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Mechanisms of ion beam mixing in metals and semiconductors

K. Nordlund,® M. Ghaly, and R. S. Averback
Materials Research Laboratory, University of lllinois, Urbana, lllinois 61801

(Received 15 July 1997; accepted for publication 17 October)1997

lon beam mixing was investigated in crystalline and amorphous semiconductors and metals using
molecular dynamics simulations. The magnitude of mixing in an amorphous element compared to
its crystalline counterpart was found to be larger by a factor of 2 or more. Mixing in semiconductors
was found to be significantly larger than in a face-centered-qfitig metal of corresponding mass

and atomic density. The difference in mixing between amorphous and crystalline materials is
attributed to local relaxation mechanisms occurring during the cooling down phase of the cascade.
Comparison of mixing in semiconductors and metals shows that short range structural order also has
a significant influence on mixing. The mixing results in fcc metals indicate that the role of the
electron—phonon coupling in the evolution of collision cascades may be less significant than
previously thought. ©1998 American Institute of Physids$S0021-897€08)02903-X]

I. INTRODUCTION phous materials are much less than those of their crystalline
counterparts.

The mechanisms of damage production in solids during  Most previous theoretical studies of mixing have been
ion irradiation is of great practical interest for such fields asbased on analytical models or binary collision approximation
ion beam processing of materials, surface characterizatiomomputer simulationd>” While these models have eluci-
and reactor technology. Unfortunately the experimental posdated many aspects of mixing, they do not provide a truly
sibilities for studying the processes occurring inside materiatomistic picture of the mechanisms of mixing. Molecular
als during irradiation are quite limited. lon beam mixing, i.e., dynamic(MD) computer simulations, on the other hand, are
the local rearrangement of atoms due to irradiaticnone of ~ ideally suited for studying mixing as they include all the
the few measurable quantities that is a direct consequence 8fomic collision processes involved. Although a few studies
collision cascade processes. Studies of the mechanisms BRve reported mixing values in Si at very low energies B
ion beam mixing using computational methods are therefor@'€Vious MD study has focused on elucidating the specific

particularly interesting since the results can be comparefP!€s Of ballistic and heat spike processes for mixing in semi-

with experiments. This makes possible both an elucidation o onductor;, or haV(_e compared mixing systemance_llly e|t_her
damage formation mechanisms in solids on an atomisti etween different kinds of materials or between simulation

o : - _and experiment.

level and a test of the quantitative accuracy of the simulation In the present article, we use MD computer simulations

modlels.b . imolv “mixing.” has b to examine the mechanisms of mixing in different materials.
on beam mixing, or SImply "mixing,” has been Mea- rpq 5im js to clarify how different materials properties, such

sured in many solids representing all classes of materials. As the atomic number, density, melting temperature, and

surprising result is that the amount of mixing per unit dosegyctyre influence mixing. We treat a wide variety of mate-
(measured in deposited damage energy per unit voluse 515 namely crystalline Si, Ge, Al, Ni, Cu, Pt, and Au, and

larger in Si than in most metals and ceramics in the samgmorphous Si, Ge, Al, and Au. Our first results for silicon
mass rangé.In fact, mixing in several semiconductors, such gnq crystalline Al have been presented in a previous [&tter.
as Ge, GaAs, and InP, seems anomalously large. These oPnhe present study extends this previous work, and also treats

servations hold even for very low-temperature irradiationsheavier elements and amorphous metals to further elucidate
in some cases less than 30 K, and they are independent of thge mixing mechanisms.

type of irradiation particlé;? indicating that neither radiation
enhanced diffusion nor electronic excitation are likely expla-
nations for these results.

There are two major differences between metals andf- CALCULATION PRINCIPLES
semiconductors relevant for irradiation processes: semicon- \ve used classical MD methods to simulate full collision
ductors become amorphous upon irradiation, whereas metalgscades. A linkcell calculatidhand variable time stép
do not, and the atomic packing density is higher in moSiyere employed to speed up the simulations. The atoms were
metals than in semiconductors. There has been some indicgrranged in cubic simulation cells, which contained between
tions that mixing in amorphous structures is larger than inpg and 40 atoms for every electron volt of kinetic energy
the crystalline one$.This is expected within thermal spike assigned to the initial recoil. In the 10 keV simulations, we
models of mixing, since the thermal conductivities of amor-ysed cells with about 340 000 atoms for Al, 315 000 atoms
for Si, and 260 000 atoms for the heavier elements. Periodic

dpermanent address: Accelerator Laboratory, P.O. Box 43, FIN-00014 unboundary conditions were applied on the cell, and the tem-
versity of Helsinki, Finland; electronic mail: kai.nordlund@helsinki.fi perature of the atoms in the outermost atom layers was softly
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scaled towarsl O K to provide temperature control and en- quenching steps were used to obtain an amorphous structure.
sure that the pressure waves emanating from cascades wetentrary to the results in silicon, we did not find any unique
damped at the borders. The cell sizes were initially equili-amorphous phase in these metals. The annealing steps con-
brated to zero pressure using a pressure control a|go}ﬁhm,tinued to increase the amount of order in the cell, and de-
independently for the three spatial dimensions. During thé&rease the potential energy toward the equilibrium value. As
cascade calculations the cell size was held fixed, since thi@1 aside, we note that such behavior is predicted by
usual pressure control algorithms are not suited for treatinc(]f’r""_n""tzol’S interstitialcy theory of amorphous solids and
the strong pressures present in the center of the cascade. Iquids=* We chose amorphous structures obtained after sev-

To obtain a comprehensive picture of mixing, we Simu_eral successive annealing simulations in which the initial

lated a variety of different amorphous and crystalline Seml_heat!ng temperature was lowered for every step. Thus, we
S . . __obtained structures which were relatively stable towards
conductors and metals. Because of their interest in semicon-~ .
: o heating to moderate temperatures of the order of 300 K. For

ductor manufacturing and the availability of good

nteratomi tential h i 4 alumi ; Al the amorphous structure had a potential energy-8f28
Intératomic potentials, we chose stlicon and ajuminum 10, (crystalline Al & 0 K has—3.36 e\) and for Au—3.89
represent light elements. Al is very similar in mass and

. X : L X ) (c-Au has—3.93 e\). Both structures had appreciable short
atomic density to Si, but quite different in the bonding struc-

) k _ ““range order resembling the close-packed face-centered-cubic
ture, so comparison of Al and Si cascades can be mstructw@cc) structure, but no long-range order.

in elucidating the effect of the crystal structure and bonding  \ve emphasize that because a unique amorphous phase
type on cascade dynamics. We studied mixing in the energyas not identified for the metals within the EAM formalism,
range 400 eV-10 keV in both amorphous and crystalline Sand because very little is known about the nature of real
and Al to obtain a comprehensive view of the mixing mecha-amorphous metals, our mixing resultsarAl and a-Au are
nisms in these elements. Similar comparisons were made beseaningful primarily in providing a contrasting point of
tween Cu, Ni, and Ge, between crystalline and amorphousiew to the results in the crystalline phase.
Au, and crystalline Au and Pt. The collision cascades were initiated by giving one atom
The forces acting between atoms in silicon and germain the cell a recoil energy of 400 eV, 2 keV, or 10 keV. The
nium were calculated from the Stillinger—Weber three-bodyinitial recoil direction was chosen randomly, and the initial
interatomic potential® Since the potential is constructed to recoil position subsequently so that the primary recoil and
reproduce properties of solid, amorphous, and liquid Si, it isEnergetic secondary recoils remained inside the cell borders
particularly well suited for the present stutf! The Ge throughout the simulation. Electronic stopping povéf3
potential was modified to reproduce the melting pointWere incluqed in the simL!Iations_ as a nonloca_l frictional
correctly?® To realistically treat strong collisions a repulsive force affecting all atoms with a kinetic energy higher than

potential derived fromab initio calculationd® was smoothly 0ev. ) . i
joined to the three-body potential at short interaction The electron—phonon coupling was not included in the

distances/ We have recently shown that ion beam mixing in present simulations. Kopontrhas derived an analytical

Si is not sensitive to the choice of the interatomic poterifial, model \.Nh'c.h suggests that the low values of mixing ob-
served in Ni, Pd, and Pt may be a consequence of the short

so our choice of potential should not affect the results pre- o ; . )
sented here relaxation time in the coupling of the electronic and atomic
Emb dd' d at tha@EAM tential dt subsystems. On the other hand, these same metals with a
mbedded atom me d_ )_po entials were used 1o strong electron—phonon coupling also have high melting
describe the atomic interactions in the met&fS with the

) . : ) i ; points and elastic moduli. The high melting points and
Ziegler—Biersack—Littmark universal interatomic poteﬁﬂal strength of the material could also result in low mixing val-

fitted to the EAM potential at short interactions. The fit of ;o5 By excluding the electron—phonon coupling in Pt and

the repulsive potential was fine-tuned so that the fitted ponjj we test whether a purely conservative heat spike model

tential gave a realistic value of the threshold displacemengan explain the experimental mixing results.

energy. To obtain the time dependence of mixing, the positions
The amorphous Si structure was created by first equiliof all atoms were output at 10-15 instants during an event

brating liquid Si at 3000 K for 10 ps, then quenching itto Oand the squares of the atomic displacemeifits(t)

K at a rate of 0.02 K/fs for 150 ps. This quench produced an-r;(t=0)]?> were summed over all atoms in the simulation

amorphous Si structure with an average potential energy dfell. We verified that no displacement of the cell center of

—4.11 eV/atom at 0 Kto be compared with the crystalline mass and no cell rotation occurred since they would have

Si potential energy of-4.33 e\). For Ge, we similarly ob- affected the value ofr;(t)—r;(t=0)]. The mixing param-

tained —3.00 eV, to be compared with-3.17 eV for the eterQ was determined using the expression

ground state of our modified potential. Additional annealing

_ 2
steps of the cell did not lower the potential energy further, — _ Zi[r®) —ri(t=0)] &
which indicates that these Si and Ge structures are the 6noEp,
lowest-energy amorphous phases of the Stillinger—Weber
potentials employed. whereny is the atomic density anl,  the deposited nuclear

For creating amorphous Al and Au, initial heat spikes atenergy.Ep was obtained from the difference of the initial
2000 K and a number of subsequent heating and slowecoil energy and the total energy lost to electronic stopping.
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TABLE |. Average total Q) and short-range@’) mixing and the number 1.0 T T T T ! ] cakevasi
of displaced atomd\y, in cascades in Si and Al. The error bars are esti- : BB

----- 10 keV a-Si
mates of the deviation from the average between different casd@dsshe T O4keveSi

U L ) 2.0 keV c-Si
total mixing andQ’ a measure of the thermal spike mixing, from which g 08 L okevesi
long-range channeled particles have been discounted. 2
X 06f
£
Cascadé€E  Ep_ Q Q’ s | S0
El. (keV) (keV) (ASev) (RS/ev) Ngispl & 04r 77 7T
€ |
c-Si 0.4 0.35 611 3.01 27+2 " 02 j
2.0 1.6 16-2 3.5£0.5 1204 ‘
10.0 7.5 153 3.5+0.5 55G+40 0.0 3 . A . . . . . .
a-Si 0.4 0.35 152 8+1 66+9 "0 5 10 15 20 25 30 35 40
2.0 1.6 2r1 12+1 420+30 Atom displacement (A)
10.0 7.5 31 17+1 2500200
FIG. 1. Relative integrated mixin@, [see Eq.(2)] as a function of the
c-Al 0.4 0.36 4.30.2 3.3:02 805 displacement distance for Si cascades of different energies. The mixing is
2 17 a1 4x1 23020 normalized so that the mixing at the maximum atom displacement is 1.0.
10 7.9 a1 41 800+100 The curves are averages over 2—4 cascade events.
a-Al 0.4 0.35 2551 21*1 200+20
2.0 1.6 281 201 1200t40
10 7.4 415 28+4 8000+1000
c-Ge 10.0 76 363 20+2 2300+100 placed_ from their initial Ioc_ations a distance betweeand
a-Ge 10.0 76 785 57«5 9800400 r+dr is plotted as a function of. The greater number of
c-Ni 10.0 7.8 4302 3.4:02  1400:40 atoms displaced short distances in the amorphous target is
C-CI;;J 18-8 ;g ég 17%'1 ggggigg readily apparent, whereas beyond about 10 A only minor
c- . . + . . . .
Pt 25.0 17.7 453 2540 6800+200 Q|fferences are found betweenr and c-Si. The final posi-
c-Au 10.0 70 582 3342 3350+50 tions of all atoms d|_spla}ced more thaq 0.? A afaaezl keV
a-Au 10.0 7.1 18@:10 89+2 12 400-300 cascade are shown in Fig. 3 foranda-Si. It is immediately

apparent that the number of displaced atoms is much larger
in the amorphous material. It is also interesting to note that a
few atoms have been displaced far from the core of the cas-
1. RESULTS AND DISCUSSION cade ina-Si. These displacements, which are too small to be

The mixing results are summarized in Table I. TheseSignificant to the total mixing, are a consequence of the heat

data in Table | represent averages of typically 5-7 cascad@"d Pressure wave emanating from the cascade. Similar dis-
events for each initial recoil energy and material. The uncerPlacements are not presentdrsi since the crystal structure
tainties given are the errors in the averages. Table | contairfy€vents such small displacements. _

both the total mixingQ, as defined in Eq(1), and the mix- The number density of displaced atortisg. 2) for r
ing Q' which represents the contribution from atoms that™ > A varies nearly as the inverse square of distance, which
have moved less than 10 A from their initial locations. ThelS indicative of collisional mixing. Moreover, since the long

latter quantity disregards the movement of energetic recoild2N9€ Mixing is nearly identical for crystalline and amor-
The choice of 10 E for the cut-off was motivated by plotting phous targets, channeling effects at these low energies must
the integrated relative mixing be insignificant. The larger short range mixingaifBi might,

. at first glance, suggest that thermal spikes have greater influ-
_Jo @ ence in amorphous targets. A plot of the time dependence o
JodQ(r) i h A plot of the time depend f
Qi(r)= Q mixing indicates otherwise, however. Figure 4 shows that at

as a function of the atom displacement distance for all atomg'3 ps most of the mixing is complete and the magnitudes of

in the cell (see Fig. 1 The leveling-off of the mixing be-
tween 5 and 10 A make®' reasonably insensitive to the
cut-off distance in this regioff: Also included in Table | are
values for the number of atoms displaced more than half of a
nearest-neighbor distance from their initial lattice SNg.

- 04 kevasSi
1 -+ 2.0 kev a-Si
10 F s 10 Kev a-Si
—— 0.4 kev c-Si
2.0 kev c-Si

— 10 kev ¢-Si

A. Silicon and aluminum

The silicon results are presented in Table | and Figs.
1-4. Table | shows that mixing is substantially largerin
than in c-Si. The added mixing, moreover, derives almost
entirely from the difference in the short range mixiQy

Number of atoms/unit length (1/A)

(see Fig. L The long range mixingQ—Q’, is the same for s J
the crystalline and amorphous targets to within the uncertain- 2 ° 2 ] s
ties. Atom displacement (A)

_ The difference in the mixing behavior can also be SEEIFIG. 2. Fraction of atoms that have been displaced a certain distance in
in Fig. 2, where the number of atoms that have been diseascade events in amorphows ) and crystalline ¢-) Si.
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(@ [c-Si to sites representing local minima in the potential energy.
Thus, the atomic motion during the relaxation process adds
to the mixing ina-Si but diminishes it inc-Si.

Whether the mixing in the later stages of the cascade in
Si should be referred to as thermal spike mixing is arguable.
While no extended spike is seen, it is likely that the local
relaxation process is stimulated by the thermal agitation of
the lattice in the vicinity of the cascade. Since hot liquidlike
zones exists for about 1-2 ps in Si after the initiation of the
cascaddcf. Fig. 6), it is clear that some regions of the cell
will be close to the melting temperature for a few picosec-
onds. It is noteworthy that the amount mixing, or demixing,
during this relaxation period is a significant fraction of that
for collisional mixing. It occurs, moreover, while the atomic
energies are a few tenths of eV. This suggests that in systems
where chemical forces are involved, the movement of atoms
. during relaxation might be biased toward more or less mix-
. ing depending upon the direction of these forces.
’ Since Al has nearly the same atomic number and atomic
density as Si, but different bonding and cohesive properties,
a comparison of mixing in Si and Al further elucidates the
bonding effect on mixing. The results in Table | show that
the mixing parameter is smaller 8¥Al than in eithera- or
FIG. 3. Atoms displaced more than 0.2 A in 2 keV cascades in crystallin€C-Si, even though the number of displaced atog, is
and amorphous silicon. The atom positions are projected onteytigane.  substantially larger irc-Al than in c-Si. The smaller mixing
The cell size i§-46 A in both th& and)_/ diregtions. Note that periodic in A|, therefore, derives predominanﬂy from the difference
boundary conditions were used in the simulations. in long range mixing. The more close-packed structure and

lower melting temperature of Al cause the heat spikes in Al

the mixing in the two structures are very similar at each off® P& somewhat more pronounced than iriLSSéprainilng _
the recoil energies examined. why the number of dlspla_ced ato_ms_ is larger. Despite this

Following this initial displacement process, however,/arger number of atoms in the liquid zone of a cascade,
mixing in the amorphous phase creeps upward over the neXYhich exists for only a few ps in Al, these atoms can move
few ps, while in the crystalline phase it creeps downwardOnly very short distances, and thus, contribute less to the
The difference in mixing, therefore, derives from an atomicMixing than Si atoms that are displaced by longer range bal-
relaxation process that follows the collisional phase of thdiStic events.
cascade. For the crystalline matrix, many atoms displaced The small, long-range ballistic mixing in Al may at first
short distances from their lattice sites return to them during€em surprising since no difference was observed in the long
the relaxation. For the amorphous phase, memory of théange part of the mixing fom- and c-Si. Apparently, the
original site locations is lost as the local atomic configura-Short range order associated with covalent bonding plays a

tions are rearranged, and so excited atoms randomly fall bad®le in the mixing beyond~ 5 A. The influence of short-
range order can be understood by noting that, e.g., the cross
section for Si recoils with energy less than 400 eV to scatter
»s | ' ' L 10 keV asi by more than 30° in subsequent collisions is 2 Bince this
T lokevoSi is comparable to the atomic size of Si atoms and to unfilled

----- 2.0 keV a-SI
~— 2.0keV c-Si spaces in the open tetrahedral structur@-o&ndc-Si, there

Cl Sakevesi is some transparency to low energy recoils. In the close
packed fcc structure, the dimensions of open spaces are
= much smaller so the transparency is reduced. These findings
illustrate that once the collisional cross section increases to
the size of the atomic radii, the crystal structure of the target
influences the atom trajectories, even in nonchanneling di-
__________________________________ rections.
7 We tested this idea concerning crystal structure by cal-
culating ranges of low-energy self-atoms recoiling from an
! ideal lattice position in Si and Al with thevDRANGE

0.0 . o 15 20 25 method! The recoil was initially placed on an ideal lattice

Time (ps) site (or the site of an existing atom ia-Si), and given a

FIG. 4. Mixing as a function of time for individual representative cascade€COIl velocities randomly selected to cover all crystal direc-
events in amorphous and crystalline Si. tions. To obtain a representative picture of ranges from non-

N
[=]

15

Mixing Q (i\sleV)
s
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TABLE II. Range results for low-energy self-ions in crystalline Si and Al at 1.0 T T . T canevam
a temperature of 77 K. The results for each case are averages over 2000 p L R key
events. The uncertainty of the straggliteecond moment of the range dis-

== 0.4 keV c-Al

----- 2.0 keV c-Al
tribution) results is half of the range uncertainty. Range results in the arti- g 08 —— 10keVoal
ficial fcc Si structure are included to illustrate the effect of the crystal struc- g
ture on the range results. E 0.6 1
K]
Element E (eV) R (A) Straggle(A) (R2, > 04 ]
£
c-Si 100 9.0:0.1 2.6 88 0.2 4
200 13.0:0.2 4.9 200
400 21.0:0.3 10.0 530 0.0 e
. 0 5 10 15 20 25 30 35 40
a-Sf 100 9.6:0.1 3.4 105 Atom displacement (A)
200 14.3:0.2 5.6 195
400 21.3:0.2 8.7 530 FIG. 5. As Fig. 1, but for Al.
c-Al 100 6.8-0.1 1.8 49
200 9.2£0.1 2.7 90 . .
400 14.5-0.1 5.4 240 material can rearrange to new random sites at the end of the
cascade, whereas +Al they are forced back to a lattice
a-Al" 100 8.3-01 2.7 6 site, which in many cases is their nascent lattice site. Since
200 12.8-0.2 4.8 190 ’ y ’

400 20.10.3 8.2 470 no residual amorphous zones form in the cascade region of
. c-Al, the difference in mixing betweea- anda-Al is more
(;20453']) ;gg 11&8'2 25 122 pronounced than the difference betweemnda-Si. Second,
' 400 18.9-0 2 90 150 the amorphous material conducts heat more slowly than the
crystalline one, making the liquid larger and its cooling time

c-Ge 2188 gig'; é; 123 longer (e.g., for the 2 keV cases, the liquid aAl is on
400 13.3-0.2 53 207 average about 1.5 times bigger and cools two times slower

than inc-Al). Since the fcc metals form denser cascades than
a-Ge 100 6.1-0.1 1.9 41 the tetrahedral semiconductors, this adds to the short- and
200 9.0:0.2 33 92 medium-range mixing much more than in Si
400 13.3-0.2 5.1 212 9 gm ;- ’ .
The long-range mixingQ—Q’ is also larger ina-Al
c-Cu 2188 :’-ig-i 8-2 12 than inc-Al. This is explained by the range results in Table
|+ . .
400 6.0:0.1 15 38 11, which show thatR%,) for medium-energy secondary re-
— : coils in a-Al is about twice that inc-Al. Even though our
3Ab initio amorphous Si structure from Ref. 26. amorphous aluminum structure retains considerable short-
PAmorphous structure obtained from MD simulations in the present work. range order, the shielding of an atom starting from a lattice
site is not as effective as in the perfect structure, making it

. . L ) easier for atoms im-Al to find open directions. Notice too
equivalent lattice sites in amorphous materials, the range '8hat the long range mixing ia-Al is only slightly smaller

sults were calculated as the average over recoils starting, . that ina-Si. The increase in the total mixing due to
. e . 5 .
from several initial sites. The chortiecto) rangé® was  oce longer range recoils, however, is small compared to the

used to quantify the displacement of the initial ion. increase caused by the small atom displacements described
The range results show that both the range and stragyp ove

gling are larger for Si than for Alsee Table . The larger
number of long-range recoils produces a significant increase
in the mean square atom displacement of the recoiling atorﬁ'
(RZ) relevant for mixing. The results foa-Si are quite The mixing results for 10 keV self-recoils ::Ge,a-Ge,
close to those ot-Si. To verify that the Si—Al difference is c¢-Ni, c-Cu, c-Pt, c-Au, and a-Au are shown in Table |I.
not simply a consequence of the 20% lower atomic densityComparison of the results in crystalline Ge and Cu show that
of Si, we calculated Si ranges in an fcc structure at the normixing in the tetrahedral semiconductor Ge is approximately
mal silicon density. The obtaine(RZ results are roughly twice that in the fcc metal Cu, even though Ge and Cu have
in the middle betweerc-Si and c-Al, confirming that the comparable masses and melting points. This result is under-
density change alone does not account for the increased mistood to a large extent by the contribution of longer-range
ing in c-Si compared ta-Al. recoils to the mixing, similar to that observed in the compari-
Table | shows that the mixing in amorphous aluminum isson between Si and Al. The range results for 100—-400 eV
substantially larger than that orAl. Figure 5 illustrates the recoils in Ge and Cu in Table Ill show a very large differ-
dependence of the mixing on the atom displacement disence in the ranges of medium-energy recoils. Because the
tance. The short range contribution to the mixing is dramati-atomic density of Ge is about half that of Cu, this relative
cally larger ina- than inc-Al; about 80% of the mixing in  difference in Ge and Cu is more pronounced than in Si and
the amorphous material derives from mixing at atomic dis-Al. Thus, mixing in Ge is larger than in Cu due to the long-
placements shorter than 5 A. There are two reasons to thimnge mixing by ballistic recoils. Conversely, the mixing pa-
phenomenon. First, as in silicon, the atoms in the amorphousmeter is larger in Ge than Si due to the larger short-range

Heavy materials
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T T T T T T
— c-Al
£ 10 keV self-cascades e
=l L0 R, c-Cu
© & e N e e - - cPt
T By —ccal ek o~ -A
'S ~ 80 il
g % 00 oo
S o~ 50 % 150 a-Au |
E < g 100, cAu
3 O 40 | C 50 '. .................... -
2 2 : ok
= 30| 0 10 20 30
X : Time (ps)
. 2 | i sl e ]
Time (ps) 20 .
FIG. 6. Number of liquid atoms as a function of time in representative 10 10 [, T s,
keV cascades in the seven different elements. e
0 1 1 1 1 1
6 8 10 12 14
mixing in Ge. This part of the mixing is due to thermal spike Time (ps)

effects as the melting point of Ge is 1200 K, while it is 1700 FIG. 7. Mixing as a function of time for individual representative 10 keV
K in Si. While in c-Si we saw above that all the mixing iS cascade events in five fcc metals. The inset compares the mixingand
finished at 1-2 ps, in 10 keV cascades in crystalline Ge the-Au.
mixing continues to increase until almost 10 ps due to relo-
cation of atoms in the melt. We also observe that the mixing
in a-Ge is about twice that ic-Ge and a factor of 6 larger In Fig. 8 snapshots of atom positions in Au are shown at
than that inc-Cu. Analogously to the situation ia-Al and  various instants in the cascade evolution. For clarity, only
a-Si the enhanced mixing in the amorphous structure derivedtoms within a cross-sectional slab of thicknag&® through
from short range mixing. the center of the cascade are shown. During the first 3 ps,
Comparison of the fcc metals Ni and Cu on one handgcavitation develops as the cascade expands outward. The ex-
and Pt and Au on the other hand, illustrates the importancéent of the expansion is largely controlled by the elastic
of thermal spike effects in these materials. The mixing painodulus, which in Au is moderately low. The mixing is very
rameter is nearly three times higher in Cu and Au than in Nilarge at this time due to the small atomic density in the
and Pt, respectively. Since each metal of both pairs hasentral region. During the next 2 ps the cavity collapses,
nearly the same mass and atomic density, the ballistic part afthich coincides with the drop in the mixing parameter. The
the mixing is assured to be the same, leaving the thermakduction in the mixing parameter during this time derives
spike mixing to account for the differences. Within the from the movement of atoms back to the center of the cas-
present EAM model, the melting points of Ni, Cu, Pt, and Aucade. In Au, mixing in the melt continues after the cavitation
are 1630, 1220, 1500, and 1100 K, respectiéljlso, the  has collapsed, although most of the mixing occurs in the
bulk modulus of Ni is about 1.4 times that of Cu, and that ofearlier phase of the cascade. The final relocated atoms
Pt is 1.7 times that of Au. The lower melting points in Cu (shown as hollow spheres at 30 ps in Fig.a8e located in
and Au cause the liquids in the center of the cascade to bine same cell region which was molten during the first 1-3
roughly twice as large, and to exist twice as long, as those ips of the cascade. Notice that nearly every atom in the liquid
Ni and Pt(Fig. 6). This increases both the number of atomscore has relocated. Figure 9 illustrates the fractional mixing
which can get redistributed in the liquid, and the distanceQ, as a function of the relocation distance of different met-
they can move while in it. The elastic stiffness of the mate-als. All materials have a peak in the mixing at the nearest-
rial appears to be also important for thermal spike diffusionneighbor distance. While the mixing in Ni predominantly
since the atomic mobilities in cascades are very sensitive tderives from this short-range mixing, in Cu, Au, and Pt,
the atomic densities. In materials with soft elastic propertieswhere the molten region exists for a long tirfed. Fig. 6), a
the pressures generated in the hot cascades greatly expdadye fraction of the mixing derives from atoms relocated
the lattice and enhance diffusion. 5-20 A from their initial site during the cascade evolution.
The time evolution of mixing in the five fcc metals is The mixing ina-Au is much larger than in its crystalline
illustrated in Fig. 7 for 10 keV cascades. We see that theounterpart. The inset in Fig. 7 shows that although the ini-
initial mixing in this series of metals, which is proportional tial a-Au mixing is not much different from that io-Au, the
to the size of the molten region formed in the heat spikemixing continues to increase for about 40 ps after the cas-
increases with decreasing melting temperature and elastitade. Inspection of the events showed that the liquid exists
modulus. After the first few ps of the initial spike, the mixing for about 25 ps after the cascade was initiated, so the in-
reaches a maximum and then decreases as the pressure anehse in mixing is a consequence of both the mixing in the
heat waves outside the liquid region abate. This is partialljliquid zone, and the local rearrangements of atoms in the
due to atoms falling back on lattice sites, but also due to theamorphous material. In the four materials investigated, Si,
increase in density in the center of the cascade as it cool#\l, Ge, and Au, mixing in the amorphous phase is 2—3 times
This latter effect can be understood by following the evolu-larger than in the crystalline phase. This result is rather re-
tion of a typical 10 keV cascade in Au, for which this effect markable since the difference in the cohesive energy between
is largest. the crystalline and amorphous phase is rather negligible, in-

J. Appl. Phys., Vol. 83, No. 3, 1 February 1998 Nordlund, Ghaly, and Averback 1243

Downloaded 22 Apr 2013 to 128.214.78.102. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



TABLE Ill. Simulated (sim.) and measuredexp) values for the mixing
coefficientQ. All values are in units of AeV. For Si and Ge, the average
(ave) mixing over all marker elements is given along with that for a Ge or

Si marker.

Material Q (sim) Q (exp) Marker element
c-Si 15 80, 60 Ge, avé.
a-Si 30 80, 60 Ge, avk.
c-Ge 30 90, 120 Si, avk.
a-Ge 70 90, 120 Si, ave.

Al 9 13-23 Ag, W, Pt

Ni 4 5-8 Pt, AR

Cu 14 23-27 Cu Ref. 1; Pt, Ru
Pt 22 14, 24 Fe, Ni

Au 58 60, 160 Ni, Cl

®Reference 1.
bReference 28.

energy recoils in Si.Our results show that this effect is a
consequence of the open crystal structure in Si and should
not be expected to be pronounced in materials with close-
packed structures.

The experimentally measured mixing efficiency is usu-
ally defined as

Dt
Qexp: m ) (3

whereD is an effective diffusion coefficient for mixing,is
the implantation timeg the ion fluence, anEDn the depos-

ited nuclear energy per ion per unit deptfthe equivalence
FIG. 8. Cross sections of the evolution of a 10 keV cascade in Au. The’oetweenQex and the simulated mixin@ given in Eq.(l)
sections show a slice with a size of:880x % ap in the center of the cell. follows fror% the atomistic definition of the diffusion
During the first 3 ps a large, almost void atom region is formed in the center . . 9930 . . .
of the cell, but it collapses back affith this particularz slice shown regen- cpgfflment. o Despite the (_:"qu.'valence between these defi-
erates into perfect crystal. In the final 30 ps figure the atoms that are not @ditions of mixing, the quantitative comparison of our results
their original positions are indicated with hollow circles. with experiments is not completely direct. Most irradiations
have been performed using ions with masses ranging from
o , ) N 20 amu(Ne) to 136 amu(Xe) and with ion energies much
dicating that the cohesive energy is not the critical parameterliigher than the ones used here, typically over 100 ka¥ie
controlling mixing as has been suggested in the literatlre. comparison is further complicated by procedures employed
to obtain the mixing parameter. The experimental values are
C. Comparison with experiment usually obtained by fitting a Gaussian profile to the broad-
ened marker layer shape. Since the distribution of recoiled

Our finding that secondary recoils contribute signifi- o ; ) )
A : o atom with displacement distance actually falls off in materi-
cantly to atom relocation in semiconductors is in excellent

gualitative agreement with the experimental evidence baIS such as Si as # (Fig. 2, the shape of the broadened

Keinonenet al. of a large mixina contribution from low- arker layer will not necessarily have an ideally Gaussian
' 9 9 shape®! Thus, the mixing derived from fits to Gaussian dis-

tribution may not correspond exactly to the atomic mixing

S e I S By obtained from simulations. Despite these complications, use-
s .l - o 10kev e Cu ful comparisons are possible, largely because energetic cas-
i [ Ok ey cades break up into subcascade structure, and the energy
) ] dependence of the mixing parameter is relatively w&ak.
a4l 1 Subcascade formation begins below or not far abevid
£ 5l | keV for all but the Au and Pt events.
El The mixing parameters obtained from our simulations
22 o are compared with experiments in Table Ill. The experimen-
£ of ; L e e tal results are obtained from various sources. For the metals,
ol e LTI we chose the experimental values from the measurements of
0 5

15 20 25 30 Kim et al,?® since they were performed @ K using markers
Atom displacement (A) with similar characteristics as the host metals themselves,
FIG. 9. Fractional mixingQ, , i.e., mixing as a function of the atom dis- and thus most suitable for our self-ion S|m_U|at|0nS a:t 0 K.
placement distance for 10 keV cascades in the five fcc metals. For Si and Ge we used results from the review by Paine and
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Averback! Values for Si markers in Ge and Ge markers inparameter may be found for the actual experimental recoil
Si are listed, as these seem most appropriate, and the averaggergies.
mixing value of all the markers is given for each host. Be-  These findings suggest, therefore, that the simulated val-
cause the values of mixing vary by a factor e2 from  ues of mixing in Pt are too high, albeit only by a factor of 2
marker to another, agreement between simulations and exr less. This may be related to the Pt potential underestimat-
periments can only be considered at this level. ing the experimental melting point by about 500 K, more
The overall agreement between simulation and experithan any of the other potential® Another possible explana-
ment is relatively good, even on an absolute scale. In altion appears to be the exclusion of electron—phonon coupling
cases the values obtained by simulation are within a factor dfom the calculations, although deficiencies in the inter-
2 of those obtained by experiment. Except for the case of Patomic potential for Pt cannot be completely ruled out. If
the simulation values are smaller than the experimental oneglectron—phonon coupling is indeed responsible for the dis-
This can be explained by the possibility that the mixing pa-crepancy between simulation and experiment, these findings
rameters have not yet reached their asymptotic “subcaswill have significance for mixing in many other metals as
cade” values at 10 keV. Diaz de la Rutgtal.found for Cu ~ well, as discussed by Flynn and Averba¢kNevertheless,
that the mixing parameter increased by a factor of 60% besince the calculated mixing in Au is a factor of3 greater
tween 10 and 25 ke¥ For Au and Pt, subcascade formation than that in Pat 10 keV, it is clear that the crystal struc-
is not expected until about 50 ke¥. ture, melting temperature, and elastic properties of the mate-
The simulations are particularly successful in predictingl’ia| are still dominant factors in understanding ion beam mix-
the relative values of the mixing parameters. In comparingnd in most materials. Since the mixing is a direct
mixing in a-Si anda-Ge with that in Al and Cu, both the consequence of the general time development of a collision
simulation and experiments show a factor of about 3 timesascade, it is likely that this conclusion holds for many other
larger mixing in the amorphous semiconductors. This wagspects of cascade evolution as well.
explained above on the basis of the open, amorphous struc-
ture in these materials. The difference in experimental mix-
ing values by a factor of-3 between Cu and Ni on one
hand, and Pt and Au on the other hand, is also reproduced |]r\1/ CONCLUSIONS

the simulations. Since electron—phonon coupling has not The present work has examined the mechanisms of mix-
been included in the simulation, the results appear to be ifhg in several crystalline and amorphous semiconductors and
contradiction with the model of Koponénwhich suggests metals. A primary observation was that mixing in the amor-
that the eIectron—phonon Coupling can explain the low miX-phous phase is |arger by a factor-e -3 than in the crys-
ing of Ni and Pt compared to that in Cu and Aalthough a  talline counterpart. In Si the enhanced mixing is primarily
later article mentions that this is not the only possible expladue to relaxation effects following the ballistic phase of the
nation for the differencg™ cascade, while in metals it is due to the extended lifetime of
Our results, moreover, are readily compared with thosehe thermal spike. A new finding in this study concerned the
in Koponen'’s article since the average deposited energies @ble of the local structural order on the range of low energy
about 200 eV/A for Ni and Cu, and 300 eV/A for Au and Pt particles is revealed. It was found that the more open struc-
used there are about the same as in our simulaftbesmean  tures associated with tetrahedral bonding provide some trans-
range of 10 keV Ni and Cu self-recoils is about 45 A, and 10parency for low energy particles, allowing them to traverse
keV Au and Pt recoils is 30 A'® Although the question of much farther than they can in close-packed structures. It was
electron—phonon coupling will be further discussed below, itshown that this is not simply a question of atomic density.
can be seen that much of the difference in the mixing beThe larger mixing in semiconductors than in corresponding
tween Cu and Ni, and between Au and Pt, can be attributethetals appears to be a consequence of their more open struc-
to their different melting temperatures and elastic propertiestures and their amorphous structures under irradiation.
Our mixing values of 4 and 22 for Ni and Pt are in clearly In metals, we obtained fairly good agreement with ex-
better agreement with experiment than the very low values gperiment even though we did not include the electron—
1-2 and 5 given by the model of Koponén. phonon coupling in the simulations. In all cases, the simu-
Before discounting the possible importance of electron-ated values of the mixing parameter were within a factor of
phonon coupling, it is worth noting that only for Pt the simu- 2 of the experimental values, and even this discrepancy
lated values of the mixing parameter are as large, or largetould be attributed to the different recoil spectra employed in
than the experimental ones. This is surprising since 10 keWhe simulation and experiments. The ratios in mixing be-
recoils are far below the subcascade regime in Pt so that evéween Ni and Cu and Pt and Au showed that basic material
higher mixing values can be expected at higher energies. loharacteristics like the melting temperature can account for a
the other materials, it is unlikely that higher energies wouldlarge difference in mixing in materials with similar densities
raise the simulated mixing values above the experimentand masses, which indicates that the electron—phonon cou-
ones. For this reason, we ran three additional cascades of 2ing may not be as important in cascades in Pt and Ni as
keV in Pt. A mixing parameter of 45 %eV was obtained. previously thought. Additional mixing experiments in Ni and
This value is clearly higher than the experimental ones, anét using irradiations with lower energy recoil spectra would
if we assume that subcascade formation does not beconggeatly help in establishing the role of electron—phonon cou-
prominent until 50 keV, even higher values of the mixing pling in this material.
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