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Low-energy deposition of Co onto Co islands on Ag(100): Effect on submonolayer growth
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Using classical molecular dynami¢sD) methods and rate equations, we have studied the effect of Co
deposition onto a Co island at a A0 surface. In the MD simulations, Co atoms were deposited on islands
of sizes from 2< 2 to 6X 6 atoms with an energy of 25 eV at an incident angle of 20 degrees off normal. From
the MD simulation results, we determined the functional form of the fragmentation kernel used in the rate
equations as well as its parameters. The MD results also showed that irradiation-induced detachment from the
island is common, while dissociation events of the island are very rare. Studying the growth process using rate
equations, which included the restrictions deduced from the MD results, gave us island size distributions that
agree with experimentally measured distributions. Thus, our results show that the submonolayer growth pro-
cess can be explained solely by irradiation-induced detachment from the island.
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[. INTRODUCTION settle the relative importance of the different processes sug-
ngested, we have studied these processes using computer
| simulations and present a model for the precursor of layer-
setup but also in the quality of the resulting film. A promis- PY-layer growth in the submonolayer region. The case stud-
ing but relatively little studied technique is deposition of 1d corresponds to conditions encountered in LEID.
hyperthermal adatoms and clusters on a surface. In this work, '€ resulting high small-island density might be ex-

we will consider two hyperthermal methods; low-energy ionPlained, apart from complete island dis_sociation, by detach-
deposition(LEID) and ion-beam-assisted depositiéBAD ). ment of adatoms from the edge of the islands caused by the

In LEID, the surface is bombarded with ions with energies ofSNergy traqsfer from the ion impacts, as we have suggested
5-30 eV. The energy is high enough to induce the breakinrecently.3 This would create an additional monomer flux onto

D of islands and the creation of surface adatoms. These will's surface, and the necessary condition for that is that the
P ‘ . Tlux should be proportional to some power of the length of

contrlbutg to an increase in nucleation centers for & NeW IS4 island perimeter and the density of islands of that size. In
land, which will lead to a high surface island density. This cqnirast 1o this, with fragmenting islands the small island
high density is supposed to be the necessary condition ffensity would not increase as much, because the parts of the
obtaining smooth layer-by-layer growth with LEID. IBAD fragmented islands tend to be of the same order in size on
techniques will give the same kind of layer-by-layer growthayerage, and the bigger the islands are, the rarer are the frag-
as LEID. However, with IBAD, the high island density is mentations of those islands. Thus, the resulting island size
achieved by depositing the growing material thermally whiledistribution would be very sharply peaked at the average
at the same time bombarding the surface with high-energisland size. We have previously shown that the characteristic
immiscible ions that supposedly either break up the growindeatures of growth and in particular the form of island size
islands, or enhance detachment of adatoms on island edgdsstribution are uniquely characterized by these microscopic
and create new nucleation centers. Experiments with pulsearocessed* However, we have lacked the detailed justifica-
IBAD for Ag on Ag(111) and Cu on C(111) show that when tion for the basic assumptions of the model. In the present
a pulse of energetic particles is applied at the beginning o$tudy, we provide the necessary microscopic details to justify
the growth of every new monolaydML), layer-by-layer the crucial hypothesis put forward in our previous work.
growth is possible up to 7 ME.The microscopic process of To get a complete picture of the processes governing
most importance behind all these methods seems to be egrowth using LEID, we need to identify the microscopic pro-
hanced detachment from island edges, as will be argued faesses on the atomistic scale. To identify these processes, we
in the present paper. need to utilize a tool which is capable of effectively and
The growth of Co on A@O0Y) films using LEID has been accurately measuring the positions of atoms during irradia-
studied in recent experimerttsln these experiments, the tion. The best candidate for this job is molecular dynamics
morphology of the Co islands is found to be controlled by(MD) simulations. Using MD simulations, we can follow the
three different mechanisms: ion-impact-induced island fragmovement of single atoms as well as mimic the experimental
mentation, pinning at surface-confined clusters, and ioneonditions. ldentifying the microscopic processes and their
impact-induced island dissociation. It is concluded that theprobabilities is, however, not enough; we also need to know
first two mechanisms contribute to an increased density ofiow these processes will affect the growth in general and
Co islands, while the third one decreases the island dehsityhow they are reflected on the generic properties of growth. In
It is, however, not clear how such massive mass redistribuerder to study the growth process and draw inferences that
tion as complete island dissociation could be induced by a@re experimentally accessible, we utilize a rate equation
single low-energy ion. In order to clarify these issues andmodel, which is a simplified and idealized description of the

A large variety of techniques can be used to grow thi
films. The techniques differ not only in their experimenta
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growth process, yet fully justified in the present case of TABLE I. The parameters for the interaction model used in the
strongly reversible growth, where all spatial correlations aréVD simulations.
eliminated®* In the rate equation case, we insert the param
eters deduced from the MD simulations, thus making them &aterial fe Pe 2! B Y
semi-realistic description of growth under conditions en-
countered in LEID. The advantage of rate equations is that 0.0118 0.4498 5.92 5.96 8.26
they make it possible to turn off certain microscopic pro—CO 0.0309 0.7232 5.25 6.96 9.28
cesses, which makes it easy to deduce which parameters are
important for the growth process.

This paper is arranged as follows. In Sec. Il A we de- . _ .
scribe the method used in the MD simulations, the results oPOth static and dynamic properti€,

these simulations are presented in Sec. Il B. We consider the 11ree different types of simulations were conducted. In
rate equation simulation model in Sec. Il A, the scaling of € first type, the whole surface area was evenly bombarded.

the distributions in Sec. Il B, and the results of the rate!N€ results of this type are not relevant to the study; they
equation simulations in Sec. Il C. The obtained results ardVere only used as a reference for the other results, and thus,

discussed in Sec. IV. We conclude the paper in Sec. V. they will not be presented explicitly in this paper. In the
second type, the area of irradiation was set to five times the

area of the island. The bombardment area is centered on the
IIl. MICROSCOPIC SURFACE PROCESSES IN LEID island, which gives us a relative bombardment area of 20%

A. Molecular dynamics methods of the surface. The third type was used to gain more accuracy

. . in the result statistics for the island detachment and fragmen-
Classical MD were used to study the atomistic processe,

. " : ] fation. This was done by limiting the area of irradiation to the
during deposition. The simulation program uses the Gear

Ysland, which gives us a relative bombardment area of 100%;

algorithn? to calculate atom trajectories and the Berendsen o 5| of the bombarded atoms will hit the island. For all
method for temperature scaling.

) - types of simulations, the point of impact was chosen ran-
In our model we consider a system consisting of a Ag

b ith a f f hich h island of domly on the surface, taking the surface limiting conditions
substrate with a flat surface which has a square island o Chto account. Both the 20% and 100% limiting conditions
atoms consisting of one monolayer. The size of this islan

p %9 56 For island I ave similar results.
gé;né](?jalr?? 25 atitrﬂrsn ?ht: useda;?Jrl;];t.ratgr rlnzg na ?0?2; asuer:ca% Five hundred events were simulated for all configurations.
: . o e third type was also simulated for 5000 cases to obtain
area 1069 A while for larger islands the size is 2033.A yP

; . L 02t maximum accuracy for the detachment results. The analysis
The square island has edges in (&) directions, which is of the simulation results was done at the end of each simu-

tﬂ? ec?ergy mlnlml;mhconﬂglljlratlonbfor th|s. t)g)e4of 'Sla.nds'lation with an analysis program specifically written for these
e dimensions of the smaller substrate i &<4.5 unit  gjny 1ations, In this analysis, a cluster of atoms or vacancies

cells which corresponds to 1152 atoms and the size of thg yefined as an entity in which all its parts are located within
larger substrate is 411X 4.5 unit cells which corresponds the distance X d,, of each other, where., is the nearest-
to 2178 atoms. To create a system with one free S“rfac%eighbor distance for a relaxed lattice.

periodic boundaries were applied in the directions of the sur-
face plane and nonperiodic boundaries were applied to the
direction perpendicular to the surface plane. The three lowest
monolayers of the substrate were fixed and a soft tempera-
ture scaling was applied on the following three monolayers. The analysis of the final configuration for the deposited
To avoid thermal diffusion of the Co atoms, the systematom was divided into nine different configurations in which
was simulated at an initial temperature of 77 K. To maintainthe atom can be found after impact. The incoming atom can
this temperature, the atom velocities were scaled at the edgésive landed on the surface, staying as a free atom on the
where periodic boundary conditions were applied. The insurface. We label this configuration “On surface.” If the atom
coming Co atom has a kinetic energy of 25 eV and hits théhas migrated to the edge of the island, we label the configu-
surface with an incident angle of 20 degrees off normal taration “At island edge.” If the incoming atom has switched
mimic the experimental setup. All simulations were startedplaces with a Co atom in the island, the configuration is
from a thermalized substrate. Thieangle of the incoming labeled “In island,” and if the switch has occurred with an
atom was randomly chosen. The total length of one simulaAg atom in substrate it is labeled “Ag exchange.” If the
tion was 5 ps. incoming atom has undergone a “Ag exchange” within the
The interaction between atoms in the system was deisland resulting in substrate Ag atoms in the island, the case
scribed with the embedded-atom modeAM) potential, the is labeled “Ag exchange in island.” Correspondingly, if the
functional dependencies proposed by JohhAsesare used. exchange is at the edge of the island, the case is labeled “Ag
Model parameters for Ag can be found in Ref. 8 and theexchange at island edge.” If the incoming atom just has been
parameters for Co was obtained from the authors of a previreflected off the surface, we label the case “Resputtered.” If
ous study of the same systérifable | shows the values of the incoming atom is a part of a fragmented cluster of the
the used potential parameters. The mixed Co-Ag interactioisland at the surface, we label the case “In fragmented clus-
was obtained with the model proposed by Johristiis in-  ter.” Tables Il and Ill show the results for the different ex-

teraction approximation has been validated by ébal. for

B. Molecular dynamics results
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TABLE Il. Results for the incoming atom. Casé§—H" have the same parameters as given in Table IV. The number of different
configurations are given in percent of the total number of events. The total number of events was 500. The parameters for the different cases
are the same as in Table IV except for the relative bombardment area, which is 20% for these cases.

* * * * * * *

Configuration A B C D E F G H

On surface 29.9+3.2 28.2+1.0 27.6x1.7 23.8+2.9 21.8+2.9 19.0£1.3 16.2+1.5 28.7+3.0
Ag exchange 14+0.4 4.0£0.6 5.8+0.8 9.2+1.9 6.8+0.8 11.6+£1.2 10.6+£0.9 12.7+£1.7
Ag exchange in island 7.6+0.7 6.0£1.3 4.8+0.9 4.8+0.8 42+1.1 5.0+£0.8 6.2+1.0 3.8+0.8
Ag exch. at island edge 5.8+0.9 4.8+0.7 44+1.1 2.8+0.4 3.8+£0.6 0.2+0.2 3.6x1.4 0.6+0.2
In island 22.6+2.2 26.4+1.4 30.0+1.9 26.8+2.3 34.6+1.6 37.4+15 38.0+1.0 30.8+2.8
At island edge 5.0£0.5 44+1.2 4.6+0.7 5.4+0.9 6.2+1.3 4.8+0.8 4.8+0.6 3.4+0.2
Resputtered 27.8x1.5 26.0+x1.8 22.5+1.7 27.2+3.6 22.6x1.6 22.0+1.9 20.6+1.3 20.0%1.2
In fragmented cluster 0.0 0.2+0.2 0.2+0.2 0.0 0.0 0.0 0.0 0.0

amined cases, and Table 1V describes the details of the diffhe case labeled “Minor island disconfiguration” represents
ferent configurations. the case in which more than one atom but less than 20% of

In the analysis of the final configuration for the substratethe total amount of island atoms have moved at least one
several different points of interest were identified, these argearest-neighbor distance. “Island disconfiguration” labels
listed in Tables V and VI. the case in which between 20% and 40% of the island atoms

The "Ag adatom on surface” label indicates the occur-p o oved at least one nearest-neighbor distance. If more
rence of Ag adatoms on the surface not within two times thg

nearest-neighbor distance of the Co atom island. Note th jvan. 40% of thg islanq atoms rlave mOYEd.’ we "f"be' the.case

multiple instances of this case does not necessarily mean th ajor island disconfiguration.” The C”.te”a, for island dis-

the adatoms form a cluster on the surface, although that go¢iation was that none of the resulting islands could be

usually the case. If a Ag adatom is positioned next to the CA2rger than 25% of the original island. In the simulations we

atom island, the configuration is labeled “Ag adatom at is&n, not one dissociation event was observed, and dissocia-

land edge” and if it is positioned in the island that is in the filon évents are therefore not listed in the tables.

same layer as the Co atoms, the configuration is labeled “Ag All errors for the data were calculated using the jackknife

adatom in island.” If the adatom is located on top of themethod

island it is labeled “Ag adatom on island.” Sputtering of  Figure 1 shows the total detachment probabilities for dif-

substrate atoms were also observed; the case of one sputteffecent island sizes. A curve of the forsff has been fitted to

Ag atom was labeled “Ag atom sputtered.” the data, where the parametehas a value of 0.38+0.16 for
Two different final configurations for the Co atoms in the the 20% relative bombardment area simulations and

island were observed. The Co atoms can either be sputteréd52+0.03 for the 100% relative bombardment area simula-

or fragmented from the island. The fragmentation of Co attions.

oms from the island was observed as single atoms and as It is interesting to note that a single impact moves the

whole clusters of atoms. Single fragmented atoms are labelesthole island (“island disconfiguration” events mentioned

“Co detached.” Fragmented clusters of Co atoms are labelegbove, and that this occurs in more than 50% of the cases

as “cluster ofX Co fragmented,” wher¥ indicates the num- even for the largest islantsee Tables V and VI Several

ber of Co atoms in the fragmented cluster. previous studies have examined adatom island movement by
To analyze the possible dissociation of the Co island, wéhe diffusive motion of atoms along the eddés® The

also analyze the movement of atoms within the island itselfpresent results show that during IBAD or LEID conditions,

TABLE Ill. Results for the incoming atom. Casé§' —H™ have the same parameters as given in Table IV. The number of different
configurations are given in percent of the total number of events. The total number of events was 500. The parameters for the different cases
are the same as in Table IV except for the relative bombardment area, which is 100% for these cases.

*k ke ok ke Hk Hok

Configuration A B C D E F G H
On surface 31.2+0.6  22.3+0.7 20.0+0.5 14.6+x0.5 14.5+0.6 9.1+0.4 8.9+0.4 12.1+0.4
Ag exchange 0.6+0.1 0.4+0.1 0.5+0.1 0.4+0.1 0.2+0.1 0.2+0.1 0.2+0.1 0.4%+0.1
Ag exchange in island 8.9+0.4 10.2+0.5 5.0+0.3 7.5+0.4 6.0+£0.3 6.3+0.4 5.7+0.3 4.8+0.3
Ag exchange at island edge 1.3+0.2 1.2+0.2 0.7+0.1 0.8+0.1 0.5+0.1 0.6+0.1 0.5+0.1 0.4+0.1
In island 35.0£0.7 48.3+0.8 57.1+0.7 61.5+0.6 68.5+0.8 69.0£0.7 75.2+0.6 74.0+0.6
At island edge 7.4+0.4 4.8+0.3 45+0.3 0.8+0.1 0.5+0.1 2.1+£0.2 0.5+0.1 2.2+0.2
Resputtered 15.1+0.4 11.9+0.4 11.7+0.5 12.3+0.5 6.7£0.3 12.7+0.5 6.4+0.4 5.9+0.3
In fragmented cluster 0.5+0.1 0.8+0.1 0.5+0.1 0.1+0.1 0.1+0.1 0.0 0.1+0.1 0.2+0.1

075411-3



FRANTZ et al. PHYSICAL REVIEW B 71, 075411(2005

TABLE IV. Substrate configurations used in the MD simulations.

Configuration A B C D E F G H

Island size(atomsg 2X2 2X3 3%X3 3x4 4x 4 4x5 5%x5 6X6
Substrate siz¢A?) 1069 1069 1069 1069 1069 1069 1069 2033
Island coveragé%) 3.13 4.69 7.04 9.39 12.51 15.62 19.65 14.81

not only the thermally activated motion but also the athermatial island mobilities>*17:18This kind of growth can be de-

impact-induced one needs to be considered. scribed neglecting the spatial correlations between growing
Our results also show that there is an appreciable possislands?*’~??and thus can be modeled by using rate equa-

bility of the incoming Co ion causing Ag entering the island. tions as a reversible aggregation-breakup procégs

The results in Tables Il and I[IAg exchange inisland and at +A; = A;,; of clusters of size andj with the rates of aggre-

island edgg show that this probability is largest for the gation and breakup specified by reaction rakds,j) and

smallest(less than ten adatomislands, then remains about F(i,j), respectively®-22The rate equations for the areal den-

constant within the uncertainty at around 6% for the largersity n, of islands of sizes=1 are now given b}

ones. Because of the atom size and chemical differences, an

Ag atom in a Co island is likely to affect the island properties dn, 1 . .

strongly. Similar to the ion-induced island motion effect, this Gt 2 > [K(@,jnin = F(i,j)nd

mixing might also have to be accounted for in studies of s

adatom island mobility. It does seem to have a clearly *

smaller probability, though. - E [K(s,j)ngn; = F(s,j)nss ] + P Sy 6, (1)
The fact that no island dissociation was observed is not a =1

quite obvious result. Atom migration barriers on metal sur-

faces are typically of the order of 0.5 eV or |é8s0 that in
Sm e ) : . of monolayers per secon@iL/s).

principle it is energetically possible that a 25 eV ion could The aggregation kernel for islands with diffusivity, is

displace all atoms in the current small adatom islands leadin iven b gg'][heg Smoluchowski formuli(i, j)=K (D-+IID-)

to dissociation. This would, however, require a very eve y ) =RolDiTHy),

distribution of kinetic energy and momentum from the pro—v‘{he{(ge we pm|t the Iogar!thm|c dependence on the island
jectile to the adatoms, as well as requiring most of the moSiz€: This is consistent with the point island model used. In

menta poiting outuards That this 1s vy mprobable 562555 of METESL o s, melal clusters o a meta) surace
confirmed by our results.

power lawD; =i with w in the range & u<22* We re-
IIl. MODELING GROWTH strict ourselves to models in whictha=1 or 2.
For fragmentation(or breakup of an island of sizes=i
+j, the fragmentation rate is taken to depend on the island
The island growth with breakup of islands is a reversiblesize F(i,j)=F(i+j)*"%, and only binary breakup is allowed.
process, and the systems of interest are affected by substaihen only adatom detachment is allowed, the breakup rate

where the sourc® is the deposition flux of adatoms in units

A. Rate equation model

TABLE V. Results for the substrate. Cas®'s-H" have the same parameters as given in Table V. The number of different configurations
are given in percent of the total number of events. The total number of events was 500. The parameters for the different cases are the same
as in Table IV except for the relative bombardment area, which is 20% for these cases.

* * * * * *

Configuration A B C D E F G H
Ag exchange 32.2+3.7 24.0+1.6 10.8+1.2 12.6+x2.2 16.4+2.0 11.4+0.9 11.0+1.9 13.2+1.3
Single Ag adatom on surface 11.8+1.5 184+25 28.6+2.0 22.4+1.9 194+1.1 19.0+1.6 19.2+1.7 24.6x1.6
Two Ag adatoms on surface 0.6+0.4 0.8+0.2 0.0 1.2+0.4 0.4+0.2 1.0+0.3 0.8+0.5 2.6+1.6
Ag adatom at island edge 7.2+0.8 5.4+0.8 6.6+0.6 6.4+0.6 44+1.1 6.4+1.1 8.4+1.1 4.6+0.8
Ag adatom in island 53.5+4.4 46.4+3.7 34.6+1.4 358+2.1 40.2+1.3 33.8+1.8 38.2+1.6 33.8+1.2
Single Ag atom sputtered 3.8+1.3 5.2+0.7 3.6+0.5 3.2+0.9 3.8+£0.7 4.8+0.6 3.8+0.9 5.0+0.8
Co detached 0.8+0.5 2.0+£0.7 0.8+0.4 2.4+0.4 1.6+£0.7 1.8£0.7 2.4+0.5 1.8+0.2
One cluster of two Co fragments 0.0 0.2+0.2 0.4+0.2 0.8+0.4 0.0 0.0 0.0 0.0
Minor island disconfiguration 35.6£2.1 41.4+24 57.8+2.1 548+14 544+26 582+1.1 64.1+2.2 63.0£2.2
Island disconfiguration 6.4£0.5 7.6x£1.6 4.8+0.4 8.0£1.6 2.8£0.9 4.2+0.2 3.0£0.7 2.0£0.5
Major island disconfiguration 17.4+19 14.0+1.2 2.2+0.8 1.8+1.1 1.8+0.6 0.4+.2 0.4+0.2 0.0

075411-4



LOW-ENERGY DEPOSITION OF Co ONTO Co ISLANDS PHYSICAL REVIEW B 71, 075411(2005

TABLE VI. Results for the substrate. Cas&$ —H™ have the same parameters as given in Table IV. The number of different configu-
rations are given in percent of the total number of events. The total number of events was 500. The parameters for the different cases are the
same as in Table IV, except for the relative bombardment area, which is 100% for these cases.

Configuration A" B™ c” D" E” F G” H™

Ag exchange 75.2+1.3 71.6+11 41.3+11 444+10 539+12 49.6+12 528+1.1 49.0+1.3
Single Ag adatom on surface 3.6+0.3 4.1+0.3 2.5+0.2 3.3+0.3 1.5+0.2 2.3+0.2 1.6+0.2 1.2+0.1
Two Ag adatoms on surface 0.0 0.1+0.1 0.0 0.1+0.1 0.0 0.0 0.0 0.0

Ag adatom at island edge 5.0+0.3 4.6+0.3 2.4+0.2 2.0£0.2 2.2+0.2 1.9+0.2 1.6+0.2 1.6+0.2
Ag adatom in island 86.1+1.2 839+1.2 525+1.2 60.3+x1.2 64.2+1.0 657+1.3 66.6+x1.3 67.4+1.3
Single Ag atom sputtered 0.4+0.1 0.7+£0.1 0.1+0.1 1.1+0.2 0.1+0.1 0.9+0.1 0.1+0.1 0.2+0.1
One single Co sputtered 0.0 0.0 0.5+0.1 0.0 0.0 0.2+0.1 0.1+0.1 0.1+0.1
Co detached 5.0£0.3 4.1+0.3 3.0+£0.2 4.6+0.3 8.0+0.4 4.4+0.3 7.5+0.4 9.3+0.3
One cluster of two Co fragments 0.6+0.1 0.8+0.1 0.7+£0.1 0.2+0.1 0.3+0.1 0.3+0.1 0.2+0.1 0.2+0.1
Minor island disconfiguration 18.2+0.6 25.8+0.7 42.0+0.8 47.2+0.7 52.0+x0.7 61.6x0.6 66.2+2.3 74.1+0.8
Island disconfiguration 11.8+0.5 129+04 17.1+0.6 20.4+0.6 18.2+x0.6 13.6x0.5 12.8+05 7.7+04
Major island disconfiguration 38.2£0.7 34.7£0.6 8.2+0.4 6.4+£0.3 6.1£0.3 2.6x0.2 1.6+0.2 0.3£0.1

of adatoms is given b§(i,j) =Fq(i +])*(&1+6,1), where the  termined completely by(x) provided the average sizeis

& restricts breakup to adatoms only. In both casess  specified. In what follows, the size distribution is of most
related to the geometry of the islands characterizing hovinterest, because its generic form is characteristic to the na-
impacts are assumed to affect the breadf5.The detach- ture of reversibility; either a fragmentation process or a de-
ment constant on the lattice is definedrgs-LF,, whereL?  tachment of adatoms occuté.

is the size of the systerfin the simulations we usetl?

=250 000 lattice sitesandF, is the detachment rate in num-

ber of detachments per second. The MD simulations per- C. Rate equation model results

formed here show deflnltely that fragmentation is not ||ke|y The Sca”ng functiong(x) Corresponding to the models of

to occur, but enhanced detachment takes place. Moreovefagmentation and enhanced detachment were monitored in
the detachment depends on the size of the islands as epcM simulations until parameter-independent limiting
pected, i.e., it is proportional to length of the island perim-shapes were attained. For fragmentation with homogeneous

eter. _ _ _ breakup kernels, the scaling functigtx) can be fitted with
In order to study the dynamics of island growth described

by Eqg. (1) without any additional assumptions concerning

12 T T T

. . . . . ) J ¥ ]
scaling or stationarity, we have simulated island growth us: 8 — 100% relative bombardment area, 5000 cases
ing the particle coalescence methGCM).*?! In this sim- ol o L 50% reitive bt aton |
plified model reaction, kernels in the rate equations can be ™[ - Fitto results, o= 0.3819 £0.1629

specified exactly since the geometric effects arising from the
complicated morphology of real islands are not taken intac_ s
account(see Ref. 4 and references thejein

B. Scaling of the distributions

Probability [%]

In defining the appropriate scaling of the island size dis-
tributions, we use the probability density that an atom se-
lected at random is contained in an island of size(s, 6)
=sny(0)/=Zsn(6) =sny(6)/ 6, and define the average size of ;
the island as the first moment of this distributie(d) 0" ! 1
=3 sp(s, 6). Among different possibilities to define scaling 0 5 s 20 X 30 F
functions, this choice is convenient to resolve the scaling Island size fatoms]

properties of interest hefe:?” After the initial transient FIG. 1. The detached Co atoms for the configuration with 100%
stage the mean size of the island becomes the only importapd|ative bombardment area. A curve with a functionFefCs* has
scale determining the behavior of the system. The island sizgeen fitted to the data, wheis a scaling factor and the size of
distribution then scales #sg(s/s)=sp(s, §), which is NowW  the island. The 100% relative bombardment area curve shows data
independent of the coverage and of the parameterR  of 5000 events and can thus not be compared directly to the data in
=Ko/ ® and k=Fy/Ky.2"?8 The island size distribution is de- Table VI.

J
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10°F : tions corresponding to sufficiently large probabilities for the

: ] fragmentation of islands. However, in case of experimental
results by Esclet al, additional nucleation centers are cre-
ated, which leads to behavior similar to fragmentation. Al-
though for IBAD the shape of the scaling functigix)

E would not be a conclusive argument favoring fragmentation

] only, it can be used here to show that fragmentation never-
theless leads to a characteristic shape of the scaling function,
entirely different from that observed in detachment only.

In the LEID experiments reported by Degro@teal .’ the
island size distributions indicate an anomalously high density
of small islands, in sharp contrast to those obtained in IBAD.
Moreover, now the shape of distribution is such that neither
fragmentation nor enhanced creation of nucleation centers
can explain it. The island size distributions for enhanced ada-

FIG. 2. Scaled distribution from our simulation results for ag- tom detachment obtained from PCM simulations are com-
gregation with adatom detachment only compared with LEID ex-pared in Fig. 2 with the experimental data results by De-
periments (Ref. 2 with deposition energies of 15 e\kircles, groote et al.,> where distribution from LEID have been
25 eV (triangles, and 30 eV(squares The solid line corresponds reported. In the experiments conducted by Degroote, an
to the fit to the scaling function for the ca¢g,a)=(2,1/2 and  anomalously high small-island density is observed, and it is
R=1CP, k=4.0x10". In the inset, the scaled distribution from our attributed to island fragmentation, although other possibili-
simulations for aggregation with fragmentation is compared withties such as pinning at surface-confined clusters leading to an
IBAD experiment(Ref. 29, with bombarding energies 400 €¥i-  increased island density are also considered. Under the con-
angles, 4 keV (squares and vapor depositiofcircles. The solid  ditions studied by Degroote, complete island dissociation is
line corresponds to the fit to the scaling function for the d@8.  ryled out, since it would lead to a decrease of island density.

Of all known microscopic effects, only the enhanced detach-
the exponential-type functiéh g;(x) = x% exp(—cx), where  ment thus remains. The only remaining plausible explanation
values of &; are sensitive to both homogeneity exponemts for the experimental results is thus the enhanced detachment
and u, and is given with good accuracy by relatidg=«  of adatoms, the rate depending on the perimeter of the island
+u, as we have previously shown for this class of models. size. This is concluded on the basis that MD simulations

For adatom detachment only, the properties of the growtlindicate a parameter=0.5 in the present case, and when
differs from that with island fragmentation in a fundamentalused in the model of growth.
way. With increasing values of the parametethere is a Under these conditions, the effect of detachment is to cre-
transition to the region of regular growth with island size ate an additional flux of adatoms originating from the large
distributions of scaling form with an anomalously high den-islands. As the mean island size grows, the flux of adatoms
sity of small islands. This observation holds for other mod- increases and thus promotes the growth of the small island
els with ©x=3/2 and 1 anda=1/2 or 1. Forisland-size- part of the size distribution. This can be seen in the size
independent detachment with=0, there is no detectable distribution as an additional exponential tail if compared to
transition in the parameter range accessible to PCM simulahe case of fragmenting islands, where the distribution does
tions. not have a similar high small-island density. Only with these

For enhanced detachment, the scaling functfr con-  assumptions PCM simulations yield distributions in good
tains an exponential residue at the leading edge, which is duggreement with experimental results.
to singular island number density distribution of small is-
lands behaving asi(x)«1/x [from equations of the Sec.
Il B we see thatg(x) =xn(x)]. The scaling function for en- Our simulations, which correspond closely to the energy
hanced detachment can be fitted with the modified exponemegion of LEID applied in experiments by Degrocee al.,
tial function, g4(x) =Ax% exp(—cx) + B exp(—x/X,), Wwhere ex-  are rather conclusive with respect to the microscopic process;
ponential residue withk,=0.2 represents the contribution we cannot, however, detect a single instance of island disso-
from the small islands due to a randdfoissoniahaggre- ciation, and island fragmentation also seems to be a rela-
gation of small islands. The values of the expon&for the  tively rare event. Instead, the dominant mechanism is either
studied models seem to correspond to the predictioar  the enhanced detachment of adatoms or several consecutive
+u based on the aggregation/fragmentation médel. fragmentation/detachment events eventually leading to sev-

In case of IBAD, the scaled island size distributions caneral detached adatoms. The total effect of these events is
be inferred from the results of Esht al2° [IBAD of Pt on  rather well described by a detachment kernel wdithl/2. It
Pt(111)]. These are compared in Fig.(lsed with the pre- s just this kind of kernel that uniquely leads to a stationary,
dictions of our model. It is evident that the IBAD experimen- scaling form of island size distribution typical to LEID char-
tal results are entirely different from the distributions ob- acterized by a simple exponential leading part.
tained for adatom detachment only or with very small PCM simulations show that with values of confined
breakup, but they do compare favorably with the distribu-near 0.5, we will always have the exponential leading edge,

10°F

g(x)

L 10

[ 10

IV. DISCUSSION
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which is also the characteristic feature of the experimentaprobability scales as the side length of the island.
results. With significantly higher values af the scaling of The results of PCM simulations show that enhanced ada-
distributions in the submonolayer region is lost and the aptom detachment leads to regular growth with an anomalously
proach to scaling form is very slow. Moreover, there is ahigh island density. In that regular growth mode the island
tendency to extremely slow growth in time, and a power-size distributions are of scaling form and the average island
law-type leading edge of the scaling distribution whenl  size and mean island density follow a power law with well
is approached. On the other hand, with adatom detachmedefined effective scaling exponents. At present, the nature
only, values significantly smaller than 0.5 will lead to fasterand properties of this transition are not completely under-
growth, and with decreasing, scaling functiong(x) rapidly  stood.
begins to resemble the case for fragmentation. We can thus Comparison of PCM simulations with available experi-
conclude that the exponential leading edge really is a chamental results for island size distributions obtained in hyper-
acteristic feature related to enhanced detachment dependitigermal deposition suggests that in high energy deposition
on the perimeter of the island. methods such as ion-beam-assisted deposition fragmentation
In our previous work, we studied in more detail the natureof islands may affect the growth, while in low-energy ion
of the transition that leads to anomalously high islanddeposition the enhanced adatom detachment is operative. An
density? With increasing detachment rate there is a relativelyanomalously high density of small islands and slow growth
sharp transition to regular submonolayer groiwitith an  of the mean size of islands is found in models in which
anomalously high density of small islands. What makes thenhanced adatom detachment occurs with a ratio of bom-
present results particularly interesting is that the transition tdardment to deposition around 0.01 to 0.1. These results and
the new regular growth mode sets in within a parametethe parameter region, where growth with well defined scaling
range corresponding very closely to that found to be usefuproperties occurs, correspond closely to the values found
in hyperthermal deposition experiments. We expect that theseful in LEID experiments.
predictions here could be easily checked with well-controlled Taken together, the MD and PCM simulation results have
experiments. shown that detachment from the islands is enough to explain
the experimentally observed island density and size distribu-
tion. Previously, it was believed that dissociation of the is-
V. CONCLUSIONS lands is the main contributor to this; however, we did not
Our aim in this study was to understand the formationobserve a single dissociation event in the MD simulations.
process of the island density and size distribution observed ihl€nce, it was not taken into account in the PCM simulations.
experiments. To be able to answer this question, we used twdince the results of the PCM simulations agree well with the
different approaches. Molecular dynamics simulations weré&xperimental results, we can conclude that the dissociation of
used to identify the atomistic processes that the substraiglands is not a significantly contributing process.
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