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Kinetic Monte Carlo simulations of adatom island decay on Ci111)

Mats |. Larssoh
Department of Engineering Sciences, Physics and Mathematics, Universitetsgatan 1, Karlstad University, S-65188 Karlstad, Sweden
(Received 30 January 2001; revised manuscript received 29 March 2001; published 31 August 2001

Kinetic Monte Carlo simulations are used to investigate the recent scanning tunneling micr¢Sofy
measurements of fast decaying adatom islands dai@u First, reduced potential barriers for adatom migra-
tion along close-packe®11) step edges havinfl0C or {111} step risers are shown to be very important to
obtain close-to-monotonic decay of the island top layer, in correspondence to STM measurements. The best
correspondence is obtained for fully suppressed one-dimensional Ehrlich-Schwoebel barriers. Second, for
encounters between steps in adjacent atomic layers it is demonstrated that a moderately reduced step-edge
potential energy barrier for adatom crossing of these steps is sufficient to obtain correspondence between
simulations and experiments provided that the step-edge diffusion is increased. The step-step-interaction-
related activation energy for step-edge crossing is found to be significantly lower than what was previously
reported. This work shows that concerted atomic motion is not necessary to explain the rapid top-island decay
if the low-coordinated step-edge transition states are properly modeled. Moreover, no critical step-step distance
larger than one atomic row, for which rapid top-island decay occurs, is obtained in the simulations. Further-
more, the simulations are interesting because they show that dramatic macroscopic effects can be generated by
just small changes of the potential-energy barriers that are controlling the surface diffusion rates.
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[. INTRODUCTION system a leapfrog diffusion mechanism was reported by Lin-
deroth et al.” and by Montalenti and Ferrandiavho used
In this work rapid decay of islands on fdd1) surfaces STM and molecular dynamics calculations, respectively.
and Cy111) surfaces in particular will be investigated. To Leapfrog diffusion is a descriptive name for the mechanism
understand the controlling mechanisms for island decay suwhere an atom terminating a linear chain of atoms detaches
face diffusion of islands will be considered to start with. This from one end of the chain, goes to the top and diffuses to the
phenomenon has been studied both experimentally and theopposite end of the chain.
retically. For example, diffusion of Ir clusters or(141) was Not only the island diffusion is strongly dependent on the
recently investigated by Wang and Ehrlich using field ionstep-edge migration of adatoms but also the island shape.
microscopy and migration of Ag clusters on A§00) sur-  Generally, to obtain and to maintain compact islands, a
faces was measured with scanning tunneling microscopgtrongly reduced potential barrier for atomic migration along
(STM) by Wenet al? It was shown that island diffusion can step edges is a prerequisite. In detail how the adatom diffu-
be accomplished with neither monomedis., single ada- sion along island boundaries affects island shapes was inves-
toms on the surface nor evaporation of atoms from the istigated by Liuet al® and Bartelt and Evaf® using KMC

land. simulations, and Hohaget al! who presented results from
Theoretically, island diffusion was recently studied by both KMC simulations and STM measurements.
Bogicevicet al? using kinetic Monte CarldKMC) simula- Theoretical calculations for GL11) point out that the po-

tions. In their simulations the effect of monomer diffusion tential energy barriers for step-edge diffusion along t¥pe
around island boundaries was investigated. An analytical exand B steps havind100 and{111} step risers, respectively,
pression was derived that corresponds well to experimentalo not vary very much, according to Karimi al}? But there
results, e.g., for Cu on QUOO and Ag on Ad100 as re- is a small difference between the binding energies for atoms
ported by Paiet al* Moreover, the temperature and the is- in A andB steps where the typk step is the most stable one,
land size dependence of the island diffusion constant also faas reported by Breeman, Barkema, and Boeftrasulting
Cu on C§100 was investigated with KMC methods by Hei- in hexagonal islands with longé¢steps tharB-steps at least
nonenet al® They found that the scaling exponent for the for low temperatures. But in the STM measurem&hit3no
size dependence decreases with increasing island size.  preferred island edge orientation was observed to result in
Evangelakiset al. have recently reported on the surface well-shaped hexagonal islands, which implies that the diffu-
diffusion of Cu islands on flat Qa11).° It is shown that the sion along C(111) steps should effectively have the same
Cu island diffusion is mainly accomplished by fast step-edgeenergy barrier for diffusion along bothandB steps, at least
diffusion of the boundary atoms in such a sense that a corfor the investigated temperature range. Nevertheless, in a re-
certed motion of the whole island is achieved. To a minorcent papélf it is experimentally shown that the free step
extent also creation and annihilation of adatoms and vacarenergy is 1% lower foA than for B steps. This study was
cies contribute to the island migration, which is similar to theperformed for vicinal C(L11) surfaces where the Cu islands
model reported for Ir on (212).> The concerted island dif- nucleate on hcp rather than fcc sites. But on singuldd Cl)
fusion mechanism does not explain the one-dimensionaurfaces the Cu islands nucleate on fcc sites where the ratio
(1D) island diffusion on fc€110-(1x2) surfaces. For this between the free step energy farand B steps is reversed,
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i.e., type B steps are somewhat more favorableGiesen sternet al,®! who analyzed the decay of Ag adatom and Ag
suggests the elastic strain field on vicinal surfaces, arisingacancy islands situated approximately centered in a large
from the step structure, as the reason for this mechanisnfiexagonal vacancy island. This was done in order to obtain
The presence of stacking faults could probably also be imthe activation energies for hopping on a flat(Agy)) surface
portant in this context. The problem of stacking faults duringand the ES barrief>** Thereafter rapid top-island decay was
homoepitaxial growth of Cu on QLL1) was recently dis- aiso reported for AQL1D) in two recent publicationd:*®
cussed by Camareret al® Morgensterret al® supported Giesen and Ib&€hhat con-
Because the temperature range studied in the present rgerted motion is the most probable mechanism for the rapid
port coincides with the experimental one and the differencéSiand decay. Whether there is a critical separation between
in step energy between the close-packed steps is so small itfgliacent island step edges due t03t5he quantum confinement
not discriminated in the model between step-edge diffusiorfTeCt is also still an open questigh _ _
along the two close-packed step types. The intent of .th|s paper is to use KMC S|mulat|pns to
Recently, the importance of the step-edge diffusion for thetUdy the dynamics of 2D Cu islands on(Ci). In particu-

surface morphology evolution has been extensively studied2" the effect of step-step-interaction—induced reduction of
e.g., by Larssof® who reported on a step-edge-diffusion— the interlayer potential energy barriers will be investigated in

driven instability mechanism for step bunching. This mechafonjunction with the influence of reduced potential barriers

nism was due to the introduction of a 1D ES barrier forfor step-edge diffusion along the island boundaries and 1D
step-edge diffusion at kink and corner sites. Thereafter thES Parriers for corner crossing. The effect of the 1D ES
role of the 1D Ehrlich-SchwoebéES) barrier for the evolu-  2arTier in this context is difficult to model with rate equa-
tion of surface morphology has been studied, e.g., by usin§©ns: which motivates the use of KMC simulations.
density-functional calculations by Bogicevic, Stiquist,

and Lundqvist? kinetic Monte Carlo simulation models by IIl. KINETIC MONTE CARLO MODEL

Ramana Murty and Coopéfand discrete rate equations by The kinetic Monte Carlo model used in this work is a

Pierre-Louis, D’Orsogna, and Einstéth. o . . . .
Azimuthal-dependent 2D ES barriers were discussed in gull-dlffusmn bond-counting model. It is a slightly modified

recent first-principles calculation of the ES barriers on’ersion of the model described in Ref. 19. The hopping rate
Pt(111),2 where Feibelman reports that the ES barrier of
type A steps havind100 step risers are one order of mag-
nitude smaller than the ES barrier for tyBesteps having is dependent on both the initial coordination numbegfi.e.,
{113 step risers. Furthermore, the ES barrier can be veryhe number of nearest neighbors before a)tad the final
much reduced by surfactants such as oxygen ¢hlBt as  coordination numben; (i.e., the number of nearest neigh-
reported by Esclet al®* The effects of various potential- hors after a hop Only adatom occupation of fcc lattice sites
energy landscapes on the adatom diffusion across step edggsmodeled, which is the growth mode reported for singular
including the reduction of the ES barrier, was recently re-cy(111).2” In this study the attempt frequency,=3
ported by Kyuno and Ehrlicf X 10'%s 71 is tentatively chosen for an atomic hop in one of
Another possible mechanism for crossing step edges is ae six possible hop directions given by the hexagonal sur-
exchange mechanism where the ascending or descendifgce cell, presuming that there are no big differences among
atom does not experience any ES barrier as discussed ke attempt rates for various mechanisr&g¢n; ,n;) is the
Stumpf and Scheffléf Li and DePristd;’ and Giesen and  coordination-number-dependent activation energy for surface
Ibach;’® proposed that this so called concerted atomic motionyiffusion, k is Boltzmann's constant and is the substrate
process is ene_rggtically the most favorable one for rapid istemperature. exXp-E(n; ,ng)/kT] is related to the probability
land decay. This is supported by very recahtinitio calcu-  that one particular hop attempt will succeed. The potential-

lations by Feibelmaf? . energy barrier height or synonymously the activation energy
Fast decay of adatom islands and mounds oilCliwas  g(n, n,) is given by

recently observed by Giesen, Schultze Icking-Konert and
Ibach* by means of STM measurements. For this system a E(n;,ns)=n;Eq— (n;+n¢)Ey, 2
dramatic increase in the island decay rate was discovered
when a small 2D island migrating on top of a larger onewhereE, corresponds to the energy of an atomic bamé,
encounters the boundary of the larger island. The decay raig the binding energy for the initial site, anE, is the
was found to be two orders of magnitude larger than forbinding energy for the final siteEy, is the barrier-height-
island layers keeping some distance between adjacent sténing parameter and (n;+ n¢) Ey, reduces the barrier com-
edges. In a recent stutfiyGiesen and Ibach propose that the pared ton,E,. The potential-energy landscape is schemati-
potential-energy barrier for material transport across steps igally shown in Fig. 1. The potential-energy barrigm; ,n¢)
reduced when the migrating top island encounters a descentbr a hop from sité to sitef is marked with a double-headed
ing step. According to this study, the reduction of atom de-arrow in the figure.
tachment barriers from island step edges by approximately n; is determined by counting the number of second-
0.1 eV rather than vanishing of step-edge barffecan ex-  nearest neighborgelative to the initial sitgthat will cause
plain the results. atomic bonds presuming that an atom hops to the final site.
A second type of island decay was presented by MorgenThus, the second term on the right-hand side of @y.n-

v(n;,ng) =voexd —E(n;,ng)/kT] 1
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Potential energy for this process in the KMC model i€y =E(3,3)

01 =0.09eV. This is easily checked by insertingg
=0.37eV,E,=0.17eV,n;=3, andn;=3 into Eq.(2). Pa-
panicolaou and Evangelakis found for monomer diffusion on
flat Cu111) that two energy barriers are involved, one for
low temperatures and one for high temperatdfeBSor the

'(nf+nr]E &7

-nk, lower-temperature regim@0—300 K 0.041 eV and for the
higher temperature$300—1000 K 0.087 eV were found.
NEs 1 | . The low-temperature value is in accord with measurements
site i site 7 at further lower temperatures performed by Wulfhekel
Site position et al®® Hence, the activation energy used in the simulations

) . . corresponds well to the reported value, since the tempera-
FIG. 1. Schematic potential-energy landscape showing the rel&l’ures used here are in the range 300-500 K.

tionship between the energy parameters in the KMC model. The To further motivate the use oE,=0.37eV andE,

system is bound since the energy levels are negative. The activatiog0 17 eV for “ordinary” diffusion processes, the activation
energy for a hop from sité to sitef is indicated with a double- ; y :

pointed arrow energy for adatom detachment from a sixfold coordinated
' kink site out onto the terrace B,4~E(6,3)=0.69 eV that
should be compared to the result of Ref. 39, iyt Egjt
cludes second-nearest-neighbor interactions, which was 0.76+0.04 eV. This corresponds well to the value 0.78 eV
found in a recent work to be important for a system to obtained for the KMC model wittEg=0.09 eV. Further-
reach equilibrium effectively. The second-nearest-neighbomore, it is shown later on in this section that the modeled
interaction gives the highest transition probability for a hopactivation energies correspond fairly well to the experimen-
to the most highly coordinated site in the nearest neighbortally determined values for the 2D ES barriétsAn ex-
hood of an atom, i.e., the atoms probe their local surroundtended comparison between KMC-modeled activation ener-
ings for the most highly coordinated site. The secondgies and theoretical ones are presented in the Discussion
nearest-neighbor interaction results in locally anisotropicsection, where a reasonable correspondence is found. Thus,
surface diffusion if not all six coordination numbersof the  having shown that the model works well for the most impor-
nearest-neighbor sites are equal, except for the Egse0  tant “ordinary” key diffusion processes, it is assumed to hold
(when the diffusion always is locally isotropi@y using this  for the remaining ones. This approach is somewhat approxi-
form [Eq. (2)] for the activation energy the detailed balancemate; however, the set of potential barriers reported in the
is fulfilled, which is sufficient to obtain thermal equilibrium literature is incomplete and there are often large differences
in a Monte Carlo simulation, according to Binder and between values derived by various methods.
Heermanr® The next process considered is step-edge diffusion. Cov-
The (Eq,Ep) variables used in the KMC code should not ered by the definition of step-edge diffusion in this work is
be taken too literally but be regarded as help parameters teurface diffusion along straight tygeandB steps, including
find the relevant potential-energy barriers that are the importhe corner sites with fourfold coordination connectihgnd
tant parameters in the simulations. It may occur for certairB step segments. It is shown in the next section that strongly
(Eq,Ep) selections that some interactions give rise to negaenhanced step-edge diffusion is crucial to accurately simu-
tive activation energies. In reality, the activation energiedate the experimental measurements. This is achieved in the
E(n;,n¢) can never be negative, so accordingly these enersimulations by increasing, . The various processes in step-
gies are set to zero in the program. Generally, for an interacedge diffusion are illustrated in Fig. 2 that shows a top view
tion defined byE(n;,n;)=E,; and E(n;,n;)=E, with E;  of a schematic hexagonal island, where the closed-shell is-
=0 andE,=0 local (Eq,E,) values describing that particu- land atoms are represented by black spheres and the step-
lar interaction can always be calculated by applying 3.  edge diffusing atom situated on site 1 is represented by a
The energy parameteis, and E,, for various processes gray sphere. For diffusion along the straight step edge, e.g.,
are determined using literature values. The average value fdrom site 1 to site 2, both the initial and the final coordination
the nearest-neighbor bond energy, 0.37 eV, is reported fanumber is 5, giving the activation energy(5,5)=5E,
large clusters in Ref. 13. For smaller clusters the binding— 10E, for this process. This means that the activation en-
energy is reported to be larg€r,obtaining its maximum ergy is zero forE,=0.185eV. The potential-energy barrier
value 0.44 eV for dimers. But the properties of very smallfor the atom to hop from site 2 to site 3 is highHé£(5,4)
clusters is not investigated in this study, which motivates the=5E,—9E,], since the final coordination number in this
use of the binding energlfy=0.37 eV in this work. case is 4. ThusE(5,4)-E(5,5) gives the 1D ES barrier be-
The potential-energy barrier can be adjusted by means afause that is the difference in activation energy between the
varying E,. E,=0.17 eV was derived for “ordinary” diffu-  two involved processes. The 1D ES barrier is reduced to zero
sion processes, which include all adatom migrating processésy selectingE,,=0.206 eV. Then there will be no activation
except step-edge diffusion and step-step-interaction—relateshergy at all for step-edge diffusion around the circumfer-
mechanisms, i.e., the “extraordinary” processes. The mosénce of a perfect island, i.e., the hopping rate is given by the
fundamental of the “ordinary” processes is probably mono-attempt frequency. Strictly speaking, the activation energy
mer hopping on flat terraces. The activation-energy barriecannot vanish completely because than there is no separation

115428-3



MATS I. LARSSON PHYSICAL REVIEW B 64 115428

For the step-edge diffusion proceSg=0.16 eV was de-
rived using the literature value 0.24 eV that is reported to be
the upper limit for thee(5,5) -activation energy for step-edge
diffusion along typeA steps'® The prefactor for this process
was reported to be 1.8710'°*2s L. The activation energy
0.24 eV is found in the simulations to be too higdee be-
low), resulting in an insufficiently low step-edge-diffusion
rate to give well-shaped hexagonal islands. This is reason-
able since the prefactor used in the simulationg=3
X 10'?s7Y) is much smaller than the experimental one. To
find the most accurate step-edge diffusion r&gjs used as
a fitting variable for these procesdes., v(5,5), v(5,4), and
v(4,5)]. Note theE,, giving the overall best fit for the step-
edge-diffusion processes is chosen and not one partiEylar

FIG. 2. Schematic top view of a hexagonal island, where thevalue for each single process. The criteria used to find the
black spheres represent the closed-shell island atoms and the greyost hexagonal shape is to minimize the number of kinks.
sphere represents an adatom situated at the step. The dashed circlestg find reasonabl&,, values for the step-edge diffusion,
denote sites involved in the various step-edge diffusion processeg§muylations are performed. The outcome of these simulations
described in the text. is shown in Figs. @) to 3(d). For each simulation 50 Mhops

are executed. For the energieg=0.206 and 0.185 eV the
between the involved potential wells and there will be noisland shapes shown in the insets to Figé) 3and 3b),
rate. But in practice, it is possible to work with vanishing respectively, as well as the evolution of the number of kinks
diffusion barriers since even if the barrier is not allowed tovs time plotted in Figs. @) and 3b) are very similar. The
be smaller than some bias vald&, the resulting rate will number of kinks fluctuates between 2 and 8 although also 0
only be reduced by a small fraction compared to its maxi-and 10 are occasionally registered. The kinks are generated
mum valuery. For example, ifdE=0.01eV the rate is just in pairs. Thereafter, the activation energy for step-edge dif-
20—-30 % smaller tham, for temperatures between 500 and fusion was increased by usirig,=0.17 and 0.16 eV in the
300 K. simulations shown in Figs.(8) and 3d), respectively. For
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initially at the threefold coordinated site 1. If it hops to the
transient site 2 it has two nearest neighbors inArstep and
one nearest neighbor in thHe step. The hopping rate from
site 2 to site Jwith the corresponding activation energies
E(2,5) for A-steps andE(1,5) for B-stepg is given by the
attempt frequency since the activation energy for this process
is zero for the energy parameters used in this work. The
coordination number is five for adatoms at site 3 for both
straightA andB steps resulting in a much lower hopping rate
back to site 2. The total activation energy for crossingan
step is accordinghE(3,2)+E(2,5)=E(3,2) and the corre-
sponding activation energy for crossingBastep iSE(3,1)
+E(1,5)=E(3,1). The accurate position for the ES barrier
is between sites 1 and 2, according to Stumpf and Scheéffler
FIG. 4. Schematic cross-sectional side view of hexagonal isfor Al(111). It is reasonable to assume this to hold also for
lands with highly coordinated closed-shell atoms represented bfu. The ES barrier is defined as the extra activation energy
black spheres and less coordinated adatoms occupying site 1 repfeeeded to cross a step edge in comparison to the activation
sented by gray spheres. The step-edge transition site is marked wignergy required for hopping from a site to an adjacent one on
2 and the final site involved in the step-edge crossing witkeB. a flat terrace. To model the Ehrlich-Schwoebel effect without
Ordinary step-edge crossing configuration with an Ehrlich-step-step interaction, the “ordinary” energy parameters, i.e.,
Schwoebel potential-energy barrier effectively reducing the adaton,= 0.37 eV andE,=0.17 eV, are used in the simulations.
probability for crossing(b) Step-step interaction step-edge crossingThese values give the ES barrid$3,2)— E(3,3)=0.17 eV
configuration, where a sufficiently reduced potential-energy barrieandg(3,1)— E(3,3)=0.34 eV for typeA andB steps, respec-
gives a high probability for adatom crossing. tively. This corresponds well to thé\-step barrier 0.19
+0.02 eV and the weighted average ES barrier 0.22 eV that
these simulations, the island shape has become more roundg@s reported as an estimate for all possible crossing pro-
and the number of kinks has increased. The number of kinksesses for bottA and B steps?® It is reasonable that the
fluctuates between 10 and 20 in FigciBand between 14 and  weighted average is closer to thethan theB step barrier
28 in Fig. 3d). sinceA step crossing has a higher rate thstep crossing.
These results show that the number of kinks attains its The potential-energy barriers for step crossing are reduced
minimum value forE,=0.185eV, i.e., for zero activation when the top island encounters the edge of the lower
energy for step-edge diffusion along straight type@ndB  oné*?83%To model this mechanism the configuration in Fig.
stepsli.e., »(5,5) processds Note there is still a 1D ES 4(b) is considered, where a side view in cross section of a
barrier for corner crossing forE,=0.185eV because bilayer high island on a fcc substrate is shown. At the
E(5,4)—E(5,5)=0.185eV; however, for diffusion along straight step of the top layer an adatégnay sphergis situ-
straight steps the activation energy is zero with the hoppingted at site 1. The mean activation enefgy, derived from
rate given by the attempt frequency. But fey=0.206eV  STM measurements in Ref. 28 for the site 1 to site 3 transi-
the 1D ES barrier is zerfi.e., E(5,4)—E(5,5)=0eV] and  tion is E.,=0.69+0.04eV. This implies for the KMC
all step-edge diffusion rates are given by the attempt fremodel thatE,,=0.18 eV should be used for the step-step in-
quency, i.e.p(5,5)=v(5,4)=v(4,5)=v,. teraction processes; however, it is shown in the next section
The STM-measured island shape becomes more roundedat the best correspondence between KMC simulations and
with higher temperatufé than the simulated ones fd&, experiments is obtained for a lOWEK .
=0.185eV. The reason for the simulation approach of opti- To summarize this section so far, there are six adjustable
mizing the straight-step segments is that the step-edge diffyparameters in the model including the temperature. Of these,
sion mechanism is not implemented for thé6,5) process the atomic bond energl,, the ordinary barrier height tun-
that is very common on rounded islands. However, if weing parameteE, and the prefactor, will be assigned the
assume that the(6,5) process is included in the step-edge-same values in all simulations in the following section. Only
diffusion modeling, »(6,5) would be equal tov, for E, two energy parameters will be varied to find the optimal
=0.206 eV. This means that all step-edge diffusion ratesorrespondence to the experiments. These parameters are the
would be given by the prefactor also for the rounded islandstep-step interactiok,, and the step-edge diffusids, .
Hence, the simulation results obtained for hexagonal islands The rate selection and search procedures that are used in
can be used to compare and understand experiments withis work are thoroughly discussed in Refs. 19, 42 and 43.
enhanced diffusion along rounded step edges. All simulations are performed on lattices of size X684
To finish this section step-edge crossing mechanisms wilsites. The initial surface morphology used in all the simula-
be considered. The 2D Ehrlich-Schwoebel effect is not ventions is shown in the lower inset to Fig(a). It consists of a
strong for C@111); however, it is not negligible for the tem- perfect fc€111) surface on which there is an island consist-
peratures used in this study. The sites involved in adatonng of two perfect hexagonal atomic layers centered on top
step-edge crossing are shown in a cross-sectional side viewf each other. The bottom layer has the size of 850 atoms and
in Fig. 4(@. The atom(gray sphergunder investigation is the top layer has the size of 660 atoms. Note, the simulations
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long-term fluctuations as well as abrupt decays of the order
of 10% or more of the initial top-island size are very uncom-
mon. Simulated top-island decay curves deviating from the
experimental characteristics will be rejected as unphysical.
It is not surprising that strong fluctuations are not ob-
served in experiment since the gradient in the chemical po-
tential causes a net downhill flux, which is observed as per-
manent island decay on the macroscopic time scale of a STM
experiment. The gradient in the chemical potential and the
i , , net downhill flux vanish when the system reaches thermal
. i . 10 equilibrium. That is, in the thermodynamic limit the decay of
Slmuistea Thvs(me) the inner island has to be monotonic: an increase in the area
of the inner island would correspond to an increase in the

g

N

Top Island Size (no. of atoms)
(2]
o

g

=

660 free energy of the system. But there are other material sys-
’gm tems where the thermal equilibrium configuration consists of
® multilayer islands due to quantum confinement effects as re-
S 60 ported by Yehet al**

%600 In the KMC model the system can be driven into equilib-

B rium in much the same way as in reality by correctly select-
B0 ing the potential energy barriers for the involved atomic hop-
%_560_ ping processes, thereby obtaining very similar results by
F atomistic modeling as can be obtained by statistical physics.

;o 02 piF P 88 In the rest of this section simulations using various sets of
(b) Simulated Time (ms) activation energies will be discussed. First, the effect of the

step-edge diffusion mechanism and in particular the 1D ES

7001 barrier, and second, the best choice of activation energy for
650 the step-step interaction mechanism will be investigated.
geoo. The step-edge diffusion will be demonstrated and dis-
§550_ cussed in connection with Figs(a&d—5(c). The simulations
€ 500 are performed using the energy parameters that are discussed
8] in the previous section to give the best correspondence to
% experiments. That is, the bond energy=0.37 eV andE,
%400- =0.17eV for all “ordinary” processes, i.e., except for step-
3350' step interaction between adjacent straight steps and step-edge

Wy . . ' . . . . diffusion. For the step-step interactiof,=0.31eV is used

00 05 10 15 20 25 30 35 to start with giving the activation energy zero for these pro-
© Simulated Time (ms) cesses. For step-edge diffusidf,=0.185eV is initially

) ) ) ) ) used. The temperature is 314 K and totally 200 Mhops are

FIG. 5. Top-island decay vs time with the final surface imagecqrried out in this simulation. The resulting surface image is
shown in the upper inset. The simulations shown(an-(c) are shown in the upper inset to Fig(&. Both the top and the

performed primarily to study the importance of the enhanced SIepbottom island layers are hexagonal. The corresponding top
edge _dif'fusiop. The parameters used in the_sim_ulations(@rs.tep- layer decay vs time is also shown in Figab The decay is

step interactionE,=0.31eV, step-edge diffusiof,=0.185eV, close to monotonic in agreement with experimental decay

T=314K, and 200 Mhops. The initial surface is shown in the IowerC vest430The abruot iUmps in the decav curve are caused
inset. (b) Step-step interactiorE,=0.31 eV, step-edge diffusion urves. upt jumps 1 y curv us

E,=0.185eV, T=423 K, and 100 Mhopdc) Step-step interaction by rapid deqay gvents of t.he top island. The corresponding
E,=0.31eV, step-edge diffusiol,=0.206eV, T=423K, and ~ Step-edge diffusion energies fdf,=0.185eV areE(5,5)
200 Mhops. —0, E(5,4)=0.185eV, and=(4,5)=0.

Experimentally, island decay is measured up to the tem-
presented in this work are the representative ones that aR€ratures around 500 ¥.The next step in this study is to

picked out from a large set of calculations performed forincrease the temperature to 423 K and to keep the other
different random-number sequences. parameters fixed. The resulting surface after 100 Mhops is

shown in the inset to Fig.(b). It is evident that in spite of
the hexagonal island shape the top-layer decay is very non-
monotonic. The fact, that almost monotonic decay is ob-
In this section the top-island decay will be simulated andtained for the temperature 314 K but not for 423 K can most
compared to experimental results. This can be accomplishdikely be explained by freeze-out of atomic diffusion pro-
by studying the time dependence of the top-island size. Theesses with highly coordinated initial states at low
amplitudes of the fluctuations in the experimental decaytemperaturé® To improve the top island decay characteris-
curves are approximately 3% of the initial top-island size andics the 1D ES barrier is tentatively eliminated by uskg

Ill. RESULTS
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with many temporary top-layer size fluctuations, although
there is a slow long-term decay. The amplitudes of the fluc-
tuations correspond to approximately 20 top-layer atoms,
which is 3% of the initial top-layer size. Furthermore, there
are no long-term fluctuations in the simulated decay curve,
which is consistent with the experiments. The surface images
are generated after 100 Mhops at the end of the simulations
and shown as insets to the figures. The images are well-
shaped hexagons with a few kinks each, which is expected
i . . i : for the used activation energies. Nevertheless, in simulations
0.00 005 010 015 0.20 performed for step-step interactioB,=0.22eV and T

STtisted Trsijs) =500K the top-island decay commences to show weak
long-term fluctuations, which indicates that the correspond-
ing energy barrier could be too high. Thus a reasonable value
is E,=0.23eV and a mean step-step-interaction potential-
energy barrier of 0.36 eV results. This is half of the mean
value 0.69-0.04 eV reported in Ref. 28. A reason for this
discrepancy is not obvious.

Representative simulations using the best-fit energy pa-
rameters, i.e., the step-step interactiey=0.23 eV and the
step-edge-diffusioric,= 0.206 eV, are shown in Figs(a—
S S Y. SN 7(c). The simulations are performed for the temperatures
00 02 04 06 08 10 12 14 16 18 300, 400, and 500 K. The top island decay in the figures is a

Simuiated Time (ms) little bit rough with many small temporary top-layer size
fluctuations, although there is a slow long-term decay. The

. ) ) : . size of the fluctuation amplitude is approximately 20 top-
Og?/f;?,?::jn in the _||nse§ts. Ihg s'{;“"".‘t'ons tShOW“a‘fh?Ed (bi are «ep 2Yer atoms for 500 K, 10 atoms for 400 K, and only a few
b primartly o study fhe importance ol the Sep-Step-,., s for 300 K. Hence, the fluctuation amplitude corre-

interaction mechanism. The parameters used in the simulations are o - .
(@) Step-step interactiorE,=0.24 eV, step-edge diffusiorE, sponds to 3% of the initial top-layer size for 500 K and less

~0.206 eV, T=423K, and 100 Mhops(b) step-step interaction than 1% for 300 K. Furthermore,'ther.e are r}either large
E,=0.22eV, step-edge diffusiof,=0.206 eV, T=423K, and abrupt drops nor Iong-term_ quctuat_lons in the 5|_mulated de-
100 Mhops. cay curves, which is consistent with the experiments. The
surface images shown as insets to Figa)-77(c) are gener-
ated after 500, 200, and 100 Mhops, out of the totals of 1000,
=0.206 eV for the step-edge diffusion processes. This resulf00, and 200 Mhops, respectively. Both top and bottom is-
is presented in Fig.(6). The top layer decay is almost mono- |ands are well-shaped hexagons with a few kinks each, which
tonic indicating that the 1D ES barrier has a dramatic effecis expected for the used activation energies. The figures show
on the decay process. The short-term fluctuations are verearly that it is not only the top islands that diffuse around;
weak for this temperature; however, there are very largehe larger bottom islands are also mobile. This effect is most
abrupt top-island decays, proposing that the step-stembvious at high temperatures.
interaction—assisted step crossing is too efficient. The island The best-fit mean step-step-interaction potential-energy
shapes are hexagonal with just a few kinks at the step edgesarrier in the KMC simulation is very close to the meaot
The surface image shown in the inset to Fi¢c)5vas gen-  weighted activation energy 0.34 eV for a threefold coordi-
erated after a total of 200 Mhops. nated monomer to cross a step in the simulations. But if the
Next, the sensitivity of the step-step-interaction activationactivation energy for the “ordinary” monomer step-edge
energy will be considered. In the simulations the breakpointrossing process coincides with the activation energy for the
between smooth and rough top-island decay was found fostep-step interaction step-edge crossing process, why is the
the step-step interactiorE, in the interval 0.2Z'E,  rapid top-layer decay observed at all? This is so because
<0.24eV. In Figs. € and @b) representative results are before a monomer can cross a step it has to detach from the
shown for simulations using,=0.24 and 0.22 eV, respec- top-island step with the activation energy 0.49 or 0.69 eV
tively. The step-edge diffusion is modeled By=0.206eV  depending on whether the initial site is fivefold or sixfold
(i.e., for fully suppressed 1D ES barriemnd T=423K in  coordinated. Second, the monomer has to avoid immediately
both simulations. It is obvious that the decay curve is muchattaching to the top-island step again. The reattachment rate
smoother in Fig. @) than in Fig. Gb) although it shows is very high since in this case the initial site is threefold and
some large abrupt decreases in the top island size. Thesee final site is sixfold or fivefold coordinated, which in both
abrupt drops in top-island size are also obtained Tor cases give the maximum rate for hopping back to the step. If
=500K and to some extent even for=314 K, which indi- the monomer finally manages to reach the step edge of the
cates that the step-step-interaction potential-energy barrier econd layer, the mean activation energy to cross the step is
too low. The island decay in Fig.(I8) is somewhat rough 0.34 eV. Effectively, higher activation energy for monomer

Top Island Size (no. of atoms)
s588¢88
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i
$

Top Island Size (no. of atoms)
sgs688¢238

—
o
-

FIG. 6. Top-island decay vs time with the final surface morphol-
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FIG. 7. Top-island decay vs time. Step-step interact®
=0.23 eV and step-edge diffusidf,=0.206 eV are used in these

simulations. Specific parameters ar@) T=300K and 1000 inieraction configurations in@ and configurations with two
Mhops, (b) T=400K and 400 Mhops, antt) T=500K and 200  jntermediate atomic rows between adjacent step®)nThe best-
Mhops. The surface morphologies shown in the insets are generatggl activation energies in the KMC simulations are presented be-
after 500, 200, and 100 Mhops for figures, (b), and(c), respec- |\ with the corresponding atomic hop within bracket. A-step
tively. path:E(5,2)=0.24 eV(1—2); E(2,5)=0 eV(2—3); E(5,5)=0 eV,
(3—4). B-step path:E(5,1)=0.47 eV(1—2); E(1,1)=0.03 eV,
crossing of step edges than for step-step-interaction-assistézi-~3); E(1,5)=0 eV,3—4); E(5,5)=0 eV(4—-5). (b) A-step
crossing of step edges is achieved. path: E(5,3)=0.49 eV(1—-2); E(3,2)=0.26 eV[(2—3); E(2,2)
=0.06 eV(3—4); E(2,5)=0 eV(4—5); E(55)=0 eV(5—6).
B-step path: E(5,3)=0.49 eV(1—2); E(3,3)=0.09 eV(2—3);
IV. DISCUSSION E(3,1)=0.43 eV(3—4); E(1,5)=0 eV(4—5); E(55)=0 eV,
In this work it is shown that simple adatom hopping over ®—6)-
step edges can qualitatively explain the STM observations of
rapid top-island decay. Hence an interesting question is Wh!/:.A(ni ,ny,ng)=E(n;,n) +E(n,ns), wheren, is the coordi-
the most common explanation for rapid island decay is @ation number for the transition state, ari(5,2,5)
concerted motion mechanism of atoms at the step &dge. =0.24 eV follows. Similarly for theB step, the best-fit acti-
In the simulation step-edge crossing by hopping is considvation energies ar&(5,1)=0.47 eV, E(1,1)=0.03 eV, and
ered. The involved processes are shown in Fig),8here E(1,5)=0 eV. For the shortest path to cross Bestep, the
the shortest path is used between eteps, but not be- activation energy i€8(5,1,5)=0.47 eV. These results are
tween theB steps. For the\ step, the best-fit activation en- compared to corresponding theoretical literature valties
ergies areE(5,2)=0.24 eV andE(2,5)=0 eV. The effective step type is denoted by a superscript if it is specjfied
activation energy for the shortest path to crossAtstep is  EB(5,1,5)=0.38 eV(Ref. 45; concerted motionE®(5,1,5)

FIG. 8. Top-view surface morphologies showing step-step-
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=1.0 eV (Ref. 29; hoppiny andEA(5,2,5)=0.73 eV(Ref.  number of intermediate atomic rows between adjacent step
45; concerted motion No reported value foE(1,1) could edges. It is obvious that adatom detachment from the top
be found in the literature. It is generally reported that hop-sland is energetically the most critical process followed by
ping has higher activation energies than the correspondinf'® energy barriers for the step-crossing transition. Using a
concerted motion processes. Why the activation energy fdMC model approach itis in principle possible to reduce the
hopping over step edges becomes so high in the calculatio itical activation energies within a certain critical step-edge
is difficult to understand based on the KMC simulations;diStancewc to investigate whether an increased top-island
however, one possible suggestion is that the step-edge tral gcay rate can be obtained or not. Hence, if appropriate ac-
sition states are inaccurately taken into account in the modiVation energies are chosen and the KMC code is accurately
els. As a matter of fact, it was found at an early stage of thidnodified the existence o, cannot be excluded; however,
work, that without including the transition states in the KM thiS investigation is left for a future study. _

model rapid island decay could not be obtained, unless the 't rémains to discuss the different time scales in the ex-
detailed balance condition was violated. periments and the simulations. First, the experimental times

Furthermore, rapid diffusion along step edges is found tdO COMPlete decayryecay Will be reviewed and second, the
be crucial for the rapid island decay in this investigation. Tol2r9€ difference in decay times between simulations and ex-
achieve sufficiently high diffusion rates for the step runningPeriments will be justified. The copper islands under inves-

the corresponding activation energies used in this work arfigation consist of a top layer with,,, atoms and a second
lower than reported in the literatut&*®*5These processes layer with N, atoms. Three STM experiments performed

are also marked in Fig.(8). In the simulations the best fit to fOr various temperatures are picked out with the following
experimental top-island decay characteristics is obtained foparameters. (i) Nigp=5x 10°, Nigy,=8x10°, T=314K,
E(5,5)=0 eV for bothA- andB-steps. Representative calcu- Tdecay= 6X10°s,% (i) Neo =7x10°, Nigy=15x10°, T
lated step-running barriers aB(5,5)=0.228 eV EA(5,5) = 345K, Taeca=3%10°s," and (iii) l;lstop=7><103, Niow
—0.225 eV EB(5,5)=0.325 eV*S andEB(5,5)=0.29 e\i2  =23X10°, T=382K, 7yeca=2X10"s."> The correspond-
To explain the large difference between the best-fit KMCING parameters for the S|3mulat|0n agop=650, Njoy = 850,
energies and the calculated ones the Meyer-Neldefrule T=423K, 7geca=3X 10" s. Thus, a difference of five or-
could tentatively be applied if it is assumed that the effectiveders of magnitude in the decay time needs explanation.
prefactor for step running differs significantly from the one _ The top islands in the experiment are one order of mag-
used in the simulations. This is reported to be the case in Refitude larger than in the simulation, which slows down the
40 and is discussed in the KMC model section above. Thé_OP"SL'J“"d4 decay considerably. It is reported in the
Meyer-Neldel rule states that large activation energy is comliteratureé that the island diffusion constaBt~N~7, where
pensated by a large attempt frequency. N is the number of_ island gtoms_ ands 1.25 for Cu |sl_ands

A second problem under investigation is whether a critical®? CU100. Tentatively using this value also for Cu islands
step-edge separatiom, exists or not, within which rapid ©n Cl(lll).anothertlme_mcreasg factor of ro_ughly ZQ can be
island decay occursw, is proposed to be caused by the deduced, i.e., the top islands in the experiment diffuse 20
quantum confinement effect. This hypothetical mechanisniimes slower than in the simulation. In addition, the initial
has been discussed for both (Ci1) and Ag111).2%% To second layer sizé,y,=23x 10 in expenment(!u) aboye
address this question in the framework of the present KMcshould be compared #,,,,~ 850 that was used in the simu-
model, a surface with one intermediate atomic row betweef@tion, which causes a time increase factor of roughly 30.
the step edges of both andB-steps will be considereidee  The initial geometry in the simulations is designed such that
Fig. 8b)]. The best-fit activation energies involved in the the top Ia_yer is centered on top of the bottom Iayer with just
simulations for theA step path areE(5,3)=0.49 eV, two atomic rows between the step edges of adjacent layers.
E(3,2)=0.26 eV, E(2,2)=0.06 eV, E(2,5=0 eV, and This |m_pI|e_s optimal c_ondlthns for rapld decay already at
E(5,5)=0 eV, and for theB-step path the following activa- the beginning _of the _5|mu_lat|ons. This geometrical aspect is
tion energies are applied(5,3)=0.49 eV,E(3,3)=0.09 eV, assumed to bring a time increase factor of 2—3.
E(3,1)=0.43 eV,E(1,5)=0 eV, andE(5,5)=0 eV. Some . Finally, the. accuracy in the value qf the prefac'txaru.sed
theoretical values are picked out to compare to the KMCN the KMC simulations is not very high. In practice it only

simulation valuesE8(5,3)=0.67 eV (Ref. 12 and E(5,3) makes sense to discuss an effective overall value for the
—=0.53 e\ The flat terréc£(3 3) energy ranges from 6.028 prefactor because the prefactor varies in general for different

to 0.094 eV(Refs. 12, 45, 37, 46depending on calculation diffusion processes. The effective prefactor can in reality be
method and temperature. The step-edge-crossing activatii'® OF two orders of magnitude smaller than the one used in

energies ar€E=0.365 eV/(Ref. 46 (step type unspecified the simulations, which gives another time increase factor of
and EB(3,1,5)=0.49 eV!2 No literature value forE(2,2) 10-100. Multiplying the time increase factors gives a total

could be found. There are more activation energies presentdCréase in time of roughly five orders of magnitude. Hence

in Refs. 12, 45, 46, e.g., for adatoms emitted out of varioudne simulated time corresponds fairly well to the experimen-
kink configurations, with which the best-fit KMC activation @/ ©ne-
energies were compared. Generally a fairly good correspon-
dence was found.

However, for these activation energies no rapid island de- Kinetic Monte Carlo simulations were used to model the
cay can be obtained in the simulations independent of theecently observed rapid decay of Cu islands on

V. CONCLUSIONS
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Cu(1112).1415284%Ty0 processes are found to be of immensecay is the step-step interaction between encountering steps of
importance to understand the experiments. the top and bottom layers of the island. This interaction is
The first process is enhanced step-edge diffusion. It isnodeled by varying the activation energy to cross the step
found that whether there is a 1D ES barrier for crossingor an atom situated at the step edge accurately involving the
island corners or not has a large impact on the outcome dfansition states in the simulations. The simulated time de-
the simulations. For the lowest temperatures investigatedgendence of the top-island decay is in accord with experi-
i.e., 300 and 314 K, almost monotonic top-layer decay isnents for the modeled mean activation energy 0.36 eV. This
accomplishable even with a 1D ES barrier, but for the highecan be compared to 0.69 eV that was derived from experi-
temperatures studied, i.e, 423 and 500 K, it is not possiblemental dat&®
For these temperatures the condition for monotonic top-layer It is shown in this work that simple adatom step-edge
decay is that the maximum hopping rate is used for all steperossing suffices to describe rapid top-island decay; however,
edge diffusion processes with fully suppressed 1D ES barriafter all scientific reports in favor for the concerted motion
ers. mechanism, it should also play an important role for the
The second important process for the rapid top-layer derapid decay process.
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