approximation; in recent

The parameters and basic features of the interatomic psimulations of full amorphization of Si, Ge, and GaAs we
tential used in these simulations is given in Appendix A;found that the results are independent of the direction of the
additional details will be given elsewhetk. recoils?®

Defects were recognized in the cells using Wigner—Seitz  In this particular case, due to the irradiation of GaAs, we
cells and spheres centered on lattice sites, and by detectimgin introduce one more approximation. Since Ga and As
atoms with a potential energy at least 0.2 eV above the equhave almost the same mass and equivalent lattice positions,
librium value. The difference between these defect calculawe can assume that the total damage production for energies
tion schemes has been examined in detail in Ref. 8 for Si; wevell above the displacement energy threshold is the same,
found that the same qualitative features are valid also for.e., N3(E)=N2(E).
GaAs. For compatibility with the previous article, we used
Wigner—Seitz defects in our defect cluster analysis. We used
a cutoff radiusry of 1 lattice constantabout 5.65 A for
determining whether two defects are part of the same cluste€. Method reliability

comparison with visual inspections of defect structures pro- 14 range calculation method has been tested against

duced in several cascades showed that this cutoff value 93 perimental results numerous tifesg., Refs. 21-23and
cluster sizes in good agreement with an intuitive picture obsynd to be quite accurate in all cases where the stopping is

tained in the visual inspection. . _ either dominated by nuclear stopping, or where the electronic
Since a split interstitial structure containing two different stopping is well known. The case of MeV He irradiation can

atom types should not be counted as an antisite, we Us§gh, ~onsidered to belong to the latter category.

spheres with a radiusfd A centered on a lattice sites to The full collision cascade simulations are not necessarily

detect antisite defects. Because detection of an antisite in afy ,.curate. In particular, the properties of individual point

amorphous zone is not meaningful, we report antisite result§efects or small defect clusters predicted by the classical

only for cells where the amorphous zones have been arsstential can not be considered reliable without comparison

nealed by rapid heating. to quantum mechanical calculations or experiments. Since
the point defect production in cascades depends strongly on
B. High-energy ions the defect formation energy, the detailed structure of the

Th d ii d int ted ori .Ipoint defects produced in the cascades should be viewed
€ energy deposiiion and integrated primary Tecoll iy, caytion. We will examine the detailed properties of

spectrum generatelcél by high-energy ions was obtaln_ed us"}%int defects produced in cascades in GaAs in a forthcoming
the MDRANGE code:® The ranges were calculated using the paper?

universal ZBL repulsive potentidl, the srim96'® electronic However. there are still several features which we be-
stopp?nggp_ower, ar_1d incl_uding the straggli_ng O.f the ele_ctroniqieve can be, determined reliably. Many of the interstitials
stopping® in the simulation. A “random” irradiation direc- produced in the cascades are the results of energgiig (

?on (7 clef the(lgoihcrystgl dlrectlonl, W'Ejh a _rt?]n?hom rota- 19 eV) collisional events, which can be expected to be
lon angle aroun e ajisvas employed, wi € Tange yreated well by the potential since it has a reliable repulsive

evaluated as the final coordinate of the ions. f'art. In Si, we have earlier demonstrated that the fraction of

. The codglwas lésedéo ?engrate statistics of'the ngmb.er gamage in interstitials far from other damage is indeed
primary recolls produced at a given energy per incoming Ionroughly independent of the choice of the interatomic
i.e., the integrated primary recoil spectrumiE)dE, wheret potential®
is the atom type. If the damage production by a given self>= GaAs, we have also performed some comparison be-

recc;ndNt (E) is kgowndffromhthg fu:l MD_gémulatlor?s, Lhe tween potentials. Comparison of cascades in realistic GaAs
total damage produced for the implantatiify, can then be g GaAs, where the chemical difference between the con-

evaluated as stituents was removed, gave almost exactly the same total

Ne g, amount of damag®. Comparison of the damage production
Nir= Z NP (E)ny(E)dE, (1) in 1 keV GaAs modeled by our potential and the potential of
=1 JEtres Sayed!? showed that the Sayed model gives about 35%

whereN; is the total number of atom typeS,..sa threshold lower damage numbers. This indicates the level of uncer-
displacement energy, arih the initial implantation energy. tainty of the calculation. Since our potential fit has a better
In practice, it is enough to integrate up to the maximumdescription of nonequilibrium, liquid, and solid states, how-
possible energy transfer sinog(E)=0 above this energy. ever, the present results should be considered more reliable.
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nonzero threshol@,,.s, but the fitting parametet s was
found to be 0 within the uncertainties, so we uggg.—0
in the final fits. Note that using a value of 0 agrees with the
simple Kinchin—Pease theof.
Several interesting features can be deduced from Fig. 1.
. The fits show that except possibly for the case of isolated
interstitials, the data follow linear behavior. For free intersti-
tials, the 1 and 2 keV points appear to deviate from the linear
behavior; However, the deviation is within the statistical
. . fluctuation.
10° 10* We note that since all damage is produced by the nuclear
Recoil energy (eV) deposited energy, the linearity with the recoil energy will be
FIG. 1. Damage produced by self-recoils in GaAs is shown. The amount oYa“d only as long as the nuclear deposited e”d?QX IS a
vacancies in clusters and total amount of interstitials is left out since theséinear function of the recoil enerdy. We checked that this is
curves overlap_ almost _exactly wit_h that for the total amount of vacanciestrye for at least up to 10 keV. Examination of stopping power
The fines are fits of a linear function to each data set. curves showed that the linear dependence can be expected to
be a good approximation to energies of about the nuclear
Finally, we shall see next that the effective displacemenftOPPING power maximum at40 keV. As we shall see be-
energy found in our simulations agrees well with that com-/0W. most damage for the high-energy irradiation is produced
monly used in simple estimates of damage in GaAs. Fron®Y recoils well below 40 keV, so we shall use the approxi-
this discussion, we conclude that although the exact structur@ationFp o E for simplicity.
of point defects produced in cascades may not be reliably We also see that the vast majority of the damage is in
predicted by our model, the division of damage into free and:lusters at all energies. While this is not surprising for the 5
clustered defects, and the total amount of damage producednd 10 keV energies, since it is well known that at these

Number of defects
3,
T

can be expected to be predicted well. energies large amorphous clusters are produced, it may be
somewhat surprising that even at the low energies around
IIl. RESULTS 400 eV, the fraction of damage in clusters is quite high. The

free defects are predominantly interstitials. This is simply
because interstitials can be easily produced far from other
The average numbers of isolated interstitials, isolated vadamage by ballistic recoils or replacement-collision se-
cancies, interstitials in clusters, and total vacancies arguences, but for vacancies this is much less likely at the
shown in Fig. 1. The number of vacancies in clusters andelatively low energies involved here
total interstitials is left out of Fig. 1 since these overlap al-  The distribution of damage in clusters is further exam-
most exactly with the curve for the total number of vacan-ined in Table | and Fig. 2. Table | shows that there is no
cies. No statistically significant difference in the damage pro-significant difference between the fraction of damage in clus-
duction was observed between Ga and As recaoils. ters for 5 and 10 keV recoils, and even the 2 keV data are
The lines are fits of a linear function=a(E—Ey,ed to  quite close to the 5 keV one. However, the 1 keV cluster size
the data. For the number of defects in clusters, we used MMistribution does not contain very large clusténsore than
simulations to determine the minimum energy at which a40 defects This shows that between 2 and 5 keV the cas-
defect clustefcontaining more defects than a single Frenkelcade structure becomes self-similar due to subcascade forma-
pair) can be produced, obtaining,.s30 eV. This value tion, with little difference in theaveragedamage distribu-
was used in the fits to all clustered defect curves. For théion. However, even though below a cluster size of about 60
number of isolated and total defects, we tried fits with adefects, the 2 and 5 keV distributions are similar in shape,

A. Collision cascades

TABLE I. Fraction of isolated and clustered Wigner—Seitz defects in GaAs cascades is shown. Note that the
results depend somewhat on the choice of the valug,¢éee discussion in te)xtthe value used here was one

unit cell. Ny is the total number of defects in each caBE® gives the fraction of isolated defecléi,s"' the

fraction of isolated interstitials anB™ the fraction of isolated vacancies compared to the total number of
defects.FeUs, FEUs, and S give the fraction of defects, interstitials, and vacancies, respectively, in clusters
with at least six defects. All fractions are given as percents of the total number of defects; since clusters with a
size of two to five defects are not included, the total does not equal 100%.

Energy E isol E isol Fisol Fclus Fg:lus Fclus
I v I v

0.4 18+1 13.1+0.7 10.2£0.7 2.8£0.4 43t4 18+2 25+2

1 45+2 15.2-0.4 12.20.3 3.1+0.3 642 271 371

2 83+34 14.5-0.4 12.5:0.4 2.0£0.2 58+3 24+2 33+2

5 198+9 13.2+0.2 10.70.2 2501 60+2 25+1 34+1

10 39710 12.60.2 9.9+0.2 2.7#0.1 60+1 261 331
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FIG. 2. Distribution of Wigner—Seitz defects as a function of the cluster
size, measured as the number of defects each cluster contains is shown. The
data for each energy is overlaid on that of the higher energies. The 1 keV
results have been omitted for clarity. The numbers are the average over six
to ten events for each energy. Note that because of the limited number of
events and clusters produced by them, the upper end of the 5 and 10 keV
distributions, above about 50 defects, are not statistically significant, as the
data reflects defects in single clusters produced in a single event.

the 5 and 10 keV events produce very large damage clusters
(sizes above 60 defects in a clustar a few isolated in-
stances. Taken together, the data illustrate that a few very
dense cascades can produce increasingly large clusters up to
energies of at least 10 keV, but that this is not reflected in the
average division of damage into clustered and isolated de-
fects.

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

B. Damage production by high-energy irradiation

The damage produced in GaAs by 100 keV H and 6
Mey H? iradiation \_Nas examined with the method de'FIG. 3. Defect clusters produced in two 10 keV defects in GaAs are pre-
scribed in Sec. Il B. Since we found that the damage produGsented. Shown are the positions of all atoms with a potential energy at least
tion is to a very good approximation linear with energy, we0.2 eV higher than the equilibrium value, with Ga atoms shown as darker

; ; ; ; and As atoms as the lighter spheres. The black lines show the sides of the
used the linear fits to gIVND(E) for.an arbltrary energy. A cubic simulation cell; the side length is 203.5(&) Shows the 10 keV event
value of 15 eV was used f(Ethresfor isolated defects and_ 30 where most damage was produced, &by the event with least damage.
eV for clustered defects. The results were found to be insenote that because of the three-dimensional nature of the damage, the dam-
sitive to the exact value oEy,s Since most damage was 2age is in fact divided into more cl_usters than WhaF appears. Still, we illus-
produced by higher—energy recoils. Here. we will present thérate that the damage produced is concentrated in a few large amorphous

. . - L ’ . Clusters.
analysis for 6 MeV He ions in detail. The analysis for 100
keV H ions was carried out exactly as the analysis for 6 MeV

He ions which considered the whole depth range. production over alz. To obtain the damage between 0 and
The total nuclear deposited energy as a function of depthg ,m we used a recoil spectrum calculated between 2 and
Fp,(2) for 6 MeV He is shown in Fig. 4. Figure 4 shows that 10 ,,m (to0 avoid possible surface effegtdests of calculat-
between 0 and 14m, the nuclear deposited energy distribu- ing recoil spectra in different intervals between 0 andub®
tion is essentially constant withp ~0.67 keVjum. This  showed that the recoil spectrum is similar in shape in the
depth region could be interesting for the application dis-whole interval, and the absolute defect numbers obtained in
cussed in the introduction, since the amount of electronithe analysis anywhere in the interval vary by less than 20%
excitation is high in this region while damage production isfrom the average calculated between 2 andui®. For easy
low. interpretation for thin GaAs layers of different thicknesses,
We therefore consider two cases in the remaining analywe report the damage in the surface region as damage per 1
sis: damage between 0 and 10n and the total damage um depth.
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FIG. 4. Nuclear deposited energy as a function of depth for 6 MeV He
irradiation of GaAs is shown. The thin line shows the deposited energy level
of 0.67 keVjum. b

IG. 6. Fraction of total damage produced by primary recoils with energies
elow E. during 100 keV H and 6 MeV He ion irradiation of GaAs,
evaluated by a combined MD range calculation and MD cascade simulations
is shown.

The recoil spectra,(E)dE are illustrated in Fig. 5 and
the fraction of damage produced by recoils up to a giverof defects, at least 70% of the damage is produced by recoils
energyE in Fig. 6. Figure 5 shows the number of primary above 400 eV, and, already at this energy, much of the dam-
recoils produced per ion as a function of energy, integratedge is in clusters.
over either the whole depth range or the firstid. Now by The 100 keV H irradiation, however, does behave differ-
performing the integral in Eq1), one obtains the total dam- ently. Only about 50% of the damage is in clusters. This is
age produced by the high-energy irradiatisee Sec. B because for this ion, 50% of the damage is produced by
By integrating toE instead ofE,, and normalizing to the recoils below 100 eV, where defect clustering is not yet that
total damage production, one obtains the fraction of damagsignificant.
below a given primary recoil energy. This gives the curves in
Fig. 6. C. Antisites

A quantitative measure at which recoil energies domi- . . ) L )
The interesting issue for many experimental situations is

nate the energy production is the primary recoil energy ahow much of the damage remains at room temperature or
below which half of the damage energy is deposité ) . . S L

(Ref. 26. The values forT 1, are? 600 e\%or recgils in%le higher. Especially interesting is the number of antisites pro-

whole depth range, and 2300 eV for recoils in the first 1Oﬂ;§eig£esrlgsct?ng1Izl(ejs:r?ggllsprsct)zzlrfés to high temperatures and

pum. Thus, we reach the conclusion that in the first, 4@ The simulati st d ibed directl lid only f
most of the damage is produced by higher-energy recoils € simu eguolnSJust esc;]l edare k|'redct);va| o?y or
than in the whole irradiation range. temperatures below those where any kind of annealing oc-

The defect numbers given in Table Il show that this dif- €U TEM experiments, however, show that even very large

ference does not effect the relative number of damage in
clusters much, however. Both for the whole depth range angiagLe 11. Damage produced by 100 keV H and 6 MeV He irradiation of
the first 20um, roughly 80% of the vacancies and 70% of GaAs per incoming ion is shown. The results for 6 MeV He are given for the

the interstitials are in clusters. This is because for both kind¥hole ~24 um implantation range, and in the first }0m reported as
damage per Jum. The upper part of the table gives the total number of

vacanciegvac,) and interstitialg(int.), and how many of these are in clus-
ters. The number of free defects can be obtained by subtracting these two

10° F Gaas —— 6MeV He, As recoils, whole depth range | numbers. Since the nuclear energy deposition profile is essentially flat in the
102 “ o fo“gek‘;\‘/"f;”,‘fszcc‘:i';’m‘°'°"v in frst 10 um 4 region 0—10um, the damage per micron can be expected to be about the
same anywhere in this depth range. The table lists Wigner—Seitz defects;
5 10'F 3 since more than two atoms can, in rare instances, be in the same Wigner—
% 10° k. ) 1 Seitz cell, the number of interstitials is slightly lower than the number of
8 i vacancies.
g 10 1
§ 10'2 4 6 MeV He
% 40 1 100 keV H Al z First 10 um
10 R ] Type of Damage (defectsfion  (defectsfion  (defectsfium/ion)
10% L5 L L L H - - Vac. 10.9-0.2 2974 2.850.04
10 10 10 10 10 10 Int. 10.6-0.1 289-3 2.77£0.04
Primary recoil energy (eV) Clustered vac. 640.2 2314 2.30+0.04
Clustered int. 5+0.2 1914 1.90+0.04
FIG. 5. Average number of primary As recoils produced per ion during 100Clusters 1.60.1 621 0.62+0.01
keV H and 6 MeV He ion irradiation of GaAs is shown. The numbers of GalLarge clusters 0.280.03 131 0.14+0.01
recoils are not shown since these overlap almost exactly the As curves. Thentisites 0.84-0.03 23+1 0.22+0.01

thin lines indicate arE~* energy behavior.
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amorphous clusters anneal completely over a few minutes dter of defects produced is similar at all the energies. In Ge,
room temperaturé 21t is not known what damage remains we found that about 40% of the defects produced at 400 eV,
at the site of the amorphous cluster, since TEM experimentand about 90% of those produced at higher energies, were in
can not see defects smaller than about 1 nm. large (at least six defecisclusters. In GaAs, the fraction of
Since at least some of the possible interstitial and vaclustered defects is almost exactly the same at 400 eV, but
cancy configurations in GaAs are mobile at roomonly about 60% at higher energies. Also, at the highest ener-
temperaturé®?’ it is not possible within the limited time gies simulated, we observed somewtabout 30% larger
scale of MD simulations to predict how the annealing actutotal numbers of defects in Ge. The likely reason for this
ally occurs. However, it is possible to estimate roughly howdifference is that the lower melting point of G&200 K)
much damage can be expected to remain by a rapid heatir@pmpared to GaA$1500 K) allows for the production of
of the cell. To be precise, we heated the cells to 1000 K fotarger amorphous zones. This observation is in excellent
100 ps and subsequently quenched them badk KK to en- agreement with TEM experiments, in which amorphous
able accurate defect recognition. This allows us to estimateones in Ge have also been observed to be somewhat larger
the number of antisites remaining after recrystallization.than those in GaA%>34
Since antisites are neither experimentally mobile at room It is not possible to make an exact comparison between
temperaturé/ nor have time to anneal or migrate during the experimental and simulated displacement energies, as differ-
quick heating of our simulation cell, our simulations shouldent definitions of what is a defect both in simulations and
provide an estimate of their numbers after the amorphousxperiments give conflicting values, and the correspondence
clusters have annealed. between simulated and experimental quantities is not known.
We found that, as for the other defects, the number oNevertheless, the displacement energy obtained from
antisites produced is linear with energy, so we can calculat8/igner—Seitz defects is reasonable for a rough comparison
their number produced in the H and He irradiation similarlywith the experiment, as the Wigner—Seitz analysis will al-
as for the other defects. The result is given in Table II. ways give exactly one displaced atom for an isolated Frenkel
The number of antisites is small, more than an order opair, which follows the usual definition.
magnitude smaller than the number of defects prior to an-  Experimentally, there has been some uncertainty in the
nealing. This conclusion is in good agreement with previous/alue of the displacement energy in GaAs. Some early
simulations employing lower-energy recailsHowever, sources reportethreshold (minimum) displacement values
since the amorphous zones anneal out at room temperatu@ound 25 eV}° but most recent sources report values close
and much of the remaining damage is in small clusters, mango 10 eV?335-38\We could not find a value for theffective
of which can also be expected to anneal out edSilne  (average displacement energy measured using nonelectrical
antisites will be one of the most important defects remainingnethods at low temperatures, to which our displacement
at high temperatures. value would correspond. But since the effective displacement
energy is typically somewhat~50%) higher than the
threshold oné®*?the value of 15 eV seems very reasonable

IV. DISCUSSION in comparison to the experiment.
A. Damage production in cascades These observations imply that simple BCA modgaisch
as TRIM)"4% can be used to obtain quick estimates of the

The linear dependence of the amount of damage Prog,,| amount of damage produced in GaAs, with a threshold
duced with the incoming ion energy is similar to the behawordisplacement energy of 15 eV.

that has been observed in Si and Ge befdfdt is, however,
in stark contrast to the behavior in metals, where a dramatic
drop of the defect production efficiency is observed withg pamage by high-energy recoils

increasing energi® The linear behavior in Si and Ge has .
been explained to be due to the poor ability of the open ~We saw that the damage produced in the near-surface

diamond lattice structure to regenerate the lattice from molf€gion is produced by somewhat higher-energy recoils than

ten zones, and hence it is not surprising that the same behalfl0se in the whole depth range. To estimate how big an effect
ior is observed in GaA&3! this has on the typical cluster sizes, we calculated the actual

The linear behavior also essentially implies that theNumber of clusters, in the same way as the number of defects
simple modified Kinchin—Pea¥eestimate for the total num- Was calculated. The results are listed in Table Il. We calcu-
ber of Frenkel pairs producedqp, lated both the total number of clusters, and the number of

large clusters. A large cluster is one with at least six defects;

Fp, this is of course a quite arbitrary limit. The numbers do,
NFPZO-SZ? (20 however, show that the ratio between the number of all clus-
d

ters and large clusters is about the same for the whole range
is valid in GaAs. Herd is the average displacement energyand the surface region. This shows that even in the surface
of the material. From the fitting constant used in describingegions, some very large damage clusters will be present.
the total number of vacancies, we obtain from our MD simu-  After annealing, which experimentally occurs even at
lations a value oEy=14.8~15 eV. room temperature, the amorphous zones vanish, and the re-
Overall, the cascades in GaAs behave much like casmaining damage is mostly in isolated defects, small defect
cades in Ge, which we have studied eaflighe total num-  clusters, and antisites. At least the antisites will be stable up

Downloaded 17 May 2004 to 128.214.7.47. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



1716 J. Appl. Phys., Vol. 90, No. 4, 15 August 2001 Nordlund et al.

to very high temperatures, and may thus seriously degrad®ABLE lIl. Full parameter set for the three types of interactions is shown.
the performance of GaAs devices in space.

ij Ga—-Ga As—As Ga-As
V. CONCLUSIONS Y 0.007 874 0.455 0.0166
S 111 1.86 1.1417
We have studied point defect and defect cluster produc- B(A™%) 1.08 1.435 1.5228
tion in GaAs by self-recoils and high-energy light ions using DPe(EV) 1.40 3.96 2.10
MD simulations. We showed that even for low-enefgp0 ?e i'gif g'ﬁ’% iz‘;
eV) recails, apqut half of thg damage produced is in large 4 0.750 01612 056
clusters containing at least six defects. For 100 keV H and 6 h=cos(,) 0.3013 0.077 48 0.237
MeV He irradiation of GaAs, we showed that although most «(A™%) 1.846 3.161 0.0
of the damage is near the ion end of range, very large dam-Reu (A) 2.95 3.4 3.1
age clusters can be expected to be produced throughout thé) 0“:&( ) (1)';5 2'(2) (1)'(2)
ion range. We demonstrated that a sizable number of antisiteq;f(Afl) 120 120 12.0

can be expected to remain after annealing even in the neat
surface regions, where damage levels are often assumed to
be low.
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The potential we use for GaAs was developed by K. (5)

Albe in collaboration with our group. The potential is de-

scribed in greater detail elsewhéteso we only describe the
central features here. The potential is based on the Ters

sD,
VA(r)=§exr{—BJ2_/S(r—Re)],

APPENDIX A: POTENTIAL FUNCTION

with D, andR.; as adjustable parameters. The many-body
Oqgrm is adopted from Brenner and is formulated as:

formalism; however, we found it necessary to modify he Bij=(1+xij) 2

ternf'! for compounds to prevent very strong forces when (6)
nonequivalent atoms are in the potential cutoff region. The o £ om0 0 exd 2 w(r—F

resulting potential form is essentially the same as that of the " k(;,j) (i) G Oy XL 24111y~ Fi) .

Brenner potential excluding the functions describing bond,are the angular functiog(6) is
conjugatior’? The potential correctly reproduces the ground

states of Ga, As, and GaAs; this is important to prevent the c? c?

collapse of GaAs into artificial states when it is molten for ~ 9(fij) =7 1+ —>——5 2/ @)
. . L. . d [d +(h+00$ijk) ]

instance in collision cascades. It also gives a reasonably

good value for the melting point of GaA4900 K, vs the To realistically account for high-energ\E(;,>10 eV)

experimental value of 1510)K* It was fitted to reproduce collisions, we construct a total potentid,, using

all the first-order elastic constants of GaAs, as well as several _ B

over- and under-coordinated phases. We believe these fea- Vol 1) =VR(NIL=F(N ]+ [Ve(NF (), ®)
tures make the potential well suited for studies of irradiationwhere Vg, is the potential for states close to equilibrium
effects, at least for robust effects such as defect distributiordescribedVg(r) is the repulsive pair potential for close in-

disordering, and amorphization. teractions and the Fermi function
We write the potential energy as a sum over individual
bond strengths: _
F(D= oy )
Veae S 11 (r)| V(i) — 1200, 3) - - o deri :
Eq_i>j ij (M| Vij(rj 2 i (rij) |- The repulsive potentiaVg(r) is derived from density-

o _ _ _ ~ functional theory calculatior %6 The value of the con-
Here, the pair-like attractive and repulsive energies are giveBtantsh; andr; are chosen such that the potential is essen-

in a Morse-type form, tially unmodified at the equilibrium and longer bonding
distances, and that a smooth fit to the repulsive potential at
De : . . A :
VR(r)= exd — BV2S(r —Ry)], short separations with no spurious minima is achieved for all
S-1 realistic coordination numbers. We emphasize that in appli-

(4)
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