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Hyperthermal effects on nucleation and growth during low-energy ion deposition
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We have performed a systematic study on the influence of deposition energy on the morphology of sub-
monolayer Co films grown on A§01) at ambient temperature. Co was deposited by low-energy ion deposition
with a deposition energy between 5 and 30 eV. The island density, height, size distribution, and composition
were studied using scanning tunneling microscopy. For increasing deposition energy, there is an increasing
fraction of Co incorporated in the first monolayer of the surface. These Co atoms form surface-confined
clusters, which can act as pinning centers for Co adatoms on top of the surface. These pinning centers promote
an increase in island density compared to deposition with thermal particlesl e\). In addition, our
experimental results indicate that both ion impact induced island fragmentation and dissociation play an
important role during nucleation and growth. Island fragmentation is a mechanism that promotes an increase in
island density compared to thermal deposition, whereas island dissociation promotes a decrease in island
density.
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I. INTRODUCTION With this drastic increase of the island density caused by
nucleation at ion impact induced adatom clusters, the growth
The physical properties of thin films grown withyper-  of a film can be improved significantly. For pulsed IBAD of
thermal particles, i.e., involving energies above 1 eV, canAg on Ag(111) and Cu on C(l11), where a pulse of ener-
differ significantly from films produced withhermaltech- ~ getic particles is applied at the beginning of every new
niques, where particles have an energy of the order of 0.1 enonolayer(ML), layer-by-layer growth was observed up to
(see Refs. 1-24 in Ref)1There has been a considerable 7 ML whereas thermal deposition leads to 3D growth.
effort in the investigation of the atomic processes related to For the cases of metal homoepitaxy described above, the
the impact of hyperthermal particles on a surface. These prdiucleation at ion induced adatom clusters is a mechanism
cesses influence the morphology of a growing film, e.g., thdhat explains the observed morphology quite well. The situ-
island density, the island size distribution, and the growthation for heteroepitaxy, on the other hand, is more compli-
mode[two dimensional2D) or three dimensiona3D)] and  cated, since one has to deal with aspects such as lattice misfit
can be divided into two groups. On the one hand there arand intermixing. Despite many theoretical efforté6-18-20
mechanisms that affect the mobility of single atoms diffusingthere are only few experimental studies on metal heteroepit-
on the surface: transient mobilffy’ and enhanced mobility axy with hyperthermal techniques that describe the changes
due to direct or indirect ion impaétl® On the other hand in island density, size distribution, growth mode, etc. as a

there are mechanisms related to the formationbreaking ~ function 01; particle energy and compared to thermal
up) of islands: nucleation at ion impact induced pointdep05|t|or12. In our experiments this was done for submono-

defects~*® the presence of pinning centefthis work),  layer Co films grown on A@01) with low-energy ion depo-
adatom sputtering,island fragmentation, and island dis- sition (LEID) in the energy range 5-30 eV. We have strong
sociationt4—16 indications that the morphology is determined by island frag-

Nucleation at ion impact induced adatom clusters hagnentation and the presence of pinning centers on the one
been proposed in several cases of metal homoepitaxy to eRand (causing an increase in island densignd by island
plain the drastic increase in island density for hyperthermaglissociation on the other haridausing a decrease in island
techniques compared to thermal deposition. For ion-bearflensity. Even though Ag adatoms are formed during depo-
assisted depositioiBAD) of Pt on P¢111) at T=200 K, the sition of Co for all energies used, we have no indication that
simultaneous bombardment with Arions (400 eV and 4 hucleation at ion induced Ag adatoms causes an increase in
keV) during deposition gives an increase of the island denisland density.
sity by a factor of more than 1@epending on ion energy
and flux.12 A similar effect was observed for ion-beam sput-
ter deposition(IBSD) of Pt on P¢111) at 300 K'* Compared
to thermal deposition, the island density increases by a factor The Ag001) substrates were prepared in ultrahigh
of 4—-27, depending on the geometry of the deposition. Tovacuum(UHV) with molecular-beam epitaxy by growing a
gether with the sputtered atoms with a relatively low energyCr buffer layer of 50 A on a polished MgQ01) single
(+10 eV), there is a small fraction of energetic particles crystal at 450 K, followed by an Ag film of 1000 A grown at
(>100 e\) impinging onto the substrate. In a small area300 K?*2*In order to obtain large atomically flat terraces
around the impact of these particles, a number of adators>500 A) separated by monatomic steps, the film is annealed
islands is created, which increases the number of nucleatioat 475 K for about 10 min. Submonolay&fCo films were
centers. grown with low-energy ion deposition. In LEID, the

Il. EXPERIMENTAL
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ions are first accelerated to enable proper beam handling arsdirrounding a Co island can migrate through the patch and
mass separation and consequently decelerated for depositibecome part of the island. In Fig(d) a line profile is shown

on the substrate. Deposition is realized under UHV condithrough such a Ag patch surrounding several Co islands.
tions (<10°° Torr) since the chamber is differentially  The presence of Ag on the surface is also clear from the
pumped from the beam line. In our case, the mass separatigieight histogram shown in Fig.(d): there is a peak at a
occurs with a beam energy of 50 keV whereas the depositioReight ¢ 2 A above terrace level. We note that in the histo-
energy can range from 0 to 200 eV. In order to calibrate thgyram only large terrace areas with Co islands are taken into
deposition energy, a grid is mounted on the sample homeéccount(Ag steps of the substrate are not include@he
When the electrostatic potential of the grid is higher than the;psirate peak, which is set at a height of 0 nm, is not shown
kinetic energy of the incoming ions, no ions can penetrat§q get a better view on the tail of the histogram. We find that
the grid. When this potential is lower, the ions penetrate, an¢3o4, of the Co coverage is in the first ML above terrace
their current can be measured. This method is suitable tRvel, 29% in the second ML, and 8% in the third ML. A
assure reproducibility of the deposition energy with respeCtoverage of 0.42 ML of Co and 0.05 ML of Ag was found.
to a fixed reference potentié.g., the potential where ions The Ag coverage corresponds to the area under the peak at a
start to penetrate the ghidOn the other hand, with this pejght ¢ 2 A in the histogram. The same procedure was used
method it is difficult to determine the exact value of the, Ref. 23 for the codeposition experiments of Co and Ag on
spread in. kinetic energy_of the ions. As we experiencgd,. thgg(om)_ In fact, the morphology for 5 eV is very similar to
energy window from which the current through the grid in- the morphology observed for the codeposition experiments.
creases from zero to maximum is very much depen_dent Ofjowever, since in LEID we only deposit Co atorsne

the mesh of the grid” This means that we can only give an ¢qy|q saymonodeposition Ag adatoms can only originate
upper limit for the energy spread. Using a grid of 0.76 MMfom the exchange of an energetic Co atom with a Ag atom
we found a value of 7'V for the full width at half maximum  rom the first surface layer. With molecular dynami®4D)
(FWHM) using a Gaussian distribution. However, our eX-ye simulated the energetic impact of a Co atom on a
perimental results indicate that this is an overestimation: thgg(om) surface®® For a deposition energy of 5 eV we found
morphology changes drasticallgnd reproduciblywhenthe  hat 4 Jarge fraction of Co lands on top of the surface, be-
retarding potential is changed by an increment of 5 eV. Thig,oming an adatom. There is also a minor fraction that pen-
means that the FWHM of the energy spread is below 5 eVegyrates into the surface. For deposition angles of 20° and

We also mention that, in contrast to IBSD, for LEID we 30°, respectively, 1@)% and 93)% of Co atoms end up in

verified that there is no high-energy tail since the ions argne first surface layer. Each time such a Co atom arrives in a
extracted from a plasma under well-defined conditions. Fogpstitutional position in the first surface layer, a Ag atom

details on the experimental setup we refer to Refs. 22 and 2$,6comes an adatom in the near vicinity of the impact. There-
The Ag001) 's.ubstrateg IS +at ambient temperatUB90 K fore we can assume that the fraction of Ag observed on top
during deposition. Thé°Co primary beam current is of the o the surface is directly related to the fraction of Co in the
order of 200 nA for all experiments. This corresponds t0 &;,st surface layer. The presence of 0.05 ML of Ag for the
deposition rateF =0.002 A/s as determined from quantita- 5-eV experiment indicates that 11% of the Co id0s05/
tive scanning tunneling microscof{sTM) analysis of the (9 42+0.09=0.11] have ended up in the first surface layer
Co island coveragégiving an error margin of about 107  of og. This corresponds very well with our MD calculations.
The Co ions hit the surface with an incident angle betweefye have already mentioned that the presence of these ion
20° and 30° off normat’ After deposmon,lghe sample IS jmpact induced Ag adatoms does not affect the nucleation of
transportedin vacuoto the UHV (<5x10"""Torr) STM  the Co adatoms. This is different compared to IBAD and
chamber. IBSD of Pt on Ptl11) where ion impact induced adatoms
and clusters clearly act as nucleation centéf$This results
Ill. RESULTS AND DISCUSSION in a considerable increase in island density compared to ther-
mal deposition. Further investigation is needed to clarify this
different behavior, e.g., its relation to homoepitaxy or het-
In Figs. Xa@ and Xb) STM topographs are shown for eroepitaxy and the difference between the close-patket)
deposition of Co on A@O0D) at 5 eV. Next to randomly dis- surface and the more op&€01) surface of an fcc lattice.
tributed islands on the terraces, preferential nucleation is ob- There is also experimental evidence for the presence of
served on the upper side of the Ag st¢pee line profile in  Co in the first surface layer. Figure 2 shows an STM image
Fig. 1(c)]. Many islands are surrounded by a patch of MLwith enhanced contrast on the Ag terrace level. One can
height. The islands correspond to Co and the ML patches tolearly observe depressions in the terrace. The Co atoms that
Ag. This was concluded in a previous study concerningend up in the first surface layer after impact can diffuse and
(therma) codeposition experiments of Co and Ag, i.e., depo-nucleate with other Co atoms in this layer. Instead of forming
sition Co and Ag atoms at the same time onto a08g) islands on top of the surface, they form clusters embedded in
substraté? In that study we found that the nucleation andthe surface also callesurface-confined cluster§Vith STM
growth of Co islands is practically unaffected by the pres-these Co clusters are observed as depressions with respect to
ence of Ag adatoms. These Ag adatoms only attach to akhe Ag(001) terrace level, due to the smaller atomic radius of
ready existing Co islands forming a ML patt$imilar to the  Co compared to Ag. Similar depressions have been observed
patches in Fig. (8)]. Co adatoms that attach to a Ag patch for thermal deposition of Co on A§01) at 425 K2°

A.5eV
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FIG. 1. An STM topograph
(100x 100 nnt) of low-energy
ion deposition of Co on A@021)

c) d) at 5 eV in an area with large ter-
—_ 07. races(a), in an .area WIth a h_|gh
0.8 step density(b); a line profile
0.7 0.6+ taken along the solid white arrow
= @l 051 (c), a line profile taken along the
E E dotted white arrow(d); the height
= 0.5 = O] histogram taken from areas with-
2 04 2 0.3 out Ag steps and with the terrace
T o3 < 0.2 peak(not shown at 0 nm(e) and
0.2 ' the island size distributioff) (the
57 0.1 maximum value on thg axis is
’ : : . ) 0.0 . . , . chosen to be 35% to allow better
0 5 10 15 0 2 b 12 comparison between the different
Lengthiinmm) Larigth (for) deposition energies
e) f)
354
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14001 30
1200+ 8 251
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g 6001 i 154
- 4001 10+
2001 5.
0 0|||||||||||||j]11t|];,J o
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From STM analysis on a large number of terraces, wesubtracted from the images retaining only Co islands. The
found that the island densitp, 5 = 26(4)X 10% islands/  size distribution is very similar to thermal deposition at
um?. Based on the results for thermal deposition at 300 K300 K23
with F=0.1 A/s, an island density ofn, 1p=18(3) As pointed out above, at 5 eV we observe preferential
X 10° islandsjum? is expected for a deposition rate of nucleation of Co islands on the upper side of the Ag steps—
0.002 A/s(Ref. 23 using nucleation theord? This means also calledstep decorationin areas with a high local step
that also from the point of view of the island density, LEID density, most of the Co atoms grow along the step edges
with 5 eV and thermal deposition are comparable. ThgFig. 1(b)]. Step decoration has only been observed for spe-
slightly higher value for the observed island density in thecific systems: Co on Qa11),>"?® Fe on C111),%°*° and
case of LEID is possibly due to the presence of surfacenow Co on Ag001). Gomezet al. have proposed a mecha-
confined Co clusters. As shown in Fig. 2, many of the de-nism to explain step decoration of Co on(Cid): Co atoms
pressions are in the vicinity of an island, indicating that Coincorporated at the step edges can act as pinning centers for
clusters in the first surface layer can act as pinning center€o adatoms on the upper terr&€eBased on the results of
for Co adatoms, resulting in an increasegf The Coisland thermal deposition experimeAtsand molecular-dynamics
size distribution is shown in Fig.(f). The Ag patches were simulations’* there are strong indications that a similar
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on top of the surfacéusing the histogram we obtain a Co
contribution of 89% in the first ML above the surface and
11% in the second ML.

In Fig. 3(b) an STM image is shown with enhanced con-
trast on the Ag terrace level. One can clearly observe depres-
sions in the terrace. A considerable fraction of those depres-
sions is in the near vicinity of an island, confirming that such
clusters can act as a pinning center for Co adatoms on top of
the surface. Due to this pinning mechanism, the increase of
the buried cluster density will cause an increase of the island
density. In order to investigate whether this explains the in-
crease of the island density observed at 10 eV, we estimate
the expected density of surface-confined clusters using
nucleation theor§® Nucleation theory is developed to de-
scribe the formation of island®n top of a surfacein two
dimensions. Since the formation of clusters in the first sur-
face layer is a 2D problem as well, the same equations can be

FIG. 2. An STM topograph (3030 nnf) of low-energy ion
deposition of Co on A@O01) at 5 eV with enhanced contrast on the
Ag terrace level. The white arrows point at some of the depressions
corresponding to surface-confined Co clusters. D\ -x

@

XEi
ikT

mechanism is responsible for step decoration of Co on

Ag(001). . . . o
In conclusion, the nucleation and growth of Co islands onW'th ny given as the number of |sl_ands per lattice $|tequr .
) case, the number of surface-confined clusters per lattice site
top of the surface is hardly affected by the use of a hyper-

thermal deposition energy of 5 eV: the morphology is similarn(e") contains the coverage] dependence. The values for

to the case of thermal deposition. However, there is a Smaﬂ]nzstﬁequr?iﬁ‘lgranfgeaTgtiIolg ZOthr;Qi?n l:ttig%e :;nprgg”]%itr'%nm
fraction of Ag adatoms present on top of the surface and P PP

small fraction of Co incorporated in the first surface layer. ef. 3.1.[':'9' &(b)]. .D IS the_ dnffusmn coefficient ‘_"‘_”H is the
deposition rateE; is the binding energy of a critical cluster

with sizei andy is the scaling exponent.is the temperature
B.10ev of the substrate.

The situation changes drastically after LEID of the same In order to avoid confusion, we usg for the density of
ion dose with 10 eV. We found an island density of 73(10)surface-confined clusters whereasis used for the density
x 10% islandsj.m? and a coverage of 0.52 ML of Co and of islands on top of the surface. This is done for all param-
0.05 ML of Ag. The coverage at 10 eV is higher than at 5 eVeters that can be both used for the surface and the subsurface
(0.42 ML) due to the increased efficiency of the decelerationcase.
process for increasing deposition enefijie., a larger frac- Only a fractiona, corresponding to 15-20 % of the de-
tion of ions is deposited on the same surface area. The iposited Co atoms, ends up in the first surface layer. This
lands are lower than in the case of 5 eV and, therefore, themeans that the effective arrival rate of Co atoms in the first

surface area covered by the islands is larger: at 5 eV 26% Qfyrface layer isE=a(0.002 A/9. If we assume a critical

the total surface is covered_ by islands compared to 48% fo&luster sizei =1 (which means that dimers are stabnd
10 eV. As a consequence, island coalescence has to be tak?]n ) pu
into account. Since this is not opportune for our analysis ofat the clusters are confined to only one layer, thgr 0
the island density, the 10-eV experiment was repeated witksee Ref. 26and y=1/3. The only remaining parameter in
half the dose. This dose was used for the higher depositioRd-. (1) is the diffusion coefficient for subsurface diffusion,
energies as well. D. Assuming an Arrhenius behavior, a diffusion coefficient
In Fig. 3(@ an STM topograph is shown for a deposition can be expressed as a function of temperafumecording to
energy of 10 eV with half the dose compared to 5 eV. The
morphology is completely different than for 5-eV deposition. AEy
We obtain an island density of 87(20)0° islandsjum?, D=D, ex;{ - W) 2
which is a factor of 3 higher than in the case of 5 eV. The
shape of the height histogram is different as well. There isvhere D, is the preexponential factor called tlifusivity
only a small Ag peak ta2 Aand the tail of the histogram is and AE, is theactivation energyor thediffusion barrier
a lot shorter indicating that the islands are lower than for the |, 4 qer to find a value foD, we first estimate the acti-
5-eV case. A coverage of 0.19 ML of Co and 0.03 ML of Ag .. ~ e
is found. This corresponds to a fraction of 14% Co that haélat'_On energyAIE for subsurface dlffu5|on_. We use the ex-
ended up in the first surface layer. This value is somewhaPerimental value,=15(2)x 10* um?’ obtained for thermal
higher than for 5 ev, in agreement with our MD depOSition of Co at 425 K witlF=0.02 A/S.25 Since in this

simulations?* From an analysis of the height of Co islands case all Co atoms end up in the first surface lalyerF.
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FIG. 3. An STM topograph
(100X 100 nnf) of low-energy
ion deposition of Co on A@®01)
at 10 eV (a); an STM topograph
(30%x 30 nnt) with enhanced con-
trast on the Ag terrace level, the
white arrows point at some of the

c) d) depressiongb), the height histo-
35- gram taken from areas without Ag
1200+ steps and with the terrace peak
. 301 (not shown at 0 nm(c), the island
R 251 size distribution(d), and A side
2 800+ 5 20 view of a Co cluster embedded in
& 6004 ] the first surface layer of A§01)
§ - Ic 151 (e). The black spheres correspond
= 10 to Co atoms, the gray to the Ag
200 positions taken by the Co atoms,
ol ol and the white spheres to the Ag
T T T T 0 T T T T T 1 .
0.2 04 0.6 0.8 0 5 10 15 20 25 30 atoms
Height (nm) Island size (nm?)
e)
==
— <
Using Eq.(1) a diffusion coefficienD =5(2)x 10~2 cn?é/s In the Introduction, we have already mentioned the

was found corresponding to a hopping freqency6(3)  mechanisms that possibly influence nucleation and growth
X 10* Hz. In studies on surface diffusion, it is common to when using hyperthermal particles: transient mobility, en-
assume that the attempt frequengy=10'>"* Hz32=3*This  hanced mobility due to direct or indirect ion impact, adatom

gives an activation energgt E=0.7(1) eV. Using the same Skuttering, nucleation at ion impact induced point defects,
value for the diffusivity, a diffusion barrier for terrace hop- the presence of pinning centers, island fragmentation, and
ping of AE=0.4(1) eV was found. As expected, this is island dissociation. Since transient mobility and enhanced
With 79=102"1 Hz and AE=0.7(1) eV we can calcu- density[Eq. (1)], these mechanisms cannot explain the in-
late the (Oexpected cluster densit)./ for a deposition fate crease of the island density for an increase of the deposition

) energy from 5 to 10 eV. In addition, the fraction of adatoms
=a(0.002 A /s) at 300 K. The surface-confined cluster denihat is hit by an incoming ion is very sm&f,which means

sity found for these values I8, 10 &v=5(2)X10% um?. In that both enhanced mobility due to ion impact and that due to
the case of 5 eV we fincﬁn‘ﬁxvs o=4(2)X10%um? (a5,  adatom sputtering are of minor importance. In the case of Co
<ayg ey - Although deposition at 10 eV gives an increase ofon Ag(001), we can exclude nucleation at ion impact induced
the density of pinning centers compared to 5 eV, the pinningAg adatoms: from codeposition experiments, we know that
mechanism alone cannot be responsible for an increagbe Co island density is not influenced by the presence of Ag
of the island density by a factor of 3 as observed in ouradatoms? Island dissociation cannot explain the observed
experiments. increase of the island density either: this mechanism causes
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some islands to disappear during deposition resulting in a n _ " k=1 n (n—1)
decrease of the island density. The only remaining mecha- Ny = >, Py ©0"0=> =~ :
nism that can explain the observed behavior of the island k=1 =11.2x10° 2 1.2x10
density is fragmentation: islands are not completely brokery.. 7_ S .
apart but only depleted at their edges. The Co adatoms th%%n;?:eiléfzilgz_ise andn>1, the total number of hits on
are created by the impact can form new islands or become a

part of the already existing islands. Sillanpaad Koponen 1.2x 107

modeled ion-beam assisted deposition by rate equations tak- Npits=——=— 6°. (5
ing fragmentation into accoutt. They found that fragmen- 2

tation causes the island density to increase and average i&; 10 eV the Co coverage is 0.19 ML, which corresponds to
land size to decrease. _ 2% 10° ions/um? hitting an island, which is one order of
In order to consider fragmentation as an acceptable explayagnitude higher than the density of islands expected for
nation for the drastic increase of the island density, one hag,ormal deposition at 300 K with a deposition rafe
to prove that there is a sufficiept nu.mber of Co ions hitting_ g go2 Als, i.e., 18(3% 10° islandsfum?. The ability of an
an island. The probability that iok hits a Co island when  j,coming ion to fragment an island depends on the fraction
arriving on the surface is equal to the island coveriggna  of energy that can be transferred during impact. Zhou and
att,, the time at which iork arrives(note that for submono- Wadley have performed MD simulations to study the effect
layers 6isjana<1), of 12-eV Ar" and Xe" impacts on small pyramidal Ni is-
lands(containing ten atomdocated on a C{i11) surface'®
The authors explored the energy transfer of an incoming ion
to the surface. For perpendicular impact at 12 eV, thé Ar
ions transfer about 65% of their kinetic energy, whereas the
The island coverage increases linearly with the number oheavier X¢& ions transfer about 80%. This energy transfer
ions that is deposited within a certain area. For 1 ML, 1.2decreases with increasing angle of incidence, e.qg., at 20° Ar
x 10" ions have to be depositdthis is the number of ada- ions transfer=60% of their kinetic energy and Xeions
tom sites on Jum? of Ag(001)], and under the assumption of transfer+75%. Taking into account thaCo has a mass in
2D growth 0;512nq= 1. Subsequently, the total number of is- between that of Ar and Xe, we can estimate the energy trans-
land hitsNp,;;s on 1 wm? after deposition of ions is fer for 10-eV impacts at 20° to be about 7 eV. Typically, the

4

Phit(ion K) = Oisjand(ti)- ©)

FIG. 4. An STM topograph
(100X 100 nnf) of low-energy
ion deposition of Co on A@01)
at 15 eV (a), an STM topograph
(30x30 nnt) on a smaller scale
with enhanced contrast on the Ag
terrace level in the lower right
corner, the white arrows point at
C) d) some of the depressior®), the
height histogram taken from areas

Ly 35 without Ag steps and with the ter-
1200+ 30 race peaknot shown at 0 nm(c),
1000+ S o5 | and the island size distributidd).
c
o) 800 £ 20
& 600 8
g w154
i 400 101
200
5-
°] 0
02 04 06 08 0 5 10 15 20 25 30
Height (nm) Island size (nm?)
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binding energy in an island is less than 1 eV/atbiil- towards very small islands. This is confirmed by the results
lanpaa and Koponen have investigated the effect of fragmenof Sillanpa and Koponen: with fragmentation, the number
tation forq=0.01—-0.1 with q being the ratio between bom- ©of small islands increases considerably and the average size
barding ions and deposited idfi§in our case+10% of the ~ decreases! In principle, it is possible to compare the experi-
incoming Co ions hit an island, see E&)]. They find that, mental island size distribution quantitatively with the scaled
compared to thermal deposition and for a coveragje island size distribution obtained by Sillargpand Koponen
=0.2 ML, the island density has doubled in the case of frag.for fragmentation. However, the eXperimental island size dis-
mentation withq=0.1. These results indicate that ion impact tribution is given as a function of the surface covered by an
induced island fragmentation can explain the significant inisland whereas it is needed as a function of the number of
crease of the island density for an increase of the depositio{oms contained in an island. This means that additional ef-
energy from 5 eV to 10 eV. forts should be made to accurately determine the relation

In Fig. 3d) the island size distribution for 10 eV is Petween topography of a 3D Co island on a@@l) surface

shown. Once again the situation is completely different com@nd the number of Co atoms contained in the island, e.g.,

pared to LEID with 5 eV. Very small islands clearly dominate f[akmg into account the crystal structure of the island and

L : : sland-tip convolution effects. On the other hand, a realistic
the morphology. This is in agreement with both an Increas‘%’nodel should include the probability for fragmentation with

in the number of surface-confined Co clusters and island ; : . ) .
espect to ion energy, island size, impact point, etc. There-

fragm_entatlfon. A.CO. clustertln th%TSt su_rfalce (I:aye:jc?n ac ore, a quantitative comparison between theory and experi-
as a(imperfec} pinning center and trap single Co ada OMS. ant is currently not straightforward.

Once a Co adatom is trapped, a new island can start 0 grow. gejated to the presence of Co clusters in the first surface

The more the Co clusters present in the first surface layer, thyer there is another mechanism that can cause an increase
more new islands can form. Also fragmentation gives a def’jsjand density with increasing deposition energy. The lat-
crease of the average island size. A fragmented island dgie parameter of fcc C3.55 A) is considerably smaller
creases in size and the atoms that are expelled from the ighan that of fcc Agi4.09 A). This means that a Co cluster in
land can diffuse and form new islands. Both mechanismshe first surface layer can give rise to tensile strain for both
result in nucleation(i.e., the formation of new islangls the Co and Ag atoms. This is shown schematically in Fig.
which is no longer restricted to the early stages of deposition3(e). Tensile strain at the surface decreases the diffusion co-
As a consequence, the island size distribution will extencefficient of adatoms®~3" For increasing deposition energy,

FIG. 5. An STM topograph
(100X 100 nnf) of low-energy
ion deposition of Co on A@01)
at 20 eV (a), an STM topograph
(30x30 nnt) on a smaller scale
with enhanced contrast on the Ag
terrace level in the lower right
corner, the white arrows point at
C) d) some of the depressior®), the
height histogram taken from areas

1800 %97 without Ag steps and with the ter-
1600 304 race peaknot shown at 0 nm(c),
1400+ g 25 and the island size distributidd).
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C) d) FIG. 6. An STM topograph
2000- 1600 (100X 100 nnf) of low-energy
1800 ] 1 ion deposition of Co on A@01)
1600+ 400 at 25 eV (a) and 30 eV(b), the
1400+ 120 height histogram taken from areas
5 1% 5 1000 without Ag steps and with the ter-
] 800 g 8004 race peaknot shown at 0 nm for
§ 6004 § 600 25 eV(c) and 30 eM(d), the island
4001 400 size distribution for 25 e\(e) and
200, “\\; 200 30 eV (f).
04 0
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30 301
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8 8
IC 154 L 151
10 10+
54 5
0- 0-
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Island size (nm?) Island size (nm?)
the fraction of Co in the first surface layer increases and, C.15eV

therefore, the tensile strain increases as well. When the dif- |n Fig. 4 an STM topograph is shown for a deposition

fusion coefficient decreases, the island density incrdd&®s  energy of 15 eV together with its height histogram. The tail
(1)]. However, based on our experimental results it is diffi-of the histogram is longer than for 10 eV indicating that the
cult to determine that to what extent this mechanism shoulgsjands have grown higher. There is no Ag peak even though
be taken into account. we expect the fraction of Ag adatoms to be comparable with
We conclude that the morphology at 10 eV is no longeror larger than 14%, which is the fraction observed for 10 eV.
comparable to thermal deposition. lon impact induced island ooking in detail at the shape of the islands, we can distin-
fragmentation and an increased density of surface-confineguish small Ag patches around the higher islaffeg. 4(b)].
Co clusters result in a drastic increase of the island densityhe fact that we do not see a corresponding Ag peak in the
and a decrease of the mean island size. The presence of Geight histogram is probably due to the presence of many
clusters in the first surface layer might also cause an increasgnall, low islands. In the histogram, such islands contribute
in tensile stress resulting in a decrease of the adatom diffuzonsiderably to heights just above the terrace, i.e., between 0
sion coefficient. and 0.2 nm. As a consequence, there is no longer a distinct
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difference between the terrace peak and the islands on top of TABLE I. The island density as a function of deposition energy.
the terrace. This is clear from the slope of the histogram at
0.1 nm: it is much steeper than in the case of 5 eV. WhethelPeposition energyeV) Island density (1 islandsfum?)
these small islands consist of Co or Ag or both is not clear. In

5 264

principle, we expect that Ag islands are larngee Fig. 1.17 10 87?(23)
in Ref. 23 because of the high mobility. In the case of LEID,

. . 15 4510)

this argument no longer holds due to fragmentation and the 20 207)

presence of Co pinning centers. As a consequence, it is dif- - 4913

ficult to determine the relative fraction of Co and Ag from
the histogram. Assuming that the fraction of Ag is around 30 4011)
20% we find a coverage of 0.15 ML of Co and 0.05 ML of
Ag. This is an estimation based on our MD calculations and
on the fact that the fraction of Co in the first surface layerergy from the incoming ion to the atoms of the island. As
increases with increasing energy. mentioned in Sec. Il B, Zhou and Wadley have performed
Beside the analysis of the histogram, the island densityiD simulations to study the effect of Arand Xe" impacts
was determined: 45(10)10° islandsjum?. This is higher on small Ni islands on a Q@11 surface!® These islands
than what is eXpected for thermal depOSition, indicating thaWere separated by On|y a few lattice parameters_ For an im-
fragmentation occurs and that Co pinning centers are presephct energy of 12 eV, they found that most of the islands
in the first ML. The density is lower though, than in the caseygre reduced to ML height at incident angles ranging from
of 10 eV. With increasing energy, fragmentation will becomeqe 5 70° off normal. In addition, the island density was
more efficient. In addition, the number of pinning centers,avs reduced compared to the initial island density before

Ilnc'ge)aslﬁsthg’Towgrri?sr']?%;:;r%’ F?m(i?) Thcée(?osrifgtegh ion bombardment. For a 15-e¥’Co" ion the energy transfer
! 9 9. for an impact angle of 20° can be estimated at 9 eV. This is

the Ag terrace level is enhanced. We can clearly see the . . ; . D
depressions corresponding to submerged Co clusters. The raufficient to dissociate small islands containing less than ten
tal coverage from islands on top of the surféGe + Ag) for ~ 10mMs. y _ .

10 and 15 eV is comparable, but the Co coverage is some-, O @ deposition energy of 15 eV, there is a large fraction
what lower in the case of 15 e{0.19 ML for 10 eV vs 0.15 of small islands aﬁgr dep05|t|d|se.e below: 49% is smaller

ML for 15 eV). Since new islands are formed at any stage ofthan 1.5 nm. Such islands contain less than 18 atoms. The
deposition(due to fragmentation and the presence of pinningc0 coverage on top of the surface is 0.15 ML. According to
centery, a lower coverage implies a lower island density. OnEd. (5), 1.35< 10° islands perum? are hit after deposition.

the other hand, for deposition energies higher than 10 eV wéhis is about three times the experimentally observed island
never observed a higher island dengityan that for 10 ey,  density(i.e., 42< 10° islandsjzm?). Since the number of ion
even when the Co coverage is higher. Therefore, the decreasapacts on small islands is sufficiently large, fragmentation
in island density cannot completely be explained by differ-and dissociation are expected to affect the island density sig-
ences in coverage. The only remaining explanation for thisificantly. Fragmentation and dissociation have an opposite
behavior is the fact that ion induced island dissociation oceffect on the island density, the former gives an increase and
curs: due to the energetic impact of ions on an island, thene |atter a decrease of . However, more energy is needed
bonds that hold the island together are broken and all Cgy dissociate an island because in the case of fragmentation
atoms become adatoms again. These Co adatoms can attqghs bonds are broken. This explains why at 10 eV the island
to an existing |sl_an(_:I or form anew island. In the former Cas€density is higher than at 15 eV. At 10 eV, fragmentation
the island density is decreased, in the latter case it remaing. rs already whereas the deposition energy is too low to
unchanged. cause a considerable number of dissociations. At 15 eV, dis-

(\JIN:Iat |skthe re]:nergy n?eded dtol\;ljg,socllatle ?n |sla]}nd 'CSt°|tzseOC|at|on also becomes important, which results in a decrease
and 'N@rskov have periorme calcutations 1or LU ON ¢ 0 island density compared to 10 eV.

Cu(112) and determined the binding energy for clusters with In conclusion, the morphology at 15 eV is determined by

2-12 atom$. For each extra atom the binding energy in-th bal bet hani ith ite effect
creases by 0.6-0.9 eV. For a cluster of 12 atoms they ob- € bajance between mechanisms with an opposite efiect on

tained a binding energy of 8 eV. Stroscio and Pierce found € island density. On the one hand, fragmentation and an
a bond energy of-0.5 eV for Fe on F®01).33 On a(001) Increasing number of pinning centers in the first surface layer
surface, islands containing 9, 16, or 25 atoms can have tHguSe an increase of the island density for increasing energy.
compact shape of a square. With 0.5 eV per bond this give®n the other hand, island dissociation causes a decrease in
a binding energy of 6, 12, and 20 eV respectively. This indi-the island density for increasing deposition energy.

cates that for the energy range studied in this w&k30 In Fig. 4(d) the island size distribution for 15 eV is
eV), only small islands are possibly dissociated: with a lat-shown. The large fraction of small islands {.5 nnf) indi-

tice parameter corresponding to that for Age., a, cates that nucleation is still determined by fragmentation and
=4.09 A) a ML high island containing 25 atoms corre- the presence of pinning centers. Compared to 10 eV the frac-
sponds to an area of 2 frFurthermore, islands can only be tion of small islands is lower. This is in agreement with a
dissociated when there is a sufficient transfer of kinetic enhigher efficiency of island dissociation at 15 eV: large islands
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can grow at the expense of small islan@e., only small  surface layer, a coverage of 0.17 ML of Co and 0.08 ML of

islands can dissociate at this low energy Ag is found. We obtain an island density of 49(3)0®
Finally at 15 eV, there is again preferential nucleation onislandsjzm?.
the upper sides of the Ag step eddésg. 4(a)]. Due to In Fig. 6(e), the island size distribution is shown. There is

dissociation of small islands, Co adatoms become available large fraction of small islands but this fraction is lower than
again for growth, which results in a morthermal-like in the case of 10 eV. These observations can again be ex-
morphology. This means that also step decoration becomgdained as a combination of fragmentation, pinning, and dis-
possible again. The number of nucleation sites at a step edgeciation. The island density is higher than what is expected
is smaller than in the case of 5 eV indicating that the nuclefor thermal deposition but lower than for 10 eV. Again we
ation behavior is not completely thermal and pinning centerebserve depressions corresponding to surface-confined Co
still play an important role. The latter is also clear from the clusters(not shown. The island size distribution is similar to
island size distribution. those of 10 and 15 eV. This is also the case for 30 eV as we
will see in the following section.

D. 20 eV

An STM image for 20 eV is shown in Fig. 5 together with
its height histogram. As in the case of 15 eV there is no At 30 eV [Fig. &b)] there is again a Ag peak in the his-
well-defined Ag peak, though there is a bump at 0.2 nmfogram[Fig. 6(d)]. There is a considerable number of small
confirming the presence of Ag. In Fig(l§ a detailed STM islands and consequently the Ag fraction, obtained by using
image is shown: many islands are surrounded by a ML patcthe method of analysis used also for the codeposition experi-
According to MD calculations, from 20 eV onwards, vacan-ments, is underestimated. With a fraction of 35% of Co end-
cies can be producéd.When vacancies are created, moreing up in the first surface layer we find a coverage of 0.11
than one Ag atom becomes an adatom for each Co atodlL of Co and 0.05 ML of Ag. The tail of the histogram
ending up in the first surface layer. A fraction t#0% Ag is  resembles that for 10 eV implying low islands. The island
expected on top of the surface. Based on the height histadensity is 40(11x 10® islandsfum?. The island size distri-
gram and the STM images we believe that this is an overedution is shown in Fig. 6). There is a large fraction of small
timation since this would give a large peak at 0.2 nm in theislands. However, this fraction is again smaller than in the
histogram. Taking a fraction of 25% Ag we find a Co cover-case of 10 eV. The morphology at 30 eV is very similar to 25
age of 0.21 ML. This is 5% higher than what we took for 20eV and can also be explained in terms of fragmentation,
eV in order to make an estimate of the Co and Ag coveragepinning, and dissociation. Also for 30 eV we observe depres-

An island density of 40(7% 10° islandsjum? is obtained, ~ sions in the terraces indicating that there are Co clusters in
which is comparable to 15 eV. The observation of similarthe first surface layer. The covera@@o + Ag) is somewhat
depressions in the terraces confirms the presence of surfadewer than in the case of 25 eV, which might explain the
confined Co clustergnset of Fig. %b)]. The size distribution lower island density observed at 30 eV.
for 20 eV is somewhat different than for 15 ¢Wig. 5(d)].

We believe that the average island size has increased due to IV. CONCLUSION

larger Ag patches around the Co islands compared to 15 eV. ) . ) .
Larger patches lead to an apparent increase in the Co islands, W& have investigated the influence of the deposition en-
This difference in island size distribution is related to the€'9y With respect to nucleation and growth of Co on
subtle balance between fragmentation and pinning on the orf8d(001). Co was deposited by low-energy ion deposition
hand and dissociation on the other hand. There are sever4fth an energy between 5 and 30 eV. Table | gives an over-
indications that these are the primary mechanisms that detef!€W of the island densities for the various energies. For an
mine the morphology(l) there is experimental evidence of €Nergy of 5 eV, the morphology of a submonolayer Co film is
the presence of Co pinning centéFg. 5b)]; (2) the island similar to thermal deposition with an additional fraction of
density is higher than what is expected for thermal deposifd Present on the surfade-10% of the Co coverageAt 10
tion (in agreement with fragmentatiprout lower than for 10 e\_/ there is a drastic increase of '_[he island d_ensr[y c_omblned
eV (in agreement with dissociatign3) when Ag patches are with a decrease of the island size and height. This is ex-

subtracted form the STM images, the island size distributio?!@ined in terms of ion impact induced island fragmentation
is shifted to smaller islands. and an increase in the number of surface-confined Co clus-

ters. The presence of depressions in the vicinity of the is-
lands indicates that such Co clusters act as pinning centers
for Co adatoms during the nucleation. The morphology for
In Fig. 6@ an STM image is shown for a deposition deposition energies between 15 and 30 eV is characterized
energy of 25 eV. Due to the presence of small islands there isy an island density that is higher than the island density for
no Ag peak at 0.2 nm in the histogram but only a bump. Thishermal deposition but lower than for 10 eV. The only
was also the case for 20 eV. It is again difficult to deter-mechanism causing a decrease of the island density for in-
mine the relative fractions of Co and Ag. In order to give ancreasing ion energy is ion impact induced island dissociation.
estimate of the coverage, the fraction of Co in the first surAs in the case of 10 eV, for 15 to 30 eV depositions there is
face layer is increased by 5% for every 5 eV from 15 eVa large fraction of small islands and depressions present in
onwards. Supposing that 30% of Co ends up in the firsthe terrace. This indicates that fragmentation and pinning

F. 30 eV

E. 25 eV
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still play an important role at these higher deposition enereither transient mobility, enhanced mobility due to direct or
gies, resulting in an island density larger than that for therindirect ion impact, or adatom sputtering give rise to a sig-
mal deposition. nificant change in the morphology of the film. Based on
Our experimental results indicate that at least threeodeposition experiments of Co and Ag on(8@1), we can
mechanisms influence the morphology of a LEID grownryle out the possibility that Co adatoms nucleate at ion im-
film: ion impact induced island fragmentation, pinning atpact induced Ag adatom&ec. 11l A).
surface-confined clusters, and ion impact induced island dis- ) .
sociation. In addition, as mentioned in Sec. Il B, the tensile  This work was supported by the Belgian Fund for Sci-
strain due to the presence of Co clusters in the first surfacentific Research of Flander§~WO), the Concerted Ac-
layer possibly causes an increase in the island density fdion (GAO), and the Inter-University Attraction PolgUAP
increasing deposition energy. We have no indications thalP4/10.
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