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Amorphization mechanism and defect structures in ion-beam-amorphized Si, Ge, and GaAs
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We are studying ion-irradiation-induced amorphization in Si, Ge, and GaAs using molecular-dynamics
simulations. Although high-energy recoils produce defects and amorphous pockets, we show that low-energy
recoils (about 5-10 eY can lead to a significant component of the athermal recrystallization of preexisting
damage. For typical experimental irradiation conditions this recrystallization is, however, not sufficient to fully
recrystallize larger amorphous pockets, which grow and induce full amorphization. We also examine the
coordination and topological defect structures in Si, Ge, and GaAs observed in the simulations, and find that
these structures can explain some experimentally observed features found in amorphous semiconductors. For
irradiated amorphous GaAs, we suggest that Iaimput 2.8 A and weak Ga-Ga bonds, also present in pure
Ga, are produced during irradiation.
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. INTRODUCTION lation parameters with no experimental correspondéhé.
In this paper we study the amorphization of Si, Ge, and
lon implantation of semiconductors at doses high enouglaAs by amorphizing the material with energetic self-recoils
to introduce significant amounts of electrically active dop-starting from pristine crystal. We use three different inter-
ants, normally first leads to amorphization of the implantedatomic potentials for Si and two for Ge to confirm the reli-
volume. Although the material is usually subsequently re-ability of the obtained results. In GaAs only one model ca-
crystallized by annealing, the mechanisms leading to amorable of describing crystalline-to-amorphous  phase
phization may affect dopant clustering. The amorphizatioriransitions was available.
mechanisms have been intensively studied in the literature, The paper is organized as follows. The simulation meth-
see, e.g., Refs. 1-18. Still, the mechanisms leading to amogds are explained in Sec. Il. In Sec. lll we first examine the
phization even in the most common semiconductor material§ffects of different recoil distributiongSec. Il A) and
such as Si remain subject to debate. Early models attemptdwpundary conditions(Sec. Il B) on the structure of the
to describe amorphization by either pure defect accumulatioamorphous phase in Si. After that we examine amorphization
(homogeneoysor direct impact (heterogeneodsmodels.  (Sec. Il O and annealing in S{Sec. Il D). We then study
Many recent models are a mixture of these two models, anthose aspects of amorphization in Ggec. Il B} and GaAs
take into account that some thermal recrystallization can octSec. Ill F) that may differ from the behavior of Si. In the
cur during irradiation(see Ref. 15 and references theyein ~ discussion(Sec. I\V) we relate our results to analytical mod-
It is also not clear whether the structure of the amorphou€ls and experiments.
material produced by irradiation corresponds to that pro-
duced by other means, such as quenching. Some experiments
indicate that at least the density of amorphous&s§() pro-
duced by ion beams is always the same or smaller than that To study the properties of ion-beam-amorphized semicon-
of crystalline Si €-Si) (Ref. 19, yet other experiments and ductors we amorphized simulation cells by successive ener-
computer simulations observe aiSi phase denser than getic recoils. Monoenergeti¢l00 eV or 1 keV recoils as
c-Si.2%?1 Custeret al. conclude this to indicate that the com- well as a continuous recoil energy distributirom 3 or 15
puter models describing Si by tetrahedrally coordinated atto 2000 eV were used. Periodic boundary conditions were
oms are erroneous.This implies that the presence of over- used in three dimensions in all the simulations. The number
coordinated and undercoordinated Si atoms in ion-beamef atoms was 22 000 for 1-keV recoils, 4000 and 8000 for
amorphized Si is responsible for the discrepancy. 100-eV recoils, and 40 000 for the continuous recoil energy
Since it is probable that defects smaller than those visiblelistribution.
in transmission electron microscopy experiments play a sig- In thefirst phasean energetic recoil was started at about
nificant role in the amorphization procesatom-level com-  the middle of the simulation cell, which was initially at 0 K
puter simulations can play a significant role in understandingemperature. The cell was cooled down tovgafdK at the
the pathway to amorphization. Numerous computerborders using the Berendsen temperature control méthod.
simulation studies have examined the amorphization and reSimulation times varying between 6000 and 10000 fs were
crystallization ~mechanisms of Si from different used for the 1 keV energy to confirm that the final results do
viewpoints?2237-10.1314.24 245 \vever, only a few of them not depend on the simulation times used. The temperature
have producea-Si by multiple recoils inc-Si and studied after every recoil event was below 80 K. In the simulations
the structure and density @-Si. These studies have been with varying recoil energy the simulation times depended
limited to the use of only one interatomic poterfttaand in  linearly on the recoil energy. A minimum simulation time of
some cases the results have been partly dependent on sinkB0 fs was used. In this stage the size of the cell was not

IIl. METHOD
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10? : : : some dynamic recrystallization of the materiake below,
, ; §2000ev we also usedk,e; mir=3 eV in some simulations. This value
10 3 was chosen because it is lower than the strength of two
% 100k ] bonds in Si, so recoils below this value should not cause any
] : significant structural change even @Si. In simulations
S 10"f . with E,ec mir=3 €V the cell amorphized somewhat slower,
é R ' : : but the finala-Si structure was practically identical with the
ERLAN 1 simulations WithE, . =15 eV. Since theeomputingtime

needed to achieve full amorphization was very much longer
for 3 eV minimum energybecause of the large number of
low-energy recoils E e mir=15 eV was used in most simu-
lations.

Recoil energy (eV) Recoils at energies higher than 2 keV were not used. This
FIG. 1. The simulated recoil energy distribution of 500-keV’ Si allowed us to limit the size of the simulation cells and speed

bombardment of Si at 800-1200 A depth. The dotted lines repreLjp the calculations. We justify this approximation by noting

sent the selected cutoff values for amorphization simulations. that  recoils 34 above ~2 keV break down into
subcascade$;** so no new types of damage states are pro-

allowed to relax and a variable time step was used to speeduced by higher-energy recoils.
up the simulations. The primary damage state produced in individual cas-
In thesecond phasthe simulation cell was cooledto 0 K, cades has been extensively studied in the
and at the same time the pressure was relaxed with the Beliterature’1*231-3"The simulations by Caturlat al. have
endsen methdd to 0 kbar in either all directions or in the  shown that the damage states produced in Si by ion irradia-
direction only (corresponding to experimental conditions tion are strongly dependent on the mass of the'iBor light
where the irradiated area is bound from the sid&ke re- ions, such as B, about 20—30 % of the defects are isolated.
laxation times varied between 2000 and 3500 fs. In the conThe heavier ions produce more concentrated damage, but
tinuous energy cases, the cell was relaxed after each 100 eden for As the fraction of isolated defects is higher than 5%.
of accumulated deposited energy. After relaxation the atom$his shows that there is some homogeneous amorphization
were displaced by a random distance in xhg, andz direc-  during ion irradiation. The damage produced in germanium
tions, taking into account the periodic boundary conditionsis much more localized than in silicdfLess than 2% of the
This way all the positions were equal and we were able talefects produced by 10-keV recoils are isolated, and over
generate a homogeneous distribution of the recoil energy i85% lie in clusters larger than six atoms. Therefore germa-
all parts of the cell. nium has a stronger tendency towards direct impact amor-
The two-phase procedure was then iterated until fullphization. Like silicon, many isolated defects are also pro-
amorphization was achieved, i.e., when both the average paluced in GaAs by self-recoif.Over 10% of the defects are
tential energy and volume of the cell leveled out at somdsolated in the recoil energy range 400 eV-10 keV, and about
constant value. With this approach, the simulation results ar60% of the damage is in clusters larger than six atoms. A
not expected to depend on any parameters without some egombination of heterogenous and homogenous amorphiza-
perimental correspondence. The simulation scheme is suitton mechanisms would, therefore, be favored at low tem-
able to model ion irradiation for energies and ions whereperatures in the initial stages of the process in GaAs.
most of the recoils are well separated in space. The angular distribution was simulated for both 100-eV
Monoenergetic 100 eV and 1 keV recoil energy distribu-and 1-keV recoils, and the amorphizations were studied both
tions were used to study whether the structure or amorphizay using a simulated angular distribution and random direc-
tion dose depends on the recoil energy. In order to obtain &ons of recoils.
continuous recoil energy distribution corresponding to typi- Several amorphization runs were repeated to be sure that
cal experimental conditions, we selected recoils correspondhe conclusions were not affected by statistical fluctuations.
ing to an energy distribution produced by a 500-keV Si bom-Amorphous material was also generated by melting and
bardment of Si, which is an implantation condition well quenching. First the material was kept at a temperature much
known to amorphize Sf Only recoils produced in the depth higher than its melting point3000—-5000 K for 50—100 ps.
region of 800—1200 A were included. The recoil energy dis-The cell was then cooled dowo 0 K not faster than 0.01
tribution was obtained with theiDRANGE method?®3° The  K/fs. The melting and quenching was then repeated using a
distribution is illustrated in Fig. 1. starting temperature lower by about a factor of 2. This pro-
Because very low-energy recoilE{1 eV) are domi- cedure was repeated until the starting temperature was lower
nant, recoils with energies higher than 3 and 15 eV werghan 400 K. The quenching ratio is still high compared to
considered. We denote this minimum recoil energy byexperimental conditions, so the effect of the simulation time
Erecmin- The latter value was chosen because it is approxiwas estimated by running a quenching simulation for longer
mately the threshold displacement energy ir'Sf Recoils  than 3 ns for comparison purposes. The differences between
with energies below this do not affect the damage structurguenched and irradiated materials remained qualitatively the
in initially perfect crystal regions. After the observation that same. To acquire sufficient statistics, 8000 atoms were used
recoils at energies close to the threshold energy can cause the quenching simulations.
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The forces between atoms were described by semiempir- T T T T
ical many-body potentials. The Stillinger-Webd&SW) 104}
potential®® Tersoff Il (T-11) potential®® and environment- quenched)
dependent interatomic potenfi4t*? (EDIP) were used for o 103 : 1
Si, the SW(Refs. 38 and 4Band Tersoft* (T) potentials for > qo2bf -
Ge, and a potential by Albet al** (ANNK) for GaAs.

Since, contrary to the Si and Ge potentials, the properties 101y 1
of the GaAs potential are not widely known, we comment wh——
here on some of the features relevant to this study. Additional -
details can be found in Ref. 45. 5 04F e

The GaAs potential has been fitted to several GaAs, As, u<1? A 7

— quenched
and Ga phases. Even the complex Ga ground-state structure 02 £ T 100V .
is reproduced. The potential describes many common defects L, ceovaetsev ]
reasonably and phase transitions were considered during the 0002 4 & s 10 12 14 16 18 20
development process. Dose (eV/atom)

The compound nature of GaAs makes the generating of
amorphous GaAs by melting more difficult than that of Si or

. In liqui he As an mponen r
Ge quid GaAs, the As and Ga components segregat iations, and a variable energy irradiation with 15 eV minimum

partially, and As bubbles are formed in the liquid. Even with ) : L

simulation times up to 10 ns we were not able to generater)econ energy shown as a fupctlon of irradiation dose. Vglues for

h h GaAs. Theref | guenched amorphous material are included for comparison pur-

omogene_ous_amorp ous S ere ore we only CO. hoses. The EDIP potential model was used.

pared the irradiated amorphous GaAs to its annealed versioh.
The structure of amorphous materials was characterized A i i distributi | di

by the distribution of bond lengths, potential energies of at- . IcctJ_n muog; rEelg?l'D eng;rgﬁ/l \;\?'trr; lé'on W_aiSa S(\)/ utshe N

oms, and angles between bonds. Coordination defects or apmuiations wi and-1it. Wi rec,min” ev, the

oms with a high potential energy were considered to be depotenﬂal-energy_dgvelopment is very similar to the 100-ev

fects in the amorphous state. The amorphization dose fgrase. ForT-IIl this is also true for the development of the

different cases could easily be obtained, as well as the de')(_glume,.whereas for EDIP the volume with th.e continuous
sity of the amorphous material. distribution saturates to a lower value. Two different mini-

mum recoil energie€ . min, 3 and 15 eV, were used for
variable recoil energy simulations for the-lll potential
IIl. RESULTS model. The final volume and average potential energy of the
A. Effect of recoil impact vector amorphized materials were the same for both values of
Erec,min: Ut the 3-eV case amorphized slower. The potential-

The possible effects of the recoil angle and energy distrigngrgy saturation dose was the same for the variable energy

butions on the structure of the amorphous material wer ; _
tested with theT-11l potential for Si. The effects of the recoil %ch_eme Wt ec.mr=15 eV as for all the tested monoener-
: getic cases. FOE =3 eV the dose was somewhat

velocity vector direction were studied for 100-eV and 1-keV
recoils with two different angular distributions. One distribu-
tion used the same probability for all directions, while the
other one used the angular distribution obtainesiBRANGE

FIG. 2. Development of volume and potential energy compared
the perfect Si crystal in 100-eV and 1-keV monoenergetic irra-

simulations. No difference was observed between materials 1.08 - ]
produced by angle-dependent and random direction recaoils. §° 1.06 .
The energy doses needed for full amorphization were the 104 | Py : i
same, as well as the dependencies between the volume and ./"'* quenched
dose, and potential energy and dose. veerpr o T 7
The volume change was found to depend strongly on the 10 —t———+—+—+—+—+—

energy of the recoil atomé&ee Figs. 2 and 3 and Tablg |

For monoenergetic 100-eV recoils the volume change was m.‘i 04r ]
bigger than for 1-keV recoils. The observation that there are a4 gal Tomev quenched ]
more high-energy defects per deposited energy for the e e var. 15 eV i

---- var.3eV
1 1 1

100-eV recoils is not surprising. This is explained by the fact (1Y) A —— L
that the local, in-cascade heating produced by cascades can 0 2 4 6 8 10 12 14 16 18 20
recombine defect$.Since the 1-keV recoils deposit more Dose (eV/atom)

kinetic energy, the heating and possibilities for defect recom- fgig. 3. Development of volume and potential energy compared

bination are larger in this case. This effect is analogous 1o the perfect Si crystal in 100-eV and 1-keV monoenergetic irra-
cascades in metals, where it is well known that with increasdiations, and variable energy irradiation with 3 and 15 eV minimum

ing cascade energy an increasingly large fraction of defectgcoil energies as a function of irradiation dose. Values for
will recombine?®® In semiconductors the effect is less pro- quenched amorphous material are included for comparison pur-
nounced because of the nature of the chemical bontfihg. poses. The-Ill potential model was used.
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TABLE I. Amorphization doses for different cases for Si poten- — . v r T T v v
tials. E4oseiS the dose needed to reach a saturation potential-energy
level andV . is the dose per atom needed for the final volume.
The column “relaxation” denotes pressure relaxation in all direc-
tions (3D), one direction £), or to an annealing temperatuié.V,
is the volume of the amorphized material compared to a perfect
crystal andE,qenial is the average potential energy for an amor-
phous structure.

Edose Vdose Epotential
Method Relaxation (eV) (eV) VIV, (eV) g
I 4 quenched ]
100-eV irr. z 65 10 1036  -4.26 T
100-eV irr. 3D 6.5 2 1.035 -4.25 0'00 2 4 6 8 10 12 14 16 18 20
1-keV irr. 3D 6.5 3 1.022 -4.29 Dose (eV/atom)
VariableE irr.2 3D 6.5 2 1.029 -4.26 .
Quench 1035 -4.40 FIG. 4. Deve_lopment of \{olur_ne gnd pot_entlal energy compared
Variable E irr.@ 900 K 1.036 446 to the perfect Si crystal QUrlng ion |rrqd|at|on for different Si po-
: : ) tential models as a function of irradiation dose. 1-keV monoener-
T getic recoils were used.
100-eV irr. 3D 8 12 1.095 -4.13
100-eV irr. z 3 13 1.093 -4.13 clear which, if any, of the potentials is suitable for simulating
1-keV irr. 3D 8 7 1.047 -4.20 a certain phenomenon that is not a part of the original fitting
1-keV irr. Z 3 13 1.045  -4.20 database. The problem is especially important in simulations
Variable E irr.2 3D 8 8 1.089 413 of disordered phases, since functional forms are often built
VariableE irr.? 3D 1 1 1.08 414 on the basis of favoring some bond angle in a well-defined
Quench 1.019 -4.40 and ordered crystal lattice. Therefore, we repeated the amor-
sw phiza:clizon simulations with the three .potentiaTl's—Ill,e’g
1-keV irr. 3D 17 17 0947 -409 EDIP*and SW(Ref. 38 for Si. The reliability of the results
Quench 0.944 a1l for the potentials was es_tlmated by comparing gxperlmgntal
Expt 12° 1.018¢ values for an amorphization dose and density with the simu-
) ) lated ones.
% oo = 15 V. Large potential dependent differences were found in the
bE, . =3 eV. density ofa-Si. The EDIP andT-lll potential models were
Reference 1. able to reproduce the positive volume change observed in the
dReference 109. experiments; whereas for SW the amorphous material was

denser thart-Si. The volume-dose dependency for different

higher. The reason behind this is that low-energy recoils wittpotentials for 1-keV monoenergetic recoils is shown in
~5-10 eV energy recrystallize the materiate Sec. IV. Fig. 4.

The distribution of the potential energies of the atoms is
illustrated in Fig. 5. The difference between the amorphiza-

Another condition that might generate direction depen-tion methods(quenching from a melt vs irradiatiprwas
dency in the structure is the pressure relaxation. In the sedargest for EDIP and smallest for SW. For all three potential
ond phase, the relaxation phase of the amorphization simunodels the average potential energy was higher for the irra-
lations, the pressure was allowed to relax to zero in aliated case than for the quenched one. This shows that de-
directions separately, or in thedirection only. While the fects of the amorphous structure are present in the irradiated
development of the average potential energy along with theg||s.
amorphization dose was unaffected by the relaxation condi- gecause the guenching method may be sensitive to the
tion, the volume change in the latter case was slower. Wheauenching ratio and simulation time, the procedure was re-
the pressure was relaxed only in one direction, more irradiapeated for different time scales. Longer simulation times
tion was needed for the pressure to relax in #handy  only increased the difference between the structures of mol-
directions. For most cases the volume and average potentigln and irradiated materials, confirming that the difference
energy did not saturate at the same dose. Therefore, the vQlyists regardless of the quenching time. The longest quench-
ume is not a good measure for the amorphization of thqeng simulation time was about 3 ns.
material. The final potential energy and volume were the For ) the tested Si potentials and irradiation conditions

same in both relaxation schemes. the average coordination was bigger and average bond length
longer in irradiated than in quenched cases, as shown in
Table Il and Fig. 6. The average bond lengths for different
Semiempirical interatomic potentials have different func-irradiation conditions were about 2.47 A for EDIP and about
tional forms and are fit to different sets of properties. It is not2.43 A for T-lll and SW. Over 90 % of the atoms in the

B. Effect of pressure boundary conditions

C. Amorphization in Si
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T T T T T T T T T T T T T T T
i — SW quenched ] r —— SW quenched 7]
I | "R SWirr. ] - e SWirr. ]
z i ] %L
=[ 4 [
5 : : . : ; : S :
s — T-lll quenched ] ST — T-lll quenched ]
% - Tl irr. ] ar N\ e T-1 . ]
el 1 e[ -
g C ]
B[ ] 2r ]
-~ ] St ]
or i 5t ]
) I S— . . ] 3 A "
[N - 4 2o T T T T T } } T :
st .. Eg:g ?rlrnenched_ £ C — EDIP quenched ]|
[ . 4 2 N e EDIP irr. i
[ N . - C ]
48 -46 -44 -42 -40 38 -36 -34 L

2.2 225 2.3 2,35 2.4 2.45 2.5 2,55
Bond length

Potential energy (eV) .6 2.65

FIG. 5. Potential-energy distribution for different Si potential o )
models. The dotted line represents the distribution for amorphized F!G: 6. Bond-length distributions of amorphous materials for
material produced by 1-keV monoenergetic recoils, and the solid"€ different Si potential models. The dotted line represents the
line represents the distribution for quenched amorphous material. distribution for amorphized material produced by 1-keV monoener-

getic recoils and the solid line represents the distribution for

guenched amorphous structures described by the EDIP arﬁlt%ilencheOI amorphous material.

T-III potential models had a coordination of 4, and the aver-,hich do not have a strong peak at 3 A, are in good agree-

age coordination number was a little higher than 4. For irra-rnent with the experimental curve

diated structures described by EDIP the most common coor- 4 bond-angle distributions of irradiated and molten

dination was 5 and by-Ill, 4. SW produced a very similar . structures are illustrated in Fig. 8. Once again the SW model

structurg for bOFh irrgdia}ted and qyenched cells. .The. Pal'has about the same distributions for both production meth-
correlation functions in Fig. 7 show increased ordering in theods. However, the EDIP model shows sharp peaks near 60°
molten structure at a second peak méa for the T-11l and

. . nd 75°. TheT-1ll model also shows a small increase near
EDIP potential models. The SW model has an additiona

Kiust ab 3 A which i t ob din th . hese values. The 60° peak is associated with a Si-Si-Si tri-
peak Just above , Which 1S not observed in eexperlmenéngle with angles near 60°. There are many more three-rings

tal function, for both molten and irradiated structures. The

pair-correlation functions of the EDIP an@-lll models, —r— : : T
i —— SW quenched
30 1 R SWirr.
TABLE Il. Number of three-membered rings, coordination dis- : ---- expt.
tribution (Z values, average bond lengi{R,,,q), and coordination 201
(Z) for different Si potential models and amorphization methods. 10F ]
0.0 J } } } }
. Three ' — T-lll quenched
Method rings/atom Z=3 Z=4 Z=5 (Z) (Ryonq e e Tl irr.
— ---- expt.
EDIP 5 201
Irr. 100 eV 0.137 0.5 34.0 653 4.67 247 1.0}
Irr. 1 keV 0.108 0.2 448 548 455 2.46 0.0
Irr. variable energy  0.137 0.5 39.1 60.0 4.60 2.47 : ' ' ' — EDIP quenched
Quenched 0.005 01 939 6.0 406 240 | & EDIP irr.
T-1 20t
Irr. 100 eV 0.013 109 643 228 415 243 10 i
Irr. 1 keV 0.010 76 655 248 421 243 ) H
Irr. variable 0.014 10.2 64.9 229 416 2.43 00—
Quenched 0.001 05 914 8.1 4.08 2.39 .
r(A)
SW
Irr. 1 keV 0.0003 09 538 431 446 248 FIG. 7. Simulated and experimerf&pair distribution functions
Quenched 0.0003 0.7 56.5 41.1 4.43 2.47 for amorphous silicon. 1-keV monoenergetic recoils and $W]|,
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T T T
— SW quenched
------- SWirr.

T T J J TABLE lll. Percentage of most common coordinatior \(al-
ue9, and average bond lengR,,,¢ and coordinatior{Z) of
irradiateda-Si modeled by EDIP of -l for variable energy recoils
with 15 eV minimum recoil energy before and after annealing. Val-
ues for quenched-Si are included for comparison purposes.

f — . . f i Anneal Z=3 Z=4 Z=5 (Z R E VIV
— T-lll quenched < > < bond> pot 0
------- T-llirr.

EDIP
Before 045 391 60.0 4.60 2.47 -4.26 1.028
300 K 0.06 66.9 33.0 4.32 2.43 -4.36 1.009
600 K 0.08 91.0 9.0 4.09 2.40 -4.42 1.032

Number of angles (arb. units)

} . 900 K 0.06 96.1 38 4.04 2.39 -4.45 1.037
[ oI quench ] 1200K 021 735 262 426 243 -436 1012
B ) i Quench 0.05 93.9 6.0 4.06 2.40 -4.44 1.035
- . T-1
- 1 Before 102 649 229 416 243 -414 1.089
. ,,._ s . . L . 300 K 6.32 715 209 4.17 2.42 -4.21 1.066

40 60 80 100 12 140 160 180 600 K 238 794 176 4.16 2.41 -4.30 1.030

Angle 900 K 1.06 864 124 4.12 2.40 -4.36 1.025

o _ 1200K 081 913 7.8 407 239 -439 1.035
FIG. 8. Distribution of angles between bonds for different Si 5,anch 05 914 81 408 239 -440 1.019

potential models. The dotted line represents the distribution for
amorphized material produced by 1-keV monoenergetic recoils and

the solid line represents the distribution for quenched amorphous o )
material. The number of coordination defects in annealed cells

modeled by theT-lIl potential decreases during annealing.

in irradiated structures, as shown in Table II. The peak neaf "€ coordination number distribution after the 1200-K an-
75° is associated with four-membered rings, which oftennealing of the irradiated cell is similar to that in the quenched
have two 75° angles. cell. The bond-angle and potential-energy distributions are
The amorphization energy doses needed to saturate bofsO Similar. However, the amorphous structure produced by
the volume and potential energy vary between 6 and 17 ewluenching is about 1.6% dense_r than the annealed cell, and
atom for different Si potential models and amorphizationn@s 2-4% less four-membered rings.
methods. These values are in a reasonable agreement with
the experimental value of about 12 eV/atdRef. 1) deter-
mined at low temperatures where defect migration is not im-
portant. The SW(Refs. 38 and 48andT (Ref. 44 potential mod-
els were used for Ge. The irradiated amorphous &&¢)
described by the SW potential was less dense than molten
a-Ge, and crystalline Gecf{Ge) was denser than both of
The stability of the structure af-Si produced by irradia- them. The decrease in the density is explained by longer
tion was tested by heating amorphous cells up to 300, 60Gonds, which were about 3% longer in irradiated material
900, and 1200 K. The cells were held at each temperature fQhan inc-Ge, as can be seen in Table IV. The average coor-
about 4 ns and then quickly cooled down to 0 K. The initial gination number was very close to thatmGe, 4.04 for the
cell for annealing simulations was amorphized by variableyradiated and 4.02 for the molten c€Tlable V). The devel-

energy recoils wittE ec min=15 eV. We focused on the-lll - opment of volume during irradiation is shown in Fig. 9 for

and EDIP potentials, as the SW potential predicted a densitijoth potential models.

of the amorphous material in clear contradiction to the ex-

periments. s
After annealings at 600 and 900 K the structure of the cell I:E:;QE Z‘} dpaevrgre:;g:ogg T;?;ttg;mT)Ogncggg:];tr:g;o?(uzr?bers

modeled by EDIP was very close to the quenched amorphodg ' bon

structure, as shown in Table Ill. The average coordination” a-Ge cells modeled by the SW affdpotentials.

E. Amorphization in Ge

D. Stability of a-Si

numbers, potential energies, and volumes are almost t : _ _ _ _

same for annealed and quenched materials. The numbershﬁlate“aI z=8 z=4 z=5 226 (2) (Roond
three- and four-membered rings are also at the same levelGe 0.0 1000 0.0 00 400 245
and qualitative differences are not present in the bond-angler. SW Ge 24 915 6.07 00 4.04 252
distributions. At 1200 K the fraction of fivefold coordinated Melt SW Ge 1.1 96.2 2.8 0.0 4.02 2.50
atoms suddenly increases to about 26%. This is probablyr. T Ge 1.7 338 403 184 4093 256
because 1200 K is above the glass temperature of EDIP fofielt T Ge 0.3 80.0 174 21 421 250

Si, which we determined to b€ 1200 K (Ref. 47.
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FIG. 9. Development of volume in different Ge and GaAs po- e
tential models as a function of the irradiation dose. Monoenergetic FIG. 10. Simulated and experimental pair distribution functions
1-keV recoils were used to produce irradiated amorphous materiafor amorphous germanium. 1-keV monoenergetic recoils Riod
Values for quenched material are included for the Ge models.  SW potential models were used in the simulations.

The behavior of Ge during ion irradiation described byamorphous GaAs, as exp|ained in Sec. Il. Therefore’ we
the T potential is more complicated. First the volume in- compare the irradiatea-GaAs with a structure obtained by
creases, and then decreases almost back to the levebef  annealing the irradiateatGaAs at a temperature much lower
The bonds are about 4% longer thandrGe, but highly  than the melting point.

Coordinated atoms Compensate fOI’ the Change in V0|ume. Af- We Simu'ated ion_beam_induced amorphization in GaAs
ter the material was fu”y amorphized by irradiation, the aV'by successive 1-keV recoi[sandom|y chosen as Ga or AS
erage coordination was 4.93able IV). Molten a-Ge has a The amorphization dose was about 13 eV/at@rable V),
lower coordination of 4.21 and is slightly less dense thanyhich is in a reasonable agreement with the experimental
c-Ge. value of about 10 eV/atom(obtained from the low-

Experimentally the coordination number of irradiated temperature values in Fig. 5 of Ref.)5Zrystalline GaAs
a-Ge was found to be close to*3Theab initio calculations  (c-GaAs) was about 4.5% denser than irradiaae@aAs.
predict that the coordination number of moltenGe is The distribution of Ga-Ga, As-As, and Ga-As bonds be-
4.05™ These are in a good agreement with our amorphizafore and after annealing are shown in Fig. 11. Most of the
tion simulations carried out with the SW potential, which bonds are between Ga and As atoms. The fraction of wrong
predict a small increase in coordination number. The simulahonds before annealing was 37%. About 73% of the wrong
tions with theT potential show more increase in the coordi- honds were Ga-Ga bonds with an average length of 2.81 A.
nation number for both the molten and irradiated amorphoushese bonds are longer versions of the metallic bonds
materials. The bonds are found to be longer in irradiatethresent in pure G& The number of covalent wrong bonds
cells than in quenched ones. This is in agreement with theyas about 14%. If the cutoff value for the coordination num-
experiments, where the bond length is found to decrease duer calculation is selected as 2.7(&. Sec. IV Q, the aver-
ing annealing’ Our simulations predict longer bonds than age coordination is 3.45. If also longer Ga-Ga bonds are
those found experimentally. However, the experimental bon@ounted, the coordination number is 4.64.
length increased with ion do$g. The simulated pair- The amorphized cell was annealed at 900 K for 400 ps
correlation functions, especially that of irradiated Tersoffand then cooled to 0 K. During the annealing, the number of
a-Ge, are in a good agreement with the experimental onesa-As bonds increased by about 2.5%. The number of
(see Fig. 10 Ga-Ga bonds near 2.8 A decreased by about 13% to 24%,

For molten a-Ge described by the SW potential, the indicating that these bonds are not stable at high tempera-
angles between the bonds are distributed near 108.6°, with a
standard deviation of 10.8°. The average angle for irradiated TABLE V. Amorphization dose for saturation volum&/{.J,
material is 108.3° with a standard deviation of 13.1°. potential energy Egos9, Volume (//Vy), and potential energy

The amorphization dose for tHe Ge potential model is (Eyy) of amorphous material compared to a perfect crystal for the
9.1 eV/atom(Table V), which is in a good agreement with Ge and GaAs potential models.
the experimental value of about 13 eV/atfealculated from
irradiation parameters in Ref. 48 usimgimM (Ref. 5] to  Material Edgose(®Y)  Vaose(@Y)  VIVy  Epg
obtain the deposited energyThe SW Ge overestimates the

. . . rr. T Ge 9.1 9.1 1.000 -3.42
amorphization dose probably because it has a melting poi |

that is too high¥* elt T Ge 1.006 -3.58

' Irr. SW Ge 36 36 1.067 -3.48

o Melt SW Ge 1.049 -3.54

F. Amorphization in GaAs . GaAs 13 12 1.045 289

Amorphization in GaAs was modeled by a potential by Annealed GaAs 1.029 -2.98

Albe et al* For this potential we could not obtain molten
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e ' ' ' ' ' recoils can induce recrystallization during ion irradiation.
However, for the reasons noted in Sec. lli(Eee also Ref.

60, where negative pressure had to be applied while produc-
ing a-Si by a melting-quenching methpthe Si SW model
does not give a very good description of amorphization, so a
quantitative comparison with these previous results is not
useful.

The discussion in the remainder of this section is based on
the continuous 500-keV Si recoil spectrum, since this corre-
sponds to experimental conditions. Because the recoil spec-
tra of ions with similar masses do not differ greatly, the
qualitative conclusions obtained here can be expected to also
hold for other keV irradiating ions in the same mass range as
Si.

The amorphization process is illustrated in Fig. 12. In this
simulation the minimum recoil energ e min Was set at 3
eV, and most recoil atoms have lower energies than 10 eV.
These low-energy recoils can recombine defects by knocking

r(A) interstitials into vacancies or intermediate states, which then
spontaneously recombifi¢ An example of defects that are

FIG. 11. Simulated bond-length distributions of As-As, Ga-Ga,removed is circled in part®) and(b) of Fig. 12. If the defect
and Ga-As in ion-irradiated amorphous GaAs. Monoenergeticoncentration in some region is high enough, an amorphous
1-keV recoils were used and the interactions were modeled by thﬁegion is formed. The region then starts to grow, because
ANNK potential. The upper figure depicts the case before annealingow-energy recoils cannot crystallize material inside amor-
and the lower after annealing. phous pockets. One such region can be seen in the middle

. left side of the pictures in Fig. 12. On some occasions we
tures. There were some more As-As bonds after annealingsearyed partial recrystallization at the amorphous-

and As segregation was observed._However, simula.tions %rrystalline interface, as predicted by previous stutféés
temperatures of 1300 and 1500 (ktill below the melting gt for this kind of recoil spectrum the effect is not strong

point of about 1900 K for the potential modehowed that  enough to recrystallize the pockets completely. In the inter-
the As regions are not stable and can be annealed at longgfegiate stages between crystalline and fully amorphized
time scales. Because the As regions can be annealed, it &g;1e, the material is observed to contain amorphous regions
also possible that all Ga defects with bond lengths 2.8 A argith some isolated defects between them. This is consistent
converted to Ga-As bonds during long enough high-yith experiments in which amorphous zones are found to

temperature annealing. grow preferentially at the crystalline-amorphous interface
During annealing the average Ga-As bond length wag), 5t preexisting defec®.

shortened from 2.51 to 2.48 A. At the same time the length Primary damage state simulations have shésinSec. 1)
of As-As bonds increased from 2.44 to _2.46 A. The n_umberthat the damage produced by a single ion is both in the form
of covalent bonds shorter than 2.7 A increased during angt amorphous clusters and isolated point defects. Hence
nealing. these cannot conclusively determine which mechanism
dominates during prolonged irradiation. The simulations on
IV. DISCUSSION prolonged irradiation described in this work show that the
bserved amorphization mechanism is not homogeneous

Number of bonds (arb. units)

We first emphasize that the results for the amorphization. due to defect lati oo |
mechanisms during ion irradiation presented here are directl €., due 1o gefect accumulation everywhelmecause clear
relevant only to low-temperature experimenmtswer than morphization centers exist. On the other hand, the mecha-
150 K for Si(Refs. 54—5pand Ge(Ref. 57, and 200 K for nism requires multiple ion passes in a spatial region before

GaAs (Refs. 58 and 58, because at higher temperatures,fu" amqrphlzatlon, so the d|rept |mpac(heter'ogeneous
defects in highly irradiated materials are mobile. amorphization model does not directly apply either. We thus
interpret the mechanism to be a combination of the hetero-

geneous and homogeneous mechanisms.

In the simulations with continuous recoil energy distribu-
We first compare our results on amorphization in Si totion andEe; mii=15 eV, the damage is not recombined as
those of some previous studies. Catieteal > have shown much, and the amorphization proceeds via frozen-in damage
that 15-eV recoils can recrystallize-Si when launched at accumulation. This was also true for all monoenergetic simu-
the crystalline side of an amorphous/crystalline interfacelations. These observations prove that the recombination ob-

Stocket al?® have reported that very low energy recdii®  served is predominantly due to the low-ener@y<(15 eV)

eV) do not amorphize Si modeled by Stillinger-Weber poten-recoils. For heavier ions or target materials this mechanism
tial completely, and can in some cases cause partial recrysaay be favored, since the damage is more concentrated.
tallization of the damage. Both observations are in good We use three different analytical models predicting the
qualitative agreement with our observations that low-energylevelopment of the amorphous fraction as a function of the

A. Amorphization mechanism
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atom has at least three defect neighbors, it is defined as

dose to help interpret the amorphization mechanism. Théect”

amorphous fraction was defined as follows. The structur@morphous. The amorphous fraction is the normalized

amount of amorphous atoms.

factor P, (Ref. 9 is calculated for each atoim

The Gibbons direct impact model describes amorphiza-

tion by direct impacts. The amorphous fractibpis*®

)

(

1/2

3

1-exp—o,D),

fa=

where o, is the amorphization cross section abdis the

)

1/2
Pir|
whered;(j) are the angles formed between the afcand its

pu<i)=($ [6%()—6

amorphization dose. The model poorly describes the simu-

lated development of an amorphous fraction, as seen in Fig.

is the distribution of angles in a perfect 13.

neighbors.6P(j)

lattice and@y'(j) =jm/4(4—1)/2 is the uniform angular dis-
tribution. Before performing the sum over angles, thg)

The recrystallization efficiency can be estimated by the
amorphization process theory of Wargal® The theory

assumes that the amorphization proceeds by direct impacts,

lists are sorted by magnitude. All atoms for whi€hy, is

In the

but takes simultaneous crystallization into account.

If a “de-

atoms.

”

“defect

larger than 0.125 are considered
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TABLE VI. The fitted parameters for ion-irradiation-induced
amorphization of Si for Wang and Hecking amorphization models.
Simulated(consisting of 3 eV-2 keV or 15 eV-2 keV recoisnd
monoenergetid100-eV or 1-keV recoil distributions were used.
The Tersoff-11l potential model was used. In the Wang mddekct
. impact with crystallization the A parameter is the crystallization
} efficiency andk parameter is the amorphization cross section. For
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the Hecking modeldirect impact/defect stimulatgdo, is the di-
rect impact amorphization cross section ands the defect stimu-
lated amorphization cross section.

Model Recoils

- e ——————————inrs
-

L 1 1 1 1

---- 15 eV fit
1 1 1

— 3 eVsim.
....... 15 eV sim. 7
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Dose (eV/atom)

FIG. 13. Simulated amorphous fraction during ion irradiation of

12 14

3 eV-2 keV
15 eV-2 keV
100 eV
1 keV

Wang

3 eV-2 keV
15 eV-2 keV
100 eV
1 keV

Hecking

A k=D, /D

0.90020.0002
0.866% 0.0008
0.8916:0.0004
0.7746-0.0010
Ta
0.05580.0003
0.156%0.0026
0.0996-0.0009
0.1448-0.0016

3.8220.009
6.326:0.049
5.866:0.024
2.23%0.013
Os
0.44%0.002
0.9280.013
0.73%0.005
0.486:0.006

silicon and fits to(a) direct impact,(b) direct impact with crystal-
lization, and (c) direct impact/defect stimulated models. The
Tersoff-1ll potential model and recoil energy distributions consist-
ing of 3 eV-2 keV or 15 eV-2 keV recoils were used.

functions, as can be seen in Fig. 13. For all different recoil
energy distributions the direct impact cross section is much

Wang model the amorphous fractibpcan be expressed as a smaller than the defect stimulated cross sectitable VI).
function of a normalized ion dos®,, and crystallization ef- Moreover, the fact that the cross section ratig/o, is
ficiency A, higher for the 3 eV-2 keV cas@bout 8§ than for the 15
eV-2 keV casdabout § supports the idea that low-energy
1 recoils recombine defects mostly outside amorphous regions
fa=1— i (4) (since the growth of amorphous regions is suppressed less by
VA+(1-A)exd2(1-A)D,] 3-15 eV recoils than direct impact amorphizajion
We find that both the models of Wareg al'® and Heck-

We fitted the parametes andk=D,,/D, whereD is the  ing and co-workers™ produce good fits to the development
irradiation dose in energy/atom, for bofje. mi=3 and 15  of the amorphous fraction during ion irradiation. The Heck-
eV to see how the crystallization parameter is affected byng model describes the amorphization process better, since
low-energy recoils. We obtained a recrystallization parametethe Wang model takes only the direct impact amorphization
A of 0.9002+0.0002 for the 3-eV case and 0.866@.0008 into account(the simulations have shown that also isolated
for the 15-eV case. This indicated that there is more recrysdefects are produced in individual cascades in silicth.
tallization with the lower-energy recoils included. Tka-  However, some information about the crystallization during
rameter was (3.8220.009)/eV for 3 eV and (6.326 the amorphization process can be extracted using this model.
+0.049)/eV for 15 eV minimum recoil energy. Plots of the The expansion of the Hecking model by Wellarould de-
fits and original values are shown in Fig. 13. The modelscribe the process even better, but some other measure of the
describes the development of the amorphous fraction muchature of the amorphous state, in addition to the structure
better than the Gibbons direct impact model. factor used now, would be needed to enable a fit to this

The Hecking modél(used recently by Gao, Weber, and model. We have not found another independent measure that
Devanathat in simulations of Si¢ describes amorphization could be used for this fitting.
by simultaneous direct impact and defect stimulagadwth We thus conclude that the amorphization of Si proceeds
of amorphous regionsmethods. The analytical expression mainly via growth of amorphous pockets. The direct impact
ist® amorphization is suppressed by the low-energy recoil recrys-
tallization, since isolated defect clusters are easier to anneal
than large amorphous regions.

o,tog

fa=1- oatoexd(o,tog)D]’

©)

where o, is the direct impact amorphization cross section B. Structure of amorphous Si and Ge

and o is the defect stimulated amorphization cross section. Because the volume changes for different potentials of the
The Hecking model also gives excellent fits for the simulatedsame material showed large variation, we cannot predict the
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density of amorphous materials conclusively. Moreover, thenany more three- and four-membered rings were present
final volume of the irradiated cells was found to depend orthan in moltena-Si. These rings were associated with peaks
the recoil energy distribution. Monoenergetic 100-eV recoilnear 60° and 75° in the bond-angle distributions.

distribution produced a very similar structure as the variable Our simulations predict an increase in coordination num-
energy distribution, whereas monoenergetic 1-keV distribuber and bond length during ion-beam amorphization of Si.
tion produced a slightly denser material. Nevertheless, th@lthough some previous experiments have reported coordi-
coordination numbers and bond lengths were very close fohation numbers above 4, the most recent results indicate that
each distribution and different from the molten ones. Thethis is an artifact due to a too small cutoff in reciprocal
amorphization doses were in a reasonable agreement with tlg@aceﬁjv% and report a first-shell coordination number of
experiments. 3.88 (Ref. 68. No bond-length increase was observed in

The initial direction distribution of recoil atoms had no these experiments. Although the discrepancy between our
effect on the final structure of the irradiated cells. Also thesimulations and experiments might again be a result of our

relaxation method, either three dimensio(@D) or in thez g4 gjmylation times, it does not seem likely that the aver-

g!recuocrj] OHIY’ did gogaffetﬁttrt]he f'Tal strufc;:nrel. HO(;NeVI?r’ aage coordination number would go from a value above 4 to a
Igger dose 1S needed until the volume of IkElaxed CelS 6 pelow 4 even for very long time scales. Hence, it ap-

reaches a stgady state, because it takes Iongt_er for the_ amAtars that the empirical potentials we use do not reproduce
phous material to flow and relax the pressure induced in th

cell by the phase transition. e ex_perime_ntal coordination numbers_ in ion—b(_aam—
Ab initio simulations of the structure af-Si frequently amorphized Si correctly. The reason for this Ls most Ilke!y
find a much larger fraction of defects-(L0%) than what is related to the 'reported. presence of about 1_/0 v'acancyhke
observed experimentally<(1%) 4-% The defects in these defects_ assocflgated with dang_lmg bonds in ion-beam-
simulations take the form of, e.g., threefold and fivefold co-2morphized St Such defects will lower the average coor-
ordinated atoms, as well as three-membered, four-memberegination number. For some reason these defects do not ap-
etc. atom ring§®%® The a-Si structure inab initio simula- Pear to be formed in large numbers in our simulations,
tions was usually created by extremely rapid quenching'€@ding to a higher coordination number. _
typically over~1 ps, due to the limited time scale available  FOr irradiated Ge an ion dose dependent increase in bond
to quantum-mechanical simulations. Since the cooling in coll€ngth is experimentally observélijn agreement with our
lision cascades in semiconductors also occurs over 1-2 ps,[fSults, but the experimental increase is smaller.
is not surprising that the defects observed in #einitio
modeling are similar to those we observe in irradiated Si.
The fact that we observe similar defects asdbeinitio cal- C. Structure of a—GaAs
culations gives us confidence that the defects we observe can The volume of oura-GaAs (4.5% less dense than
be expected to exist at least at low temperatures. Since weGaAs) agrees well with the experimental value of about
observe much less defects in the quenchesi cells, it also 4% (Ref. 69.
seems clear that the predominant reason for the presence of It is not experimentally clear whether wrong bons.,
high defect concentrations in irradiated Si is the very rapicbonds between like atomare present im-GaAs. The frac-
cooling of the amorphous zones produced. tion of wrong bonds has been experimentally measured to be
Custer et al. report that the density of the amorphous between 0% and 12986t has been suggested that wrong
structures they produced by irradiation did not change duringponds could not be present@GaAs because of the energy
annealing;? and that it is about 2% lower than the density of cost associated with thefHowever, irradiated amorphous
the crystalline phase. In our annealing tests, the EDIP poterstructures do contain high-energy defects, which might con-
tial and Tersoff potentials both had a fairly stable volumetain wrong bonds.
(about 2—3 % higher than that of the crystalline phahe- The comparison of the bonding structure with experi-
ing annealing between 600 K and the melting point, and anents is complicated by the presence of the 2.8-A-long
similar volume in the quenched cells. The density for no“metallic” 3 Ga-Ga bonds in our simulations. If such bonds
annealing and low-temperature anneals was different, bugxisted inas large amounts as we see in our simulations,
this is probably because very unstable defects can be preseiniy should have been observed in the experiments of Ridg-
in cells simulated only for short time scales at low temperasway et al®® But if they are present in much smaller numbers,
tures, and these would anneal out on any experimental timghe experimental sensitivity may not be good enough to de-
scale. Thus we can consider the results oftiél and EDIP  tect them. During 400-ps annealing at 900 K, the number of
potential to be in a good agreement with experiments. Th&a-Ga bonds was reduced by 16%, and especially the bonds
fact that both the quenched and ion-beam-amorphized andnger than 2.7 A seem to decrease in numtgg. 11).
annealedi-Si that we observe with these potentials still con- Therefore, the majority of these bonds are probably elimi-
tain coordination defects strongly supports the suggestion bgiated on experimentally accessible time scales, leaving open
Custeret al'® thata-Si cannot only contain tetrahedrally co- the possibility that some are present in real GaAs as well.
ordinated atoms. If only bonds shorter than 2.7 A are counted, the fraction
High-energy defects, not appearing in quenched amoref wrong bonds we observe before annealing is 14%, which
phous material, were present in irradiated cells for all thes close to the range of values 0-12% observed in the
potential models and materials tested. In irradiaee@i  experiment§®7°

165329-11



J. NORD, K. NORDLUND, AND J. KEINONEN PHYSICAL REVIEW B55 165329

The coordination numbefagain with 2.7 A cutoff of  and comparison with experiment allowed us to deduce which
3.45 we obtained for irradiated-GaAs is smaller than the features observed in the simulations can be considered reli-
experimental value of 3.85 measured by extended x-rayable.
absorption fine structuréEXAFS).%%12 An increase in the We showed that very low-energy recoils-8—15 eV)
nearest-neighbor distance was observed in the EXAFS meaan lead to a significant athermal dynamic recrystallization
surements, from 2.445 A in the crystal to 2.452 A in thecomponent during ion irradiation.
amorphous phase. We observe the same effect in our simu- From the development of volume and potential energy
lations (2.45 A in the crystal vs 2.51 A in the amorphous during ion irradiation we deduced that the volume of the
zone, but the experimental increase was much smaller.  material is not a good measure of whether the material is

Since both deviationéfraction of wrong bonds and coor- fully amorphized.
dination number from the values of perfect-GaAs are The amorphization doses, bond lengths, and average co-
smaller in experiments, our simulataeGaAs cell has more ordination numbers were in most cases found to behave at
defects than the samples measured by Ridgetasl®® This  least qualitatively similarly as in experiments. The main ex-
difference may, again, be related to annealing effects. In theeption is the coordination number afSi, for which the
experiments the sample was not kept at low temperaturesxperimentally observed value of less tha(R&f. 68 is not
before analysis. It is known that structural changes can occueproduced by any of the models used.
in GaAs even at room temperatufe’® so it is likely that In the amorphous zones produced during irradiation, co-
some of the defects in our simulated cells would vanish durerdination defects were very common. We also observed a
ing experimentally accessible time scales. During our highlarge fraction of topological defects, such as three-
temperature annealing tests the Ga-As bonds were shortenatembered, four- membered, etc. atom rings in the amor-
from 2.51 A to 2.48 A. phous network. In particular, in irradiategSi, triangles

To summarize our discussion of the structureagBaAs, with all angles close to 60° are very common. During an-
we have found that our simulations reproduce at least qualirealing most, but not all, of these defects were removed. We
tatively correctly several experimentally observed featurepropose that these defects are those suggested to be present
(density change, coordination number less than 4, averaga ion-beam-amorphized Si by Custetal*®
bond length, presence of wrong bonds in some samplés Our results also suggest that weak Ga-Ga bonds whose
fact that we observe weak “metallic’ Ga-Ga bonds aroundlengths are near 2.8 A are present in irradisdeGaAs.
2.8-2.9 A leads us to propose that such bonds exist in irra-

diateda-GaAs at least at low temperatures.
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