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Heat spike effect on the straggling of cluster implants
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Recent experiments have shown that when gold atom clusters bombard copper with an energy of 10
keV/atom, the mean range of the gold atoms is independent of the cluster size, but the st(aggtidgning
of the depth distribution is an increasing function of the cluster size. The same set of experiments did not show
this effect when the target was amorphous Si. Using molecular dynamics computer simulations we have
studied this effect by simulating Au cluster bombardment of Cu and Si with energies 1-10 keV/atom. We
found that in Cu, the mean range is not fully independent of the cluster size, but the dependence on cluster size
is so weak it is hard to observe experimentally. On the other hand, we found a strong enhancement of the
straggling in Cu, but not in Si, in agreement with the experiments. By following the time dependence of the
straggling we show that this is due to the massive heat spike effects which are present in Cu but not Si.
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. INTRODUCTION mean range of Au ions in copper is the same in Aod Au,
implantation with an energy of 10 keV/atom but the range
The use of slow cluster beams, where the energy per atoqrofile is broader in the case of clusters; i.e. the straggling is
is a few keV/atom or less, is becoming an important tool inlarger. The same experiments show that the range profiles are
thin film depositiont secondary ion mass spectrométand identical for 44.3 keV/atom Auand Au, when amorphous
shallow junction formatiori. The implantation of clusters Siis used as a target.
into solids produces different phenomena compared to Since the idea behind the “clearing-the-way” effect is
single-atom implantations, and theoretical knowledge of thejuite general, it is not clear why this effect is not observed in
subject is very poor because of the complex nature of it. the experiments of Andersen. One can also ask the question
For slow ions the energy loss is predominantly due toof why the straggling increases with cluster size in Cu, but
elastic collisions between the atoms. The energy of clustenot in Si. Heat spikes are known to be more long lived in
atoms is deposited in a small volume, and the deposited emlense fcc metals than in semiconductrbut on the other
ergy density can be huge. Thus the cluster impact can prdiand heavy ions such as Pt and Bi clusters are known to
duce more localized damage than a single ion with compaproduce large liquidlike zones in Si as wel*? Large colli-
rable energy. During the penetration into the material, the sion spikes have also been observed to affect the energy loss
cluster atoms that have a mass greater than the target atomisions when implanting Ag clusters in graphite.
mass experience nonlinear effects that are usually negligible In this article we use molecular dynami@@D) simula-
for single-ion bombardmenit® The nonlinearities arise from tions to examine these questions. MD simulations can quan-
the fact that the cluster ions experience the influence of eactitatively predict range and straggling values, but most im-
other during the penetration and thus the environment in theortantly allow for following the time evolution of ion
material is different for each ion in the cluster. In implanta- movement and heat spikes on an atomic level. This enables
tion, the cluster breaks into single atoms quite rapidly, in tenslefinitely recognizing whether the straggling increase is a
of femtoseconds in the cases studied in this paper. The singleeat spike effect. Because the energies are such that the
atoms then continue penetrating. Thus the possible differenasuclear stopping undoubtedly dominates, MD can be ex-
between the stopping of an atom in cluster and a single atorpected to correctly describe the physics involved.
inside the matrix can cause a difference in the range of the Paper is organized as follows. Sec. Il describes the simu-
ions compared to a single-ion implantation. lation method and the results and analysis are divided into
Using molecular dynamics computer simulations ShulgaSec. Il A for Cu targets and Sec. 11l B for Si targets. A short
and Sigmundhave noticed that the stopping power per goldsummary and discussion is given in Sec. IV.
atom, when bombarding Ag clusters, is noticeably smaller
in silicon than for bombardment with single gold atoms. Il. METHOD
They suggested that this effect is due to the “clearing-the- '
way” effect, where the cluster atoms in the front of the clus-  Simulations were carried out using a molecular dynamics
ter change the target atom configuration for the cluster atomsode developed to treat collision cascatfeBhe target struc-
that come behind. This effect is clearly dependent on the siziire was either a copper or a silicon lattice with periodic
of the cluster and the mass ratio of the projectile atom andhoundary conditions in the andy directions. The atom po-
the target atom, so that heavier ions cause more clearing aitions in the last two lattice planes in the negatiwirection
the light targets. The decrease in the mean energy loss faf the box were kept fixed, which mimics an infinite struc-
clusters was also seen using larger Ar clusters. ture that absorbs the pressure and thermal waves. The posi-
Recent experiments by Andersen al® show that the tive z direction of the box was free to simulate the surface of
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the bulk, and thermal and pressure control were included on TABLE I. Mean ranges and stragglings as measured from the
the other borders. The lattice constant was set to the O Iurface of Ay clusters implanted in Cu. MD means a full MD run,
value of the potential model used, and the cell temperatur@ndNgys is the amount of ionsy, in the cluster.

was set to zero. Gold clusters with one to seven atoms were —
given a qualitatively reasonable configuration, which wasE/atom Neius Method R Straggling
first heated and then relaxed to zero temperature. This P9 Loy

cedure gives a stable cluster configuration suitable for this 1 MDRANGE 11.550.1 1901
study. The size of the lattice varied from 20 000 atoms used L MD 12101 29501
for the implantation of 1 keV Au to 350 000 atoms used for 2 MD 13.8+0.1 4101
the implantation of 5 keV/atom Au For the simulations of 3 MD 15.220.2 4.9-0.1
10 keV/atom Ay implantation in Cu, the lattice size was 4 MD 15.8:0.2 5.0:0.1
1048576 atoms. The range profiles studied were not sensi- 7 MD 17.0:0.3 6.6:0.2
tive to the size of the lattice. 5 keV 1 MDRANGE  24.5%0.1 6.8:0.1

For the actual implantation, the cluster atoms were given 1 MD 24.8+0.7 6.720.4
the same energy per atom, so that the velocities of the dif- 3 MD 28.0:0.9 8.70.4
ferent clusters were the same. The impact point was ran- 7 MD 28.0:1.4 12.0:0.7
domly chosen from the unit cell area of the lattice, and thelO keV 1 MDRANGE 29.8+0.1 9.8£0.1
clusters were randomly rotated before implantation. The di- 7 MD 37.0:2.6 18.0-1.3

rection of implantation was carefully chosen such that chan
neling effects were minimized. For that purpose we simu-
lated the implantation of one gold atom Into copper iNtyeen the one-atom and seven-atom cluster cases is less than
is a program especially developed for a fast calculation oktraggling increases more rapidly, and the increase is about
ion ranges by using simplified MD methods. It has beem 300, between these two extremes. For the energy of 5 keV/
tested numerous times to give a good description of ranggtom the increase in mean range is about 10% between the
profiles botg_lgompared to full MD calculations and extremes and the increase in straggling is about 80%. These
experiments®~*°The direction chosen was the one with the resuits show the same effect in straggling that has been ob-
smallest mean range. The direction was such that the polagryed in the experiments, although the experiments were
angle was tilted 25° from the surface normal and theo aZigone with 10 keV/atom, which is a too high energy for full
muthal angle around the surface normal was rotated 25° frofyp calculations with decent statistics in the range profile.
the 001 surface normal of Cu. A polar angle of 25° and anrhe 10 kev/atom simulations done in this paper are done
azimuthal angle of 7° were used for implantations in Si.majnly to compare the effects between different materials as
Clusters were then implanted into the target material, and thgjscussed in Sec. Il b and have poor statistics.
mean rangéprojected on the axis) from the surface and the We calculated the stoppingr the slowing force S=F
straggling of the range profile were calculated from a histo-— 3= m ?r/dt2 acting on a single atom with an energy of
gram of 9Q—800 |m_plantat|ons for 1-5 keV/atom Cu targets kov/ and on an atom in the cluster (Auwith the same
and 5-10 implantations for the 10 keV/atom cases. energy and averaging over the ions. The result was that the
The many-body potential that was used for Au-Cu andsignping of an atom in the cluster is about 10-40% smaller
Cu-Cu interactions was the enbleédded-atom-n(ﬁtmvl) PO-  than for a free atom. Thus the ions travel longer distances
tential formulated by Foilest al. It has been found to de- \yhen they are in the cluster. After the cluster breaks down to
scribe the melting properties of Cu decefitignd is a good single atoms, these atoms continue as free atoms. For the 5
choice for describing ion beam m|xn7r§1,both.of which are ey Ay, clusters, the breakdown happens within the first 50
important for heat spike effects. The potential rzlgs been pre- after they hit the surface, but the atoms do not stop pen-
viously found to be goo?zjor cascade StUdj‘zggz-' For the etrating the target material until about 1000 f. As the energy
Au-Slf?gnteracn_on DMot™ Au-Au Morse;™ and Si-Si jhcreases, we suspect that this ratio between the two time
Tersoff™ potential models were used. For each potential, thgcgles decreases, and so the effect of the different stoppings
repulsive part describing the energetic short-range interaGyoyid be smaller. Thus the mean range would also be close
tions was the Ziesler-Biersack-Littmai@BL) interatomic  ( the same value for small clusters and single atoms. The
potentialy”, which was smoothly joined to the many-body gigference in stopping powers between a cluster atom and a
part. The electronic stopping was described as nonlocal fricfee atom also has an influence on the straggling. If one atom
tional force, and the SRIM9€Refs. 27 and 2Bstopping i the cluster gets free at some stage of the penetration, it

powers were used for this purpose. slows down more rapidly than the atoms inside the cluster,
but the cluster atoms affect each other so that the individual
ll. RESULTS AND ANALYSIS atoms can even be temporarily accelerated during the pen-

etration. All together these factors are expected to increase
the deviation of the atoms in the early stage of the penetra-

Results from the implantations are given in Table |. Onetion. This does not explain the large final differences in the
can see that for the energy of 1 keV/atom, the mean range &raggling(seen in Fig. 2 but shows how complicated the
an increasing function of cluster size, but the difference besituation is when a cluster is penetrating the material.

A. Copper
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_FIG. 1. Mean range values of Awlusters implanted into Cu FIG. 3. The time development afcoordinates of Au ions cal-
with energies of 5 keV/atom as a function of time. culated from the surface. The left picture shows implantation of

seven independent Au ions, and the right one shows implantation of
one Ay cluster. The energy per atom is 5 keV. The time where the
We studied the time evolution of the mean range andheat spike starts and the time where it starts to cool down are
straggling for Ay, Aug, and Ay with an energy of 5 keV/ marked in the right picture. The scaling is the same for both pic-
atom. The results can be seen in Figs. 1 and 2. The fluctudJres-
tions in the mean range are the results of a liquid volume
created by the heat spike, which tries to expand toward the The time developments of coordinates of Au ions are
surface. The results for clusters are very much the same #mpared in Fig. 3 between the implantation events of seven
for the implantation of single atoms, except for the slightly Single Au ions and one Aucluster. The right part of Fig. 3
larger mean ranges for the clusters. Figure 2 shows that trghows the situation where the implanted Au ions are sur-
straggling differences between the clusters compared to th@unded by the liquid volume, thus moving upwards during
single-atom values, however, start to grow rapidly after thehe enlargement of this liquid volum@eat spikg During
first 100~200 fs and continue growing up to 3000—4000 fsthis heat spikémarked in Fig. 3, the Au ions are spreading
The straggling is a clearly increasing function of the clusterin every direction and this results in a growth seen in the
size. straggling curve of Awimplants in Fig. 2. The lattice size
We looked at the number of “liquid” atom@he atom was used in the simulations shown in Fig. 3 was 94 A'in each
labeled “liquid” when it had an energy above 0.16)eM the  direction when 5 keV/atom Auwas implanted and 159 A
simulation box as a function of time and noticed that the timefor 5 keV/atom Ay clusters. We tested that the size was big
where the straggling saturates is very much correlated to thenough and did not affect the results.
time where the heat spike starts to cool down. This observa- Combining the results of Figs. 1-3 for Aglusters, dur-
tion was supported by a visual inspection of the simulationjng the heat spike time interval 200—-4000 fs, the value of the
which showed that the heat spike starts to include a larggean range does not change at all compared to its final value
amount of energetic Cu atoms after 200 fs, reaching a maxiand the differences between the mean values do not change.
mum at 400—600 fs. The phase where a liquid volume can b&he differences between the straggling values is within the
clearly observed starts from 800 fs. The volume of the liquid statistical error limits before the spike, but increases clearly
surrounding the implanted Au atoms, stays the same until iduring the spike and stays the same to the end. This shows
starts to decrease and cool down at 3000—4000 fs. that the increasing straggling is an effect caused by atom
mixing in the liquid volume. .

5 keV/atom Au, clusters -> Cu — Ay .
---------- Aug B. Silicon
14 ---- Auy
12 b In Si collisions cascades have been found to break down
- to subcascades at much smaller energies than those in dense
fcc metals. This is in part because of the low mass of Si and
in part due to the open crystal structure of Si which makes
recoils move farther than in fcc metals, even when the mass
is the samé®?° Hence, even though liquidlike pockets do
form in Si¥° they are much smaller and cool down faster
. . . than in Cu, and there is both little time and space for lattice
o 2 5 102 2 s 10° 2 s 10° 2 atoms to move in the small liquidlike zones. Thus it is un-
likely that the straggling enhancement observed in Cu would
be significant in Si. However, to check this argument we
FIG. 2. Straggling values of Awclusters implanted into Cu with have carried out simulations of the implantation of;Alus-
energies of 5 keV/atom as a function of time. ters with 10 keV/atom in a nonchanneling direction into

o(A)

Time (fs)
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TABLE Il. Same as Table I, but for a crystalline Si target. 10 keV/atom Auy > Si
E/atom Neius Method R Straggling ' '
0 surface

10 keV 1 MDRANGE 145.50.4 42.0:0.2

7 MD 140.3t7.2 37.6:3.6 = 50

:qg) 100 |

crystalline Si for a comparison to Cu. Although the experi- © 50l
ments use@-Si as a target, we want to show the qualitative
difference between Cu and Si materials. The situation in a-Si 200 -
should be the same as @Si because the densities are about 050 L . .
the same and hence the collision cascades similar as well. 102 10° 10*

The implantation angle was again selected to minimize chan-
neling. We simulated only five implantation events, because
we are only interested in a comparison of the behavior for FIG. 5. The time development afcoordinates of Au ions cal-
same-sized clusters in different materials and do not neeculated from the surface. The picture shows implantation of one
accurate statistics for the values themselves. Every eveuy cluster in Si. The energy per atom is 10 keV.
showed the same behavior.

Table 1l shows the values for mean range and straggling

for an implantation profiles of Auand Aw, clusters. One can  gyer, the location of the surface was known from the experi-
see that the values are close to each other, where a 'ar%’ents, and by scaling the areas we found that the shapes of

difference was observed contrary to the behavior in Cu.  yhe simulated and experimental ranges profiles were in very

_F|gure 4 shows the Lcomparison of mean range and Stragjood agreement for all cases of single-ion bombardment.
gling values as a function of time for Awclusters implanted Although direct comparison was not possible, in the ex-

into Cu and Si. The lack of heat spikes in Si shows clearly in eriments the broadening was about 20% betweep s

Fig. 4, as the mean range does not oscillate. Figure 4 als 2 . X o o
shows that the growth in straggling has only one phase in Sf, u, at 10 keV/atom, while in our simulations it is 30% be-

but two phases in Cu because of the heat spike. Figure fveen Ay and Ay at 5 keV/atom. This clearly shovys that
shows thez trajectories of the ions from Aucluster im- the observed broadenings are of comparable magnitude and,

planted into Si. Comparison of Figs. 3 and 5 shows the reanus, that the heat spike effect we observe explains the ex-

sons for the different straggling curves in Fig. 4. The AuPerimental broadening. _
atoms in the clusters penetrate silicon until they have lost all For the case of 30 keV/atom Au bombardment of Si the

their energy at some depth and stay there. experiments report a projected range of 280 A, and we obtain
from anMDRANGE simulation 260 A. The good agreement in

both the shapes at 10 keV/atom and mean range at 30 keV/
atom give us confidence that our simulations can predict the

For the 10 keV/atom implantations in both Si and Cu weiOn penetration process well.
could not perform a complete quantitative comparison be- Our simulations of implanting small gold clusters in cop-
tween the experimentaland simulated range profiles, be- Per, with the same velocity per atom, shows the experimen-
cause the experimental information on depth was only giverially observed increase in straggling in the range profile. We

in units of Ratherfood back scatterifigBS) channels. How- have also recently observed the same effect in Au irradiation
by 25-keV Ay, (n=1-1000) clusters!

Time (fs)

IV. DISCUSSION AND CONCLUSIONS

insi - —— . in Cu The same simulations show also an increase in the mean
10 keV/atom Au; clusters ->Cu/Si — Au,inCu . . .
160 - - Awins 5o range values, which was not observed in the experiments.
140 - T This increase results from a decrease in the average stopping
120 - 140 power per gold atom in clusters, compared to the single-atom
< 100F - 1s0 < value. This could be interpreted as the proposed clearing-the-
80 F ” way effect’ but no clear evidence of the reason was found
60 - 2 {20 because of the fast breaking down of the clusters. Our result
40 + e 140 that the ratio between mean energy loss for atomic and clus-
20r [0 7 ter bombardment is lower for 5 and 10 keV/atom than for 1

0 keV/atom is in agreement with the findings of Shulga and
Sigmund’ Since at 10 keV/atom the difference in the mean

range is small, it is not surprising it has not been observed
FIG. 4. Mean range valugs) and straggling valueso) of Au,  €Xperimentally(note that the experiments in Cu involved 10

clusters implanted into Cu and Si with energies of 10 keV/atom akeV/atom Ay and Aw,*% so the experimental difference is

a function of time. Note that the curves have different scales on th@0ing to be much less than what we observe between 10

y axis. The left scale is for the Si target, and the right scale is for th&keV/atom Ay and Au).

Cu target. Simulations of cluster bombardment of silicon show that

2 5 10° 2 5 10° 2 5 10* 2

Time (fs)
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