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A comparative molecular dynamics simulation study of collision cascades in two elemental semiconductors
and five fcc metals is performed to elucidate how different material characteristics affect primary defect
production during ion irradiation. By using simulations of full 400 eV-10 keV collision cascades and contrast-
ing the results on different materials with each other, we probe the effect of the mass, melting temperature,
material strength, and crystal structure on the modification of the material due to the cascade. The results show
that the crystal structure has a strong effect on many aspects of damage production, while other material
characteristics are of lesser overall importance. In all materials studied, isolated point defects produced by the
cascade are predominantly interstitials. In semiconductors, amorphous clusters are produced in the cascade
core, whereas in metals most of the crystal regenerates, leaving only small vacancy-rich clusters. Large
interstitial clusters found in a few events in the heavy metals were observed to form by the isolation of a
high-density liquid zone during the recrystallization phase of a cas¢860¢63-18208)01813-X]

I. INTRODUCTION phase, and even the fast defect migration processes occurring
in the immediate vicinity of the heat spfk&on time scales

The nature of damage produced in solids during ion irra-of the order of a few nanoseconds. Kinetic Monte Carlo stud-
diation is a long-standing problem of considerable practicales, moreover, have been used to study the damage evolution
interest. While the overall picture of the time evolution of after the heat spike over time scales of the order of thousands
collision cascades is now becoming cléanany important of second$® Although a fairly coherent picture of the over-
details are understood in only very imprecise terms. Untilall nature of the final damage in the cascades is emerging at
these details are clarified, the goal of predicting the evolutiofeast in some materiald; ®the reasons why semiconductors
of damage in materials used in such technologies as ion imRnd metals appear to behave quite differently are still not
plantation, beam-assisted deposition, and nuclear power geHnderstood.
eration will remain largely unrealized. The first step in attempting to understand the mechanisms

One of the reasons why cascade dynamics is not very wefif damage production is to study damage production at low
understood is the near impossibility to experimentally study(T=100 K) temperatures, where damage migration and an-
the very rapid processes occurring inside materials duringealing processes do not complicate the picture. This regime
ion irradiation. Analyzing femtosecond-scale lifetimes of ex-is ideally suited for study by molecular dynamics simula-
cited nuclei does provide a means to probe the initial develtions. Many such simulations have now been performed on
opment of a cascadebut the method is not sensitive to the metals, although primarily in @ transition metals and or-
thermal spike phase of the cascade and hence useful primdered alloys*~*° Simulations of high-energy cascades in
rily for making comparisons between different repulsive semiconductors have been performed mostly 4.2
potentials> Experimental studies of sputterifigsurface These studies, moreover, have been concerned mostly with
damage, mixing,® and final damage structurésn the other  defect production and have neglected other quantities such as
hand, primarily probe the end result of the cascade. ion beam mixing. As a consequence systematic investiga-

Different computer simulation methods have been widelytions of cascades in metals and semiconductors are still
employed to bridge the gap between the known experimentaleeded to answer why each material responds to particle ra-
initial irradiation conditions, such as the beam energy andliation as it does.
sample structure, and the measurable end results. Determin- In the present paper we perform a comparative study of
istic molecular dynamic$MD) simulation methods provide seven different materials to examine the damage production
a good way to study the initial development of the cascademechanisms in a relatively wide range of materials and recoil
including the ballistic collision phase, the thermal spikeenergies. Included in the study are the semiconductors Si and

0163-1829/98/5(.3)/755615)/$15.00 57 7556 © 1998 The American Physical Society



57 DEFECT PRODUCTION IN COLLISION CASCADES IN ... 7557

TABLE I. Some properties of the materials treated in the present siidly the atomic numbemn the
mass,p, the atomic densityT e the melting temperature, ariél the bulk modulusV,/V 4 is the volume
of the largest possible atom sphere not overlapping other atoms, divided by the volume per atom in the
lattice, V= 1/p4, and is thus a measure of how close packed the lattice is. The valugégdpandB are
those calculated by the interatomic potentials, both of which were determined by MD simulations as part of
the present study.

Element z m Pat Vat!Viat Tmett B
(amu (atoms/A) (K) (GP3
S 14 28.1 0.050 0.34 1700 101
Si 14 28.1 0.050 0.34 2400 98
Ge 32 72.6 0.044 0.34 2900 80
Ge 32 72.6 0.044 0.34 1230 66
Al 13 27.0 0.060 0.74 940 81
Ni 28 58.7 0.092 0.74 1700 180
cu 29 63.5 0.085 0.74 1290 138
CW 29 63.5 0.085 0.74 1280 142
pd 78 195.1 0.066 0.74 1530 283
pf 78 195.1 0.066 0.74 2130 283
Au 79 197.0 0.059 0.74 1110 167

aStillinger-Weber potentia{Ref. 33.
bTersoff potential(Ref. 36.

°Ge potential withT o, correction(see text
dUnmodified Foiles potentigiRef. 29.
€Sabochick-Lam potentidRef. 30.

Pt potential withT e, correction(see text

Ge and the fcc metals Al, Ni, Cu, Pt, and Au. Although The temperature of the cell was initialized © K and

cascades in SiRefs. 13 and 2iland Cu(Refs. 22 and 28 scaled softly down towards zero at the outermost three
have been studied carefully previously, we include them iratomic layers during the cascade event. The scaling was fine-
the present study so that we can compare the different mat@aned to prevent reflection and transmission of the pressure
rials under the same conditions of energy and target tempergrave emanating from the cascade. Although using a ambient
ture, and ensure that the quantities we use for the comparisqmperature ©0 K is of courseper seunrealistic, earlier

are evaluated the same way in all materials. Furthermoreyjmyation studies have shown that except possibly for the
two different interatomic potentials were us_ed to _study thes‘f’ength of replacement collision sequen¢BES’S in metals,

two elements, and also Ge and Pt, to obtain a picture of th§amage production at temperatures below 100 K does not
reliability of the models used. significantly depend on the temperature. On the other hand,

Since Al and Si have nearly the same mass, and differ b)Clsing a cell temperaturef @ K simplifies the task of distin-

i . i :
only 20/".'” atomic d'ensm(see Table), comparison of (%uishing which damage production effects are directly
cascades in them elucidates the effects of crystal structure : ; .

aused by the cascade itself. Since we are in the present

damage production. Comparison of the results in these Iigh(f . : ;
elements to those in the heavier elements probes the effect SK‘Udy interested in the fundamental mechanisms of damage

the atom mass on the outcome of the cascades, and contraRfeduction rather than any specific practical application, the
ing results in the relatively soft materialwith low melting ~ choiceé 6 0 K as theambient temperature seemed appropri-

points Cu and Au to the harder materials Ni and Pt probeste: . _ . .
the effect of the material hardness and melting point on the A Vvariable time steg; linkcell methodi® and two-
results. dimensional spatial decomposition of the simulation cell for

This paper is organized as follows. In the next section wenessage-passing parallel computers were employed to speed
present our simulation methods and the interatomic poterdp the simulations.
tials used. In Sec. lll we discuss damage production in semi- The forces acting between the atoms were described with
conductors and in Sec. IV we present the metal results ansemiempirical many-body potentials. The melting points and
compare the metals to the semiconductors. bulk moduli of all the potentials are given in Table I. The
melting points were determined in the present study by simu-
lating a liquid-solid interface at different temperatures until
an equilibrium temperature was foufftl.

Classical molecular dynamics simulations were used to For the metals we employed embedded-atom method
simulate collision cascades. Periodic boundary condition$EAM) potentials, which have been found to describe
were applied to the fixed-size simulation cells, which con-a broad spectrum of atomistic-level properties relatively
tained 25—40 atoms for every electron volt of recoil energywell, and are well motivated theoreticafly. For Al we
of the initial recoil. used the potential by Ercolessi and Ad&frend for Ni, Cu,

II. SIMULATION PRINCIPLES



7558 K. NORDLUND et al. 57

Pt, and Au the original EAM potentials formulated by threshold displacement energy of the modified potential was
Foiles?® For Cu we also used the potential by Sabochick andeduced from 25 eV to 13 eV, which is in good agreement
Lam3* with the experimental value of 15 e¥.Also, we found re-
The original Pt EAM potential underestimates the meltingcently that mixing results obtained with the modified poten-
point by more than 500 K. Therefore, we also used a moditial are close to experimental valu®swhence we will use
fied Pt potential which was constructed to reproduce the exthe results of the modified potential as our primary Ge re-
perimental melting point and threshold displacement energgults. As a measure of the sensitivity of damage results to the
to an accuracy of a few percefthe unmodified potential had potential, we simulated 400 eV-5 keV cascades with both
a somewhat too low minimum threshold displacement enGe potentials.
ergy). The modification was done by strengthening the po- All of the many-body potentials were smoothly joined to
tential for separations smaller than the nearest-neighbor dig repulsive potential that describes well the energetic short-
tance, which ensured that the close-to-equilibrium propertiesange interactions; for Si and Ge we used potentials obtained
modeled well by the unmodified potential were not affectedfrom ab initio calculations'® and for the metals the Ziegler-
by the modification. We also checked that the interstitial for-Bjersack-Littmark (ZBL) interatomic potential! Even
mation energy and volume were still reasonable after thghough the ZBL potential is not particularly accur&len
modification. metals most end results of the cascade are a result of the
A large number of interatomic potentials have been protehavior of the liquid zone, which is not affected by the
posed for describing tetrahedral semiconductors. None afhoice of the repulsive potential. Also, studies of low-energy
them, however, appears to have the wide range of apprascades in Si have shown that defect production even in
licability of the EAM potentials* The wide use of ion im-  semiconductors is not sensitive to small errors in the repul-
plantation methods in the semiconductor industry, hOWeVersive potentiaﬁz The joining of the repu'sive potential gov-
adds importance to knowing the nature of the damage proerning high-energy collisions to the low-energy part was
duced in Si. In previous molecular dynamics simulationcajibrated so that the joined potential reproduced experimen-
studies®?**2 most authors have employed the well-tested;y, displacement energi€s well. With the exception of the
Stillinger-Weber interatomic potential to describe®3This unmodified Pt and Ge potentials discussed above and the
potential is well suited for describing irradiation studies gapochick-Lam potential discussed in Sec. IV C 2, the joined
primarily because it describes both liquid and solid pro-patentials reproduced the experimental threshold displace-
perties falr!y well, and does give the correct ordering of pointyent energies well, with errors of 0—20 %. The Ni, Cu, and
defects with respect to their formation e'nerg%sUn.- Pt potentials were also compared with experimental high-
less otherwise mentioned, the Si results discussed in thﬁressure equations of stdfe>The potentials were found to
study derive from the Stillinger-Weber potential. It has beenyg i, good agreement with the experimental data in the pres-
argued that this potential penalizes bonding types other thagyre regime below 100 GPa relevant in collision cascates.
the ideal tetrahedral bonding too stron@?yhoweve_r. This The collision cascades were initiated by giving one of the
might lead to an unrealistically strong regeneration of theyioms in the lattice a recoil energy of 400 eV—10 keV. The
distorted liquid and amorphous zones resulting from a caspjtia| velocity direction of the recoil atom was chosen ran-
cade. The Tersoff interatomic potent?_élon the other hand, 4omly. To obtain representative statistics, 5—14 events were
describes most Si bonding types quite well, and has manyimjated for each energy and material. The evolution of
other attractive features,even though it does not give the oach cascade was followed for 20—30 ps.
right ordering of point defect energies. Since the formula-  Thg glectronic stopping power was included in the runs as
tions and properties of the Tersoff a_nd Stillinger-Weber po-3 nonlocal frictional force affecting all atoms with a kinetic
tentials are quite different, comparing cascade results Otbnergy higher than 10 eV. For Si we used an experimental

tained by each potential offers a way to estimate to whakiqnning powe and for the other elements SRIM96 stop-
extent the simulation results in Si may be artifacts of theping powerg':47We did not include a model of the electron-

classical potentials. To this end, we performed a s'ystematiﬁhonon coupling for the metals. It is unclear how it should
study of 400 eV-5 keV cascades with both potentials.  pe treated. Conventionally it is believed to affect damage
For Ge we used the Stillinger-Weber-type potential frompqqyction in Ni and Pt, but to be relatively unimportant in
Ref. 37. We found, however, that this potential gave a meltcy, and Aut“8 Our recent comparison of ion beam mixing
ing point of 2900 K, which is more than twice the experi- gimylations and experiments suggests that the coupling may
mental value of 1211 K. The Stillinger-Weber potential for i, fact be significantly less important than has been
Si uses a slightly reduced cohesive energy to reproduce ﬂb‘%ggested? The coupling was excluded both because of the
experimental melting poirit. Since previous simulations on large uncertainties about how it should be treated, and be-
metals suggest that a realistic melting point is important for.5se its inclusion would have obscured our attempt to de-

cascade calculations, we modified the cohesive energy of th§ce the effect of basic materials characteristics on damage
Ge potential to reproduce the experimental melting point. production.

Using the potential parameteks=21 (as in Ref. 33 and The mixing parameter was calculated in the simulations
an 18%-reduced cohesive energy 1.58 eV, we obtained using the expression
1230+ 50 K for the melting point of the modified potential.
The bulk modulus was also reduced by 18% due to this
modification, which we think is acceptable considering that [r () —r,(t=0)]2
other semiconductor potentials have comparable errors in = ,
their values for the elastic moddf.It is encouraging that the 6n0EDn

€y



57 DEFECT PRODUCTION IN COLLISION CASCADES IN ... 7559

whereny is the atomic density anflp _ the deposited nuclear tions, as the available experimental methods give little direct
energy.Ep_was obtained from the difference of the initial @hd unambiguous information about small-scale defects in

recoil energy and the total energy lost to electronic slowing>- Classical MD methods have recently given a consistent
down. overall picture of damage production in cascades.

During the simulations, an atom was labeled “liquid” or  The primary findings of these past studies can be summa-
“hot” |f the the average kinetic energy Of |t and |ts nearest r|Zed as fO"OWS. Replacement C0“|S|On Sequences, Wh|Ch are
neighbors was above an energy corresponding to the meltinguite important in metals, have been shown to be very short
point of the material through the usual relation between temin Si due to the lack of close-packed directions in the dia-
perature and kinetic energf = kT. This designation is mond crystal structurg® Collision cascades at an energy of 5
useful for illustrating which part of a simulation cell has keV have been shown to be completely broken down into
been affected by a cascade. In a previous study we founsubcascadé$ in the form of small, isolated liquidlike
that the kinetic energy criterion provided a good approximapockets’ When these zones cool down, they form amor-
tion to a more sophisticated structure factor method. phouslike damage pockets. At high temperatures these pock-

Examination of the cascades shows that the number adts anneal out rapid? but at room temperature and below
energetic atoms in all materials has a very strong peak duringt least the largest amorphous pockets are stable, and have
the first 0.1-0.5 ps. Since this is a direct result of the therbeen observed experimenta?ﬁ/_ Defects outside the
malization of the ballistic recoils formed initially, these “lig- damage zones tend to be predominantly interstitfalshe
uid” atoms do not correspond to the classical concept of grevious MD cascade studies have used either the T&Soff
liquid in any meaningful way. After this transient phase, or the Stillinger-Weber interatomic potentfdl?5*%put no
however, one or a few continuous regions of hot atoms mayy, gy has done a one-to-one comparison of cascade results
form and exist for 5-20 ps. Although the quench rate of suchyiained with the two potentials even though there are indi-

liquid pockets” is enormous, these regions have beencing that damage production in Si cascades can vary

found to correspond to a classical liquid in the sense Fh trongly even with small differences in the interatomic
atoms move around each other freely and the pair d'smbu'otential“z

tion function resembles that of a liquid in equilibritfh® The present study complements the previous work in sili-

Since it is known that local equilibration requires only 3 n by studvin ir. des in a wide enerav ran nd
collisions of hard spheres, we call the energetic atoms whicf{O" Dy studying sell-cascades in a wide energy range a
comparing two different interatomic potentials directly.

have experienced less than than 3-5 lattice vibrations “hot’ """ o . .
and the others “liquid.” While some of the qualitative results obtained with the

Interstitials and vacancies were recognized in the simulaStillinger-Weber potential will be similar to those found in
tions using a Wigner-Seitz cell analysis of the atom positiond’révious studies, these results provide a basis for the com-
with respect to the lattice defined by undisturbed simulatiorParison with the Si Tersoff potential results and with the Al
cell regions>? A lattice site with an empty Wigner-Seitz cell and Ge results.
was labeled a vacancy and a cell with multiple atoms an
interstitial. The applicability of this method to semiconduc- 1. Damage analysis methods in Si

tors is discussed in Sec. A 1. o The damage produced by high-energy cascades in co-
_ The relationship between the ion range and the distribuygjenty honded materials tends to be of a complex nature.
tion of final damage was examined by calculating the mean e nce’even the question of how one should analyze the final
chord range of recoils starting from a lattice site using theyamage state has no obvious answer. Various authors have
MDRANGE method* _ _ o employed different criteria for recognizing defects: potential
The results_ from th_e _s_lmulatlons are summa_mzed in Tab'%nergy?7 analysis of atomic bonding small Lindemann
[I. The table lists the initial energk; the deposlted n_u_clear spheres centered on lattice si'ﬁ%spheres with the size of
energyEp ; the average number number of interstitials re-poif 5 nearest-neighbor distariéeand Wigner-Seitz cell®
maining after the cascadi,; the mixingQ; the number of  To clarify how damage results obtained by different means
atoms displaced by more than half the nearest-neighbor diselate to one another, we first recall and compare them here.
tance,Ngispi; the maximum number of hot atomBq; max In the remainder of this discussion, the Si results are prima-
the root-mean-squaréms) distance(dR;,) of interstitials  rily presented in terms of Wigner-Seitz cell deféét® make
away from the interstitial center of mass; and the mean chorchem easily comparable to results in metals.
range R of primary recoils (since R is calculated using The perhaps simplest way of recognizing damaged re-
MDRANGE it is independent of the choice of the potential gions at low temperatures is to label all atoms with a poten-
The number of defectsV;.,, given is the number of Wigner- tial energy significantly(typically, 0.2 e\j higher than the
Seitz interstitial sites. All the values given in the table areequilibrium value disordered. This is a convenient way of
averages over several events. The uncertainties in the tabledicating which parts of a simulation cell contain damage
are the errors of the averagg= o/+/N; since the number of and studying large defects like dislocatioigut it does not
events simulated was in most cases 6—8, the standard devi@ve a detailed picture of the defect structures on an atomic

tion o of the results is roughly 3 times the error. level. . .
Three commonly used geometric methods of recognizing
Ill. SEMICONDUCTORS defects consist of using Lindemann spheres, nearest-

neighbor spheres, or Wigner-Seitz cells. In these methods,

the atom positions in a simulation cell are analyzed with
The understanding of the initial states of damage pro+espect to a geometric structure centered on ideal lattice sites

duced by irradiation of Si relies mainly on computer simula-defined by the undisturbed lattice surrounding the damaged

A. Silicon
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TABLE II. Average values and standard deviations for the results of the cascades. Each figure is an average over at least four different
events. The notation is explained in the text.

Element E EDn Nint Q Ndispl Nhot,max <dRint> E
(keV) (keV) (A%/ev) A) A)
S 0.4 0.35 4.1+ 0.5 6.0+ 0.5 27+ 2 132+ 3 11.6+ 0.3 21+ 1
2.0 1.6 17+ 1 10+ 1 120+ 4 710= 30 23.8+ 0.8 56+ 2
5.0 3.8 43+ 1 13+ 1 340+ 10 1350= 30 41+ 1 102+ 4
10.0 7.5 97t 5 16+ 1 700 = 50 3100+ 100 56+ 2 190+ 10
Si 0.4 0.35 8.3 0.2 59+ 0.2 25+ 1 - 12.7+ 0.2 21+ 1
2.0 1.6 39+ 2 11+ 1 128+ 4 - 244+ 0.6 56+ 2
5.0 3.9 84+ 2 11+ 1 300+ 10 - 36+ 1 102+ 4
Ge 0.4 0.34 4.6- 0.3 9.7+ 0.3 46+ 2 300+ 100 13.6*= 0.6 13+ 1
2.0 1.6 47+ 2 16 £ 0.5 330+ 10 1200+ 100 18.5*+ 0.5 34+ 1
5.0 3.8 141+ 5 26+ 1 1100 30 2600= 100 25.0£ 0.5 56+ 2
10.0 7.6 340+ 30 30+ 3 2300+ 200 5500+ 500 351 85+ 4
Ge 0.4 0.35 24+ 0.1 51+ 04 17+ 1 150+ 5 55+ 0.6 13+ 1
2.0 1.6 12+ 1 7.8x 0.3 88+ 4 600+ 100 25+ 1 34+ 2
5.0 3.9 27+ 1 104+ 0.4 210+ 10 1200+ 200 38+ 1 56+ 2
Al 0.4 0.35 2.0+ 0.2 41+ 0.2 80+ 5 200= 20 85+ 0.9 15+ 1
2.0 1.6 13+ 1 9+ 1 230+ 20 1450+ 60 25+ 2 50+ 2
10.0 7.7 48+ 3 10+ 1 900+ 100 6000+ 1000 62+ 2 190+ 10
Ni 0.4 0.34 2.0+ 0.1 11+ 0.1 20+ 1 60+ 3 9+ 1 61
2.0 1.6 48+ 0.4 21+ 0.1 170+ 7 830+ 30 18+ 1 14+ 1
10.0 7.8 16+ 1 4.3+ 0.2 1400+ 40 5000+ 200 35+ 2 43+ 2
cu 0.4 0.35 1.8+ 0.2 20+ 0.1 28+ 2 86+ 4 7.3+ 05 6+ 1
2.0 1.6 6.4+ 0.4 4.7+ 0.2 370+ 10 1250= 40 18.4*= 0.7 15+ 1
10.0 7.9 15+ 2 13+ 1 3000+ 10 7000+ 400 35+ 2 47+ 2
CUf 0.4 0.34 1.8+ 0.2 1.2+ 0.1 22+ 2 170+ 10 4.1+ 0.8 6+ 1
2.0 1.6 6.0+ 0.5 3.2+ 0.2 220+ 10 1300+ 50 18.7+ 0.5 15+ 1
10.0 8.0 16= 2 95+ 05 2600+ 50 7100= 400 33+ 2 47+ 2
Pt 0.4 0.33 1.3+ 0.1 1.3+ 0.1 17+ 1 91+ 4 1+1 5+1
2.0 1.6 3.1+ 0.3 23+ 0.1 122+ 3 670+ 20 17+ 2 11+ 1
10.0 7.6 71 6.1+ 0.2 1050+ 30 4300+ 100 41+ 1 32+ 2
=T} 0.4 0.32 1.9+ 0.1 3.6+ 0.2 39+ 3 77+ 5 10+ 1 5+ 1
2.0 15 4.6 0.2 7.0= 03 300=* 10 830+ 30 23+ 1 11+ 1
10.0 7.3 9* 2 22+ 1 2330+ 20 6000x 200 31+ 1 32+ 2
Au 0.4 0.32 1.3+ 0.1 43+ 0.1 42+ 1 170+ 10 5+ 1 5+ 1
2.0 1.5 3.7+ 0.2 12.6*= 0.6 400= 10 1250+ 70 19+ 2 12+ 1
10.0 7.0 15+ 3 60+ 2 3350= 50 6700+ 200 31+ 3 32+ 2

astillinger-Weber potentia{Ref. 33.

®Tersoff potentialRef. 36.

‘Unmodified Ge potential with a too high melting poiisee texk
9Foiles potentialRef. 29.

€Sabochick-Lam potentigRef. 30.

funmodified Pt potential with a too low melting poifgee text

regions. If the geometric structure contains no atoms, th@earest-neighbor distanceyy, or a Wigner-Seitz-cell—
lattice position is labeled a vacancy. The structure can b&oronoy polyhedrof? centered on a lattice site. The motiva-
either a sphere with the Lindemann radiys (0.45 A for  tion behind using the Lindemann sphere criterion, and how
Stillinger-Weber S, a sphere with a radius equal to half the to recognize disordered atom regions using it, has been dis-
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TABLE lll. Number of defects in a few individual 5 keV cascades and an amorphous damage sphere in
Si analyzed with different method¥,,s indicates the number of vacancies obtained using a Wigner-Seitz-
cell-Voronoy-polyhedron analysi¥,, vacancies recognized using Lindemann spheres Vapdvacancies
obtained using nearest-neighbor sphelgsgives the number of atoms with a potential energy at least 0.2 eV
above the equilibrium value.

Damage label Vws Vi VN Np

5kev12 35 283 104 404
5kev13 44 355 116 367
5kevi14 54 433 139 546
5kev15 50 386 121 497
Amorph. 30 219 99 200

cussed recently by Hensel and Urbas$€khe Wigner-Seitz ~ Stillinger-Weber potential, with the exception of the final
cell analysis has the advantage that it is space filling, andumber of defects. Since heat spikes are very short-lived in
does not involve an arbitrary cutoff size. silicon, quantities like ion beam mixing and number of dis-
The difference in the amount of damage obtained usinglaced atoms will be mostly affected by the crystal structure
the different criteria described above was found by analyzingnd the repulsive part of the potential. These are the same for
a few (Stillinger-Weber potential5 keV events using all both potentials, and so it is not surprising that the results are
methods. In addition, the methods were also used to analyzbout the same. The final number of defects, on the other
the defect state of an amorphous pocket of radiag @n-  hand, is about a factor of 2 larger for the Tersoff potential.
bedded in an undamaged Si crystal. The results shown iifthe time evolution of the number of Wigner-Seitz defects
Table Il give the number of vacancies obtained with thefor one representative event simulated with each potential is
geometric criteria and the number of disturbed atoms evaludlustrated in Fig. 1. The initial development of the number
ated with the potential energy criterion. of defects is similar for both potentials. This is to be ex-
The results in the table show that for damage from keVpected, since both potentials have the same repulsive part,
cascades in Si, the amount of damage obtained with differenwhich determines the outcome of the ballistic part of the
criteria varies greatly, which is not surprising consideringsimulation. As the cascades cool down and the relevance of
their strongly differing definitions. But the values for any the repulsive part of the potentials lessens, the differences in

given event have roughly the same ratios in all cases, the two potentials come more into play.
The Tersoff potential simulation reaches a stable defect
V| ~8Vys, value in about 1 ps, whereas the defect value obtained with
the Stillinger-Weber potential continues to decrease for a few
Van=~(2.5-3.0Vys, (2 picoseconds after the initiation of the cascade. Because the
Tersoff potential gives relatively low energies for under- and
Np~(8—-1D)Vys, overcoordinated bonding configuratioitdt allows the com-

o . plex damage formed in the ballistic phase of the cascade to
which indicates that the methods can be expected t0 giVfeeze in with very little regeneration of the lattice, resulting
fairly consistent trends. The last relation gives the useful rulg, 4 larger amount of final damage in the lattice. The
of thumb for Si that the total number of disordered atoms isstjjjinger-Weber potential, on the other hand, is fitted only to
roughly 10 times the number of Wigner-Seitz vacancies Ofne tetrahedral configuration and penalizes nontetrahedral

interstitials. It is interesting to note that these same relationgonging types. Therefore, this potential favors regeneration
are fairly well obeyed by the artificial amorphous sphere as

well. Note, however, that in the amorphous zone the vacancy T ] — Stillinger-Weber pot
concentration is over 100% using the Lindemann sphere cri- 2 keV Si—Si o Tersoft pot. pot
terion, indicating that it can be quite misleading for large-
scale damage. In fact this brief study illustrates that none of
these definitions is truly satisfactory in describing the defect
state of an amorphous pockets primarily because defects in
amorphous pockets are not amenable to these descriptions.
But the Wigner-Seitz method applied on amorphous zones
does have the advantage that it immediately tells whether the
pocket has an excess or deficiency of atoms compared to an
undisturbed lattice. The nature of this damage will be exam-
ined more closely in Sec. Il A 3 below. ]

Number of defects

0 500 1000 1500 2000
2. Difference between Tersoff and Stillinger-Weber Si Time (ps)
The values in Table Il show that the results in silicon FIG. 1. Number of defects as a function of time in two repre-

modeled by the Tersoff potential are almost the same withientative 2 keV cascades simulated using the Tersoff and Stillinger-
the uncertainties as those in silicon modeled by theweber interatomic potentials.
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of damage into an ideal diamond lattice structure, explaining
why the damage level decreases further than for the Tersof]
potential. The lower melting point of the Stillinger-Weber
potential, moreover, allows more time for regeneration be-
fore the defect structure freezes in. The difference in the|
amount of damage is significant, about a factor of 2.

Analysis of the distribution of defects in clustetssing
ther, analysis described belgvghowed that the number of
isolated point defects is about the same for the two poten
tials. This is a consequence of most isolated defects bein
formed by energetic recoils, whose behavior is dominated by,
the pair potential. But the number of defects in clusters is
clearly larger for the Tersoff than the Stillinger-Weber po-
tential. The larger number of defects of the Tersoff potential
is thus located in damage clusters, as expected from the al
gument above.

The potential comparison indicates that classical poten-
tials give a fairly reliable picture of the production of iso-
lated point defects. Since experimental data on damage prg
duction in silicon are difficult to translate into the actual
number of defects or their structufeee, e.g., Ref. §2there FIG. 2. Liquid atoms in 10 keV cascades in silicapper lef},
is presently no means to determine which of the two potengermanium(upper righ, aluminum (lower left), and gold(lower
tials gives a more realistic picture of the the amorphous damfght) (Ref. 61. The snapshots were chosen at times when the num-
age pockets. In the near future, it may be possible to calcuper of atoms in large continuous liquid regions was at a maximum.
late low-energy cascades with physically more realistic tight-The atom size illustrates the kinetic energy of each atom, with the

binding MD method®3to clarify the situation. hottest atoms being larger. The bounding boxes show the total size
of the simulation cells, which have been rotated to provide a clear
3. Final state of damage view of the nature of the damage. In the gold cascade shown here,

. . two replacement collision sequences emanate out from the center of
As expected from previous studlgsl;he 10 keV cascades the cascade, producing a trail of hot atoms in their wake.

in Si are clearly broken up into spatially separated subcas-
cadeg(see Fig. 2. Animations of 400 eV and 2 eV cascades and may migrate away from each otfiéP* suggesting

showed that the former were not broken down into subca . .
) L th h houl f . Th
cades, while the latter were, indicating that the threshold f:th:iésegaoi%g Realnizpr;?tﬁgpgf Iifﬁi??;?tfabdeelisgt?wo 'S

subcascade formation in S.' is only abqut 1 keV.. Figure 3defects part of the same cluster. Unless otherwise mentioned,
shows, moreover, that the final damage is located in the sam

cell regions that were hot during the development of thev'(:ie thus use,=1.588,~8.1 A in our analysis below. Analy-
cascade, but clearly the damage volume is smaller than in
Fig. 2. It is also apparent that some of the hot atoms in the
figure are still on lattice sites. Additionally some damage
annealing does occur during the cascade for the Stillinger
Weber potential. As noted above, a similar recombination is
largely absent in the Tersoff potential simulations. Many of
the interstitials in Fig. Jindicated by circlesappear to be
located outside the center of the amorphous zones.
Table Il shows that the number of final defedtk,;, and

the number of displaced atombly,, in the cascades in
silicon increases linearly with the deposited nuclear energy
Ep, which can be expected since the cascades are in th

subcascade regime.

We made a detailed analysis of the nature of the final
damage produced by the Si, Ge, and Al cascades. Al
(Wigner-Seitz defects which were within a certain radiug
of any other defect were interpreted to be adjacent. All de-
fects within the same network of adjacent defects were inter-
preted to form one cluster. The results of this analysis are
somewhat arbitrary, as they will depend on the choice,of
But a reasonable choice of the value fgrin Si is between FIG. 3. Final defects created in 10 keV cascades in Si, Ge, Al,
ap and 2ap. Values less tham, could lead to amorphous and Au. The cascades shown and the rotation of the cells are the
zones not being recognized as continuous. Recent diffusg&ame as in Fig. 2. Squares show the locations of vacancies and
scattering experimental results, on the other hand, indicateircles interstitials. The amorphous zones in Si and Ge appear as
that Frenkel pairs in Si separated by roughly 1 nm are stablegglomerations of vacancies and interstitial in the figures.

Ge

Au
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TABLE IV. Fraction of isolated and clustered Wigner-Seitz defects in Si and Ge cascades. Note that the
results depend somewhat on the choice of the valug, dee discussion in textN is the total number of
defects in each casgs? gives the fraction of isolated defecS},s"' the fraction of isolated interstitials, and
F's the fraction of isolated vacancies compared to the total number of defétfsF &S, andF ¢S give the
fraction of defects, interstitials, and vacancies, respectively, in clusters with at least 6 defects. All fractions
are given as percents of the total number of defects; since clusters with a size of 2—5 defects are not included,
the total does not equal 100%. The error bars are the statistical error of the average.

Energy Nd ] Fisol Fisol Fisol Fclus Fplus Fclus
e I v | v

(keV) (%) (%) (%) (%) (%) (%)

Si0.4 a1 27+ 3 19+1 8+2 42+6 15+ 2 27t 4
2 35+2 21+1 15+1 6.0-0.4 49+3 19+2 302
5 90+ 3 191 14+1 4.80.3 64t 4 28+2 362
52 169+4 11+1 101 0.8£0.1 81+2 351 46+ 1
10 196t 5 131 11+1 2.7£0.2 68+ 2 321 361
Ge 04 11 23+4 21+3 2+1 42+12 23+7 216
2 103+3 6.4+0.5 5.6£0.4 0.8£0.2 91+3 43+2 48+ 2
5 286+11 2.5£0.2 2.4+0.2 0.1+0.1 95+4 46+ 2 49+ 2
5P 54+1 24+2 19+1 5.5+0.8 42+ 4 14+2 28+3
10 68746 1.9+0.2 1.6-0.2 0.3:0.1 96+ 7 47+ 3 49+ 3

aTersoff potentialRef. 36.
bUnmodified Ge potentialsee text

ses using . values ofa, and 23, gave the same qualitative located far from both vacancies and other interstitials, the
conclusions. recoils producing the interstitial must have been produced by
Table IV gives results for the distribution of defects into previous recoils displacing atoms from perfect lattice sites
point defects and large clusters, and also values for hovnd remaining there. Thus, the mechanism has some similar-
interstitials and vacancies are distributed among both group#y to the well-known replacement collision sequences along
The table shows that tHeaction of point defects decreases, (110 atom rows in fcc metals, even though it does not occur
and the fraction of large clusters increases with increasinglong a single well-defined lattice direction.
cascade energy, in good agreement with the B and As cas- Since most of the isolated point defects are interstitials, it
cade results of Caturlat al}® We also see that the relative is clear that damage clusters will be deficient of atoms, vis-
amount of damage in clusters is about the same in the 5 keible as an excess of vacancies in the Wigner-Seitz analysis.
and 10 keV cascades, a consequence of subcascade forn@pe 10 keV event, for instance, produces about 7 large dam-
tion at these energies. age clusters on averaddefined here as clusters having at
It is interesting to note that most of the isolated pointleast 6 defeciswhich jointly contain about 60 interstitials
defects are interstitials, both for the Tersoff and Stillinger-and 70 vacancies; i.e., they are deficient of 10 atoms. The
Weber interatomic potentials. These interstitials, which comsame clusters can be expected to have roughly 600 disor-
prise 10—15 % of all defects, can either be formed by redered atomgcf. Table Ill), and so the “lack of atoms™ is
placement collision sequences or by low-energy recoils. We@bout 1.7% of the total number of atoms. This lack of atoms
have recently shown that due to the open crystal structure gfan be expected to result in a1.7% relaxation volume
Si, low-energy secondary or tertiary recoils having energieshange in the amorphouslike phase that forms at the cluster.
slightly above the threshold displacement energy have a The density of amorphous Si has been subject to a long-
large effect on cascade development in°STThe above- standing controversy, but the most recent experiments seem
mentioned fact that the Tersoff and Stillinger-Weber potento indicate that the value is about 1.8% less than that of
tials give about the same number of point defects also indie-Si®® If we assume thaidespite the enormously rapid
cates that the formation of these defects is a predominantiguench rate in cascadethe amorphous phases produced
ballistic phenomenon. during irradiation have the same density change as macro-
To find out whether the interstitials were produced byscopica-Si, and take into account our estimate of a volume
replacement collision sequences or ballistic recoils, wechange of—1.7% due to the deficiency of atoms, we find
evaluated the distance the extra atom in isolated interstitialthat the volume change due to amorphous clusters produced
had moved for the 10 keV cascades. About 85% of the inby self-recoils in Si should be very close to zero, indicating
terstitial atoms had moved farther than the nearest-neighbdhat they may be hard to see using lattice parameter measure-
distance from their initial site. Most of the atoms producingments or diffuse x-ray scatterifg®®
interstitials had moved 4-7 A, the average being about 5 Considering that the other dama@be point defects and
A (not counting initial recoils which of course have moved small clusters has an excess of atoms, and cannot be con-
very fan. The distance from the interstitial to the closestsidered amorphous, it is very likely that this damage will
vacancy was on average 14 A, much more than the distandeve a positive relaxation volume. If our argument for why
the atoms have moved. Since the isolated interstitials aramorphous clusters should have a negligible relaxation vol-
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FIG. 4. Distribution of Wigner-Seitz defects as a function of the ~ FIG. 5. Number of hot and liquid atoms as a function of time in
cluster size, measured as the number of defects each cluster coigpresentative 10 keV cascades in the seven different elements.

tains. The data for each energy are overlayed on those of the higher

energies. The numbers are the average over 6—10 events for ea@ﬁu'ts ina much larger amount of damagg than the unmodi-
energy. Note that because of the limited number of events anfi€d one, which has only small amorphouslike damage pock-

clusters produced by them, the upper ends of the 5 keV and 10 ket (see Table IV. The large difference in the damage num-
distributions are not statistically significant. For instance, the valudo€rs in the cascades simulated with the two versions of the

for 80—90 defects resulted from a single 5 keV event. potentials illustrates how the melting point strongly affects
initial damage production in semiconductors.
ume holds, the small-scale damage should result in a positive The cluster analysis of germanium defects, using
overall relaxation volume for ion-irradiated Si and, thus, a=1.58~8.1 A, showed that for the keV cascades almost all
positive lattice parameter change. This agrees qualitativel{€ damage is located in the large amorphous zdnés
with experimental observations of a positive lattice param-Table IV). Both the fraction and absolute number of isolated
eter change in Si during high-dose irradiat®i®"° defects are smaller than that in Si. The number of isolated
Figure 4 shows a histogram of the distribution of defectsvacancies is vanishingly small, less than 1% of the total
with cluster size for the Si cascades. As already seen in TapRmount of damage. Most of the isolated defects are again
IV, the number of defects in large clusters increases wittinterstitials. This conclusion holds for both versions of the
energy. Note that the statistics for large 5 and 10 keV clus©&€ potentials. The large volume of the molten liquid and
ters is poor; the largest cluster was in fésy coincidencg  Subsequent amorphous pockets result in almost all of the
produced I a 5 keV cascade. Still, even for the 10 keV damage being contained within it, with only a few energetic
events the majority of damage is in fairly small clusters or'€coils being able to “escape” the molten region.
point defects.
To summarize, our Si results show that classical poten- IV. METALS AND COMPARISON
tials give a reliable picture of the cascade mixing, spatial pamage production in metals has been studied to some
distribution of damage, and production of isolated point de'extent8'17'19'22'23'57’71|t has become clear from past studies
fects. The isolated defects are predominantly |nterst|tlalsthat at least in metals with atomic numbers22 or more,

The clusters_ usually are _amorp_houshke_ regions, Wh'Ch._cascade development is dominated by local melting in the
analyzed using space-filling Wigner-Seitz cells—contain

: > . core of the cascad¥? Interstitials can be produced by re-
many interstitials and vacancies, but a net balance of Vacarﬂ)’lacement collision sequenéBsand are further separated
cies.

from vacancies when the liquid core of the cascade collapses
and drags vacancies to the center of the cast&leestions
B. Germanium still to be answered are what happens to light metals like Al,

Figures 2 and 3 show that the cascades in Ge have high@Pd wh'at eferCt the rr?eltmg te(;nperlziturtra] and otherl Lnate;:al
energy densities than in Si, and the resulting damage is we roperties play on the cascades. Furthermore, although a

localized. The liquid region increases strongly in size Witht;)op-punchinge?amodel for inrt]erstri]t_ial clusterb forhmatioln has
energy; for 400 eV cascades there typically is no real liquid, %?n sug%est_ it afp;?ears tf att |§6%annot e the only pos-
only hot atoms at the beginning of the simulation. At keV sible mechanism of cluster formation.

energies, a true liquid forms and exists for about 5(qfs To probe these questions, we compare the nature of the

Fig. 5. The regeneration rate of covalently bonded tetraheheat _splke, the |on_bea_m mixing, a_md the final damag_e in all
dral lattices is low’ and so the liquid zones will form large the different materials in this section. We also examine the

damaged regions when the cascade cools down. Since tﬁréechanisms by which large interstitial clusters were formed

amount of damage is dependent on the size of the liquid! the heavy metals.
region, the lower melting point of germanium compared to
silicon explains why the amount of damage in germanium is
considerably higher than in Si. For the same reason the We followed the time evolution of heat spikes using ani-
modified Ge potentialwith the correct, lower melting poipnt  mations of the atom positions and the positions of hot and

A. Heat spike development
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liquid atoms during the simulatidt.For the keV cascades, number of molten atoms, the liquid in Al, Cu, and Au exists
there were dramatic differences in the nature of the heatlearly longer than that in Si, Ni, and Pt, respectively.
spikes in the different materials. The results for four of the
materials are illustrated in Fig. 2.

In the heavy metals nickel, copper, platinum, and gold, B. Mixing
which are dense close-packed materiglee Table ), the The cascade mixing results in Si and Al have been ana-
heat spikes were in all cases well localized and almosjyzeq in detail elsewher® whence we only briefly summa-
spherical, although in some cases parts of the liquid mayize these results here. Comparison of the values for the mix-
become isolated during the cascade developntehtSc. jhg Q and number of displaced atomége, in Table Il
IVC). The cascades form a large molten region whiChshows that even though the number of displaced atoms is
slowly cools down and recrystallizes. In a few of the events;mgher in Al and Cu than in Si and Ge, respectively, the
like the one in gold shown in the figure, replacement COI”'mixing is much lower in Al and Cu than in Si and Ge. This

§|?n ﬁqlljer}cesfema?ﬁte out frgm thet cas;ade ?rlld Ptfd%%ult, which may at first seem self-contradictory, is ex-
Interstiials tar from the cascade center. metal -wi aplained by the different crystal structure. We have recently
Lughehr meltlllnlg point has a smaller number of liquid atoms’tshown that the larger mixing in Si compared to Al is due to
ut the well-localized nature of the damage region is no . . : : .
affected by the melting point. medium-energy secondary or tertiary recoils with energies of

- 65 : .
In the lighter and less dense aluminum, the initial recoilthe order of~ 100 eV.™In Si these recoils can on average

travels farther, and so the resulting molten regions ar'J:;ravel significantly farth_er_than thqse in tk_u_a close-packed Al
smaller and less well localized. At 10 keV, the cascade iStructure, despite the similar atomic densities and atom num-
divided into subcascades. Animation of other Al cascade8§ers of Al and Si, resulting in a large increase in the mixing
shows that the subcascade formation begins between 2 and®hich is proportional to the square of the atom displacement
keV, whereas in Si this threshold was about 1 keV. Sincdlistance.
most other material characteristics in Si and Al are the same, On the other hand, the much lower melting point of Al
this must be due to the difference in crystal structure, atomi€ompared to that in Si will cause the molten regions pro-
density, and melting points. Although the 20% smallerduced in Al cascades to be larger than those in Si. The atoms
atomic density of Si contributes into the difference, it is notin these regions are most likely recrystallized to a new lattice
likely this can account for all of it. We have recently shown site when the cascade cools down, explaining why Al has
that quite low-energetic+100 e\) recoils can traverse far- much larger numbers of displaced atoms than Si. Since the
ther in Si and Al due to the nature of the tetrahedral bondingmolten regions recrystallize in a few ps, the atoms are not
which will contribute into making the cascade even lesslikely to travel far in the molten regions, making their con-
dense” tribution to the mixing significantly smaller than the contri-
The cascades in germanium are not as spread out as thasgtion by the medium-energy recoils in Si. Thus the mixing

in Si due to the shorter range of Ge recoils. The threshold fof, sj js almost entirely a consequence of the ballistic phase
subcascade formation is at or below 5 keV; the cascades; ihe cascade.

clearly differ in shape from the almost spherical liquids
formed in 10 keV Cu and Ni cascadéshich are close in

mass and atomic number to z8imulations of 25-100 keV size of the molten regions and thus the number of displaced

cascades in NiRef. 73 showed that the energy threshold for atoms are rouahlv the same. But Ge exhibits much larger
subcascade formation in Ni is at or above 50 keV, at least an gnly - 9
order of magnitude higher than in Ge. The much smallelyalues for the mixing coeff!uent becausg of the open nature
atomic density in Ge than in Cu or Ni of course contributes? the bonding. Of all the light- and medium-heavy crystal-

to this effect. Since the mean ranges of ions in the materiall

The above argument also explains the results in Cu and
Ge. Since the melting points are the same 1250 K), the

line materials treated here Ge has the highest mixbaih

differ by about a factor of Zcf. Table II), the difference in exper_lmental_lﬁ_ and in our_simulatior?s which is due_ to the_
atomic density can be estimated to contribute by a factor ofombined mixing-enhancing effects of a low melting point
at most 8 into the subcascade formation threshold. The highnd an open crystal structure.
melting point in Ni can be expected to lower the threshold The mixing in gold and copper, which have relatively low
energy, and so it cannot explain the remaining Ni-Ge differ-melting points, is much larger than the mixing in nickel and
ence. Thus it appears, as in Si and Al, that the difference implatinum. Furthermore, the mixing in platinum simulated
crystal structure also affects cascade development in heavigith the correct melting point is a factor of 3 smaller than the
materials. mixing in Pt simulated with the 30% too low melting point.
Figure 5 shows the time evolution of the number of hotThe relative difference in the mixing is larger than the dif-
and liquid atoms in representative 10 keV cascades in all théerence in the number of displaced atoms. All these effects
materials. The initial number of hot atoms is roughly propor-are a consequence of the smaller volume and shorter time of
tional to the melting point, while the cooling down rate of existence of a liquid region in a material with a higher melt-
the cascade depends on the atom mass, as can be expectad.point; the smaller liquid volume reduces the number of
The hot atoms in the light elements Al and Si vanish in 1-2displaced atoms, while the shorter lifetime of the liquid re-
ps, while the ones in Cu, Ge, Au, and Pt exist for about 6 psluces the distance atoms can traverse while in it. In the case
or more, forming a clearly liquidlike region. From the figure of Pt, the too low threshold displacement energy of the un-
it appears that the coolingates of elements with the same modified potential also contributed to the large difference in
mass are similar. But because of the difference in the initiamixing.
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T T T T these clusters are much smaller than the clusters in Si.

T T T
| Al self-recoils

4 Analysis of the clusters showed that they were in all cases

;Okkflv 1 eﬁther pure vacancy or pure interstitial. clusters. The smal!
¢ e size and simple nature of the clusters in Al compared to Si
B 400eV | | reflects the importance of the crystal regeneration effect in

fcc metals.

As for Si, we tracked the movement of the extra atom in
isolated interstitials in Al. About 70% of the atoms came
from a nearest-neighbor site, showing that most interstitials
in Al are produced by replacement collision sequences along
the close-packed110) rows. This is in clear contrast to Si,

y where we saw that only 15% of the interstitial atoms came
1 2 3 4 5 6 7 8 9 from nearest-neighbor sites. The distance from the isolated

Cluster size (defects) interstitials to the closest vacancy was on average 16eA

call that in Si the same distance was 1% &his comparison
FIG. 6. Distribution of Wigner-Seitz defects as a function of the ghqws that despite the similar mass and atomic density of Si

cluster size in Al, measured as the number of defects each clustearnd Al, cascade development in Al is much like that in other
contains. The data for each energy are overlayed on those of t)—& ;

Average number of defects

hiah ies. Th b h 610 ; ¢ metals, again emphasizing the crucial role of the crystal
Igher energies. The nUmbers are e average over 529 eVenls iGh,ctyre. On the other hand, the fact that the final separation
each energy. Because of the limited number of events and clustefs

produced by them, the upper ends of the 2 keV and 10 keV dism_[)etween the |nt_erst|t|als and vacancies 1s about the.same
hows that the final state of damage is somewhat similar in

butions are not statistically significant. Note that the abscissa scals. . . .
is one order of magnitude less than in the corresponding Si figure.gl and Al despite the clearly different damage production

mechanisms. If we further assume that the amorphous pock-

ets in Si anneal out(as they do at least at high

temperatures), the similarity in the initial state of damage is
The amount of final damage, as measured by the numbesven more pronounced. During prolonged irradiation, on the

of Wigner-Seitz-cell defects, is clearly larger in the tetrahe-other hand, damage in semiconductors accumulates into

dral semiconductors than in the metals. We again attributeamorphous pockets and finally amorphizes the sample,

this primarily to the effect of the crystal structure. In a recentwhereas in metals the defects collapse into dislocations, but

study of cascades in predamaged samples, we showed that sample remains crystalline.

the ability of an fcc lattice to regenerate is much greater than

that of a diamond lattice with covalent directional bonding. 2. Heavier metals

This conclusion is supported by the results in Table II.

C. Final damage states

In the simulations of Si and Ge with different potentials,
we noted that the choice of the interatomic potential strongly
affects the nature and amount of the damage produced. In Si,

The amount of damage produced in all fcc metals excepturthermore, the mixing and number of displaced atoms were
Al is very low compared to that in the semiconductors. Thenot affected by the choice of the potential. The results for
fact that Al differs in this respect from the other metals iscopper and platinum, each one simulated with two different
clearly a consequence of its low mass, which causes the caBAM potentials, behave exactly the opposite way. Both Cu
cade to break up into subcascades at low energies. At 4Qfiotentials give the same amount and spread of the final dam-
eV, where breakdown in subcascades has not occurred, tlage, but 10—60 % different values for the mixing and number
damage production is very close to that in the heavier metalaf displaced atoms. Similarly, for Pt there is a large differ-
In the other fcc metals, the amount of damage produced is afnce in mixing, but only a small difference in the final
the same order of magnitude for a given energy, and is onlamount of damagécf. Sec. IV B. While both Cu potentials
weakly affected by the melting point and material strengthgive almost exactly the same values for most physical quan-
This is because all the interstitials in the almost sphericatities (see Table)l, we found that the Sabochick-Lam poten-
liquid anneal out, and the only ones remaining are thoséial gives a too high value for the threshold displacement
which were formed close to the edge of the liquid and remairenergy{ 25 eV vs the experimental and Foiles potential value
outside it. Since the volumes and surface areas of the singlef 18 eV (Ref. 74]. It appears that the Sabochick-Lam po-
liquid region are similar in the heavy materials, defect pro-tential is slightly too hard in the lowest repulsive-energy re-
duction will also be. In Al the liquid is broken down into gion around 1-10 eV, making it difficult for low-energetic
several smaller liquid zones, which decreases the probabilityecoils to relocate and thus causing the lower mixing values
that an interstitial will be trapped in the liquid. The relative seen in Table II. Still, the fact that both potentials in either
increase in surface area may also play a role in the increasétl or Pt give the same amount of final damage suggests that
defect production. EAM potentials which reproduce well basic material proper-

Figure 6 shows the distribution of defects with cluster sizeties such as the elastic moduli are reliable in predicting the
in Al. The cluster size analysis was performed in the samaature of damage produced in collision cascades.
way as the analysis for Si, using=2a,~6.1 A. Note that The hot zones in silicon and germanium tend to freeze in
the cluster size scale on the abscissa is one order of magras amorphous damage pockets in the final lattice, whereas in
tude less than the scale in the same figure for Si, Fig. 4. Thifcc lattices the liquid region usually regenerates almost per-
shows that although the Al cascades form clusters as welfectly. The defects left in the fcc lattices are mostly intersti-

1. Aluminum
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tials created close to the surface of the liquid pockets or ' ' ' ' '
vacancies left in the center of a previously liquid regiohn - T
analysis of the clusters formed in the heavier metals showed S 8} T
that, as in Al, all the damage clusters consist of either only g - 8
interstitials or only vacancies. We will explore the formation Qer .
mechanism of large interstitial clusters further below. The @ | .
strength of the regenerative effect was well evident in one of 04l i
the 400 eV Au simulations; this event had no final damagein & | i
the lattice, even though the maximum number of hot atoms g ol |
in the same event was about 100. =2

The distribution of final Wigner-Seitz point defects is il- i . [ i
lustrated in Fig. 3. The events chosen for the figure and the °0_0 05 1.0 15 20 25 30
rotations of the cell are the same as in Fig. 2. Comparison of N, /N

the two figures show that in Al, Si, and Ge the final damage

distribution is located in the regions of the cell which were FIG. 7. Histogram of the number of events with a certain num-
hot or liquid during the cascade. In fcc metals replacemenber of interstitials in the 10 keV events in the heavy metals Ni, Cu,
collision sequences can produce interstitials atoms outsidet, and Au. To make the events comparable, the number of inter-
the liquid core of the cascade, as seen in the gold event. Butitials in each event has been divided by the average in the respec-
replacement collision sequences typically have lengths ofive element. The three events with the largest damage production
only a few lattice constants, and some interstitials appear t8ll produced large damage clusters.

be produced without any visible RCS'’s; long events like the o o
one shown in the figures are quite rare. In fact, from our®f @bout 20-30 % in the amount of damage produced, it is

simulations it is apparent that the main mechanism separaffuch smaller than the difference of a factor of about 3 in the
ing interstitials and vacancies in metals is not long replaceS'2€ of the liquid region. Again, this results from the s_trong

ment collision sequences, which were once thought to be th€ndency of fcc metals to regenerate into perfect lattice re-
dominating separation mechanism. Rather, the main reas¢Hons- Since all interstitials recombine with vacancies in the
for efficient defect separation is that interstitials are createdduid zone, defect production is insensitive e The

at the outskirts of the liquid zone, whereas vacancies aréifference in damage production between Au and Pt is most
dragged into the center of the liquid when it contracts. likely related to the difference in elastic strength between the

Even though damage is created in a quite different mantWo materials.
ner in the two kinds of materials, the damage distributions,
as measured by the root-mean-square displacement of inter-
stitials from their cente{dR;,;), are roughly the same in Si The damage produced in the heavy metals was in most
and Al on the one hand and all heavier elements on the otheevents in the form of isolated interstitials or vacancies, small
In silicon and aluminum, which are split into subcascades atlusters of 2—5 interstitials, or vacancy clusters in the center
high energies, damage gets created along the ion path. Thid the cell. An analysis of the nature of the clusters showed
spreads out the damage in a large cell region. Despite thiat (usingry=3a,) all of the defect clusters in all heavy
shorter mean range of Pt and Au self-ions compared to Cmetals were either pure interstitial clusters or pure vacancy
and Ni, all of these metals have about the same extension afusters. Due to the close-packed lattice and the metallic
the damage due to the fact that most of the damage get®onding, formation of amorphouslike zones is highly un-
created in or around the liquid core of the cascade. likely in metals.

It is curious to note that despite the major differences in In 3 of the 39 10 keV events simulated in Ni, Cu, Pt, and
the cascade development, the end results of the cascadesAn with unmodified potentials a large interstitial cluster was
all the materials treated here have some similarities. Isolatefbrmed. These clusters contained about 20—-30 atom4(
point defects are predominantly interstitials far from the casWigner-Seitz cells with more than 1 atpmin the same
cade core, and the damage in the cores is vacancy rich. Bevents, the total production of damage was clearly larger
whereas in semiconductors the damage in the cores is highthan in the average events. Figure 7 shows statistics of the
disordered, in metals it tends to take the form of small vanumber of Wigner-Seitz interstitials produced in all 39
cancy clusters in otherwise perfect crystal. events. To make events in the different materials compa-

For most materials, a high melting point is related to highrable, the number of defects in each material has been di-
values of the elastic moduli, i.e. a hardness of the materialided by the average in that material. Even though the sta-
and stiffness of the bond&ompare the bulk moduli and tistics is small, we see that the three “cluster” events clearly
melting points of otherwise similar materials in TabjeAt  differ from the defect production distribution of the “ordi-
first thought, a lower melting point could thus be expected tanary” events. It is also curious to note that the total amount
result in more damage. This is true in the tetrahedral semief damage in the “cluster” events falls in the same region,
conductors because most of the hot regions freeze into amoaround 2.5 times the average, but with only three cluster-
phous damage zones as the cascade cools down. For the fmoducing events we cannot state with certainty whether this
metals, this is not found. Even though Cu has a lower meltis only a statistical aberration or due to some underlying
ing point and is clearly softer than Ni, the amount of damagephysical principle.
produced in these materials is about the same. The same is The formation of similar interstitial clusters has been ob-
true for the two Pt potentials; although there is a differenceserved previously by Diaz de la Rubia and Guinan in a 25

3. Interstitial cluster formation
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pressure and temperature in the center of the cell, this edge
region of the liquid has an excess of atoms. At 4 ps, when the
liquid has started to contract a crystallized “neck” is form-
ing in the elongated part of the liquid; the location of the
neck is shown with dashed lines in the figure. At 5 ps this
neck has crystallized, isolating the extra atoms to the left of
it, thus preventing them from collapsing back towards the
center of the cell and recombining with vacancies tha®
they otherwise would be likely to doAt 10 ps, we see that
while the rest of the region has recrystallized to a mostly
perfect crystal, an interstitial cluster has formed in the region
with the isolated excess atoms.

The positions of atoms in the cluster are illustrated in the
lower part of the figure. At 5 ps, the atoms are in a mostly
disordered configuration. At 25 ps, they have collapsed into a
more ordered state in three planes. Note that the rotation
used in showing the atom positions is the same in both cases;
it is thus evident that the shape of the cluster is completely
different at 5 and 25 ps. Both the fact that the shape of the
5ps 25ps interstitial cluster is largely random and that the shape differ
completely at 5 and 25 ps are contrary to what would be
expected for a loop-punching mechanism.

We conclude that the “liquid-isolation” mechanism of

cluster formation described above is a mechanism of damage
,:7 formation in cascades not recognized previously. Although it
has some similarity to the loop-punching mechanism, prima-
rily that the damage gets formed close to the edge of the
FIG. 8. Formation of a defect cluster in a 10 keV cascade in Pt."qUid zone of the cascade, it P"ffers f_rom |90p punching in
The top four figures show the atom positions in a<4mx 50 A® f[he sense that damage formatlon by I|qU|d—|soIat_|on does not
region of the simulation cell projected onto tkg plane. The two  INvolve the concerted motion of atoms characteristic of loop-
atom rows(highlighted with dashed rectangleshich crystallize ~Punching. We note, though, that it is possible that there are
and isolate part of the liquid are highlighted with a dashed contourintermediate stages where some of the interstitial atoms are
The lowest figures show the positions of atoms in the cluster at uUshed outwards in concert with each other, while others end
and 25 ps. up there due to the thermal expansion of the liquid. If this is
the case, the “liquid-isolation” and “loop-punching”

keV cascade in coppé?.They suggested that the cluster was mechanlsms are opposite extreme ef‘ds of a damage forma-
tion process which can occur as a mixed state of the two as

formed by the punching of a dislocation loop by the high I
pressure present in the surface region of the liquid. The IoopWe : . . . .
punching mechanism requires the presence of very high Since the liquid-isolation mechanism of cluster formation
pressures at the interface, and is recognizable from the cglearly is more I|kely to occur the less spherical the liquid
herent motion of the atoms forming the interstitial loop, al- core of the pasca}de IS, one can exp_e(;t_ the number of clusters
though this was not clearly established in that wtrk formed by it to increase with the initial recoil energy, as
The interstitial clusters we saw were not formed by the!lcreasing recoil energies are likely to produce more_elo_n-
same mechanism. We followed the motion of the individualgated cascades and eventually subcascades. Indeed, in simu-

atoms which were part of the cluster, and found that they habations of 50 keV cascades in Ni and Pd all cascades formed

moved largely randomly, as can be expected by atoms in th@t least one large interstitial cluster. Details of these calcula-

liquid zone of a cascade or on the edge of it. Furthermoret,Ions will be published elsewhefé.

some atoms had moved 5-6 A, while others moved only 1-2

A; in the loop-punching mechanism, one yvould expect all V. CONCLUSIONS

atoms to move about the same distance in about the same

direction. We did not see any such concerted motion of at- In this paper we have studied how different characteristics

oms in the clusters examined. of materials affect damage production in collision cascades
In one of the Pt events forming a cluster, the mechanisnby comparing cascades in Si, Ge, Al, Ni, Cu, Pt, and Au.

of cluster formation is clearly visible. The production of this  We found that the crystal structure has a large effect on

cluster is illustrated in Fig. 8. The upper four figures showmany damage production processes. The open nature of the

the positions of all atoms in a box around the cluster with adiamond crystal structure and the slow regeneration of dam-

size of 40<40x 50 A3. The liquid formed by the collision age due to the covalent bonding enhance damage production

cascade is visible as a disordered region in the figures, armhd the mixing caused by cascades, while the close-packed

extends far to the right from the region of the cell shown. Atfcc lattice exhibits a strong damage regeneration effect lead-

2 ps, the liquid has a somewhat elongated form in one endng to much smaller amounts of final damage. Since the dia-

but is clearly part of the central liquid. Because of the highmond structure does not lead to dense cascades, heat spikes

2ps (e 4 ps
H °

5ps 10 ps
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are not very important in the evolution of cascades in siliconproduced, and these are always either pure vacancy or pure
The melting point has a large effect on damage producinterstitial clusters.
tion in semiconductors, but only a weak effect in metals due We identified a production mechanism of damage clusters
to the crystal regeneration effect. The strength of the materiah fcc metals by isolation of a liquid region with an excess of
somewhat affects damage production, but clearly less thaatoms from the center of a cascade core.
the crystal structure. Finally, the atomic mass and density of
the sample element affect the spatial distribution of the dam-
age and the energy at which cascades start to break up in
subcascades. The research was supported by the U.S. Department of
A detailed study of damage production in Si showed thatEnergy, Basic Energy Sciences under Grant No. DEFGO02-
keV cascades produce damage predominantly in the form c#d1ER45439, and by the Academy of Finland. Grants of com-
isolated defects, most of which are interstitials, and amorputer time from the National Energy Research Computer
phouslike damage clusters which on average have a little le<Senter at Livermore, California, the National Center for Su-
atoms than perfect Si. The size of the damage clusters wasercomputing Applications in Champaign, lllinois, and the
found to depend strongly on the choice of the interatomicdCenter for Scientific Computing in Espoo, Finland, are grate-
potential. In Al, by contrast, only small damage clusters ardully acknowledged.
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