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Mechanism for island formation during low-temperature growth on (100 surfaces of fcc metals
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We propose a mechanism for island formation during growtli1®) surfaces of fcc metals in the absence
of both thermal and nonthermal mobility of isolated adatoms: the rearrangement of atoms in islands by local
diffusion processes. By means of kinetic Monte Carlo simulations we investigate the influence of these diffu-
sion processes on the growth properties. For all these allowed rearrangement processes one single hopping rate
H was chosen. Fdfl smaller than the deposition raRethe influence of the diffusion is negligible, in the sense
that the surface morphology is hardly distinguishable from the ebs®. For larger values of/R island
formation is observed, with an average island separation of 7—8 interatomic distances, in reasonable agreement
with experiments[S0163-18206)08448-2

In recent years considerable progress in understanding thelands is possible, even at temperatures where isolated ada-
role of the fundamental processes occurring during the earlfoms cannot move. As a consequence of this assumption dif-
stages of homoepitaxial growth has been obtained with théusion of atoms along island edgésonfigurationA in Fig.
help of experimental techniquésigh-resolution microscopy 1) is possible. The assumption that (kD0 surfaces of fcc
and diffraction techniqugsand theoretical developments metals diffusion along close-packed step edges has a lower
(computer simulations and analytical thepryhere remain, activation energy than isolated-adatom hopping is supported
however, a number of problems which are not yet fully un-by atomistic calculations for various systeffsWe expect
derstood. One of these problems is outlined below. It is welthis assumption to be valid for systems for which atomic
known that during growth at temperatures where thermallyhopping is the relevant isolated-adatom diffusion mecha-
activated mobility of isolated adatoms is sufficiently high, nism, rather than an exchange process. Hopping is certainly
islands are formed on the surfat&hese islands have a not favored on al(100) surfaces. Indeed, from calculatiéns
characteristic separation, which may be accessed by reand experimentsit is known that on thé¢100) planes of Al,
space methods like scanning tunneling microscé®yM),  Ir, and Pt exchange diffusion is favored over atomic hopping.
but also by diffraction methods like low-energy electron However, at least for Ag on AG00) it is known that atomic
diffractior®® (LEED) or thermal-energy atom scattering hopping is the most favorable diffusion mechanisiihe
(TEAS).* However, island formation is also observed in assumption that for fcc metals, for which adatom diffusion
cases where thermally activated isolated-adatom diffusion ien terraces occurs by atomic hopping, edge diffusion along
assumed to be completely suppressed. For example, for Calose-packed steps has a lower activation energy than
Cu(100 at 120 K Ernst and co-workers concluded from aisolated-adatom diffusion on terraces is supported by a
peak-profile analysis of their TEAS measurements that asimple argument involving the coordination number of a dif-
interisland spacing of approximately 14 interatomic dis-fusing atom. As shown in Fig.(d), in its initial state an
tances was present on the surfa¢@r the same system at 77 isolated adatom on the terrace has four nearest neighbors
K Nyberg, Kief, and Engelhoff found a value of 10 inter- (NN’s). In the transition state of an atomic hop over a bridge
atomic distances with LEED.They also found the same site it has only two NN'JFig. 2b)], resulting in a coordi-
value of 10 interatomic distances for Fe(C00) at 77 K3 In nation loss of two NN’s. An adatom attached to a close-
order to explain island formation in the absencettidrmal  packed step edge has five NN's in its initial Stpfég. 2(c)].
isolated-adatom mobility posibilities feronthermalmobility ~ In the transition state of an atomic jump along the step it still
were considered. Nyberg and co-workers prop%sm;ht has four NN’s leff Fig. 2(d)], resulting in a coordination loss
transient mobility(i.e., the deposited atoms use part of theirof only one NN. Therefore, it is likely that the activation
condensation energy to make a few jumps on the sutfase energy for step-edge diffusion is lower than the energy bar-
responsible for the experimentally observed island formasier for isolated-adatom diffusion by hopping. Following this
tion. In this paper we propose an alternative explanation foline of reasoning, we also allow the diffusion procesBe®
island formation in the@bsenceof both thermal and nonther- F in Fig. 1 in our simulations. All other diffusion processes,
mal (transient isolated-adatom mobility: the rearrangementincluding isolated-adatom diffusion, were forbidden. For
of island atoms by local diffusion processes. We define arsimplicity, we have chosen a unique hopping riitdor all
isolated adatom as an adatom which has no in-plane neiglallowed diffusion processes.
bors(neither nearest nor next neayet/e use kinetic Monte In our kinetic Monte Carlo simulations we used a
Carlo simulations to study the island formation process, and00x 100 square lattice, with periodic boundary conditions
to characterize the influence of these diffusion processes gparallel to the surface plane. A simulation consists of a se-
the growth properties. guence of moves from one configuration to another. A move

The basic assumption in our model is that @00 sur- is either the deposition of an atom, or the jump of an atom to
faces of fcc metals local rearrangement of atomsgsimall) a vacant nearest-neighbor site. For each configuration a list
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FIG. 1. Sketch of the allowed diffusion processes. The black
atom makes a jump to the rigliindicated by the arroyv White
circles are empty sites, and gray circles are occupied sites. The
occupancy of the atomic sites which are not drawn is not important.

of all possible moves is made. One of these moves is se-
lected and executed. The probability for a move to be se- |
lected is proportional to the rate of that specific move. After
execution of the selected move the simulation time is incre-
mented by the inverse of the sum of all rates of all possible
moves for the given configuration. In the simulations pre-
sented in this paper we deposited the equivalent of 5 ML.
Atoms were deposited at random with a deposition Rte L] substrate B sayer LT 2nd rayer
ML/s. A fourfold hollow site with all four atomic sites below
occupied is considered a stable adsorption site. Deposition at FIG. 3. Snapshots of the simulations after deposition of 0.5 ML
sites where at least one of the four atoms below is missinépr H/R equal to(a) 0, (b) 1, (c) 100, and(d) 10 000.
leads to “downward funneling:¥ the deposited atom falls
into a vacancy below until it reaches a stable adsorption sitdransform of the pair-pair correlation function. The peak pro-
Therma”y activated inter]ayer diffusion was not allowed. files were calculated for a coverage of 0.5 ML. The CirCUIarly
We studied the influence of the allowed diffusion processegveraged profiles are shown in Fig. 5. In case a characteristic
on the growth properties and surface morphology by variaisland separation is present on the surface, satellite peaks to
tion Of the ratioH/R between 0 and fOFor each Value Of the main diffraction peak should be visible. From the dis-
H/R we performed 50 simulations, in order to reduce statistance between the satellite peak and the main peak the aver-
tical errors. age island separation can be determined. As can be seen in
Figure 3 shows snapshots of the simulations for four dif-Fig. 5, for low values oH/R no satellite peaks are present.
ferentH/R values after deposition of 0.5 ML. As can be seenHowever, for higher values H/R>100), which
in this figure, the surface morphology f&i/R=1 is hardly correspon&?1 to the experimental situation in Refs. 4 and 3,
different from the caséi/R=0 (no diffusion. For higher clear satellltg peaks are visible. The position of these satellltg
values ofH/R, however, substantial changes in the surface’€aks in reciprocal space corresponds to a real-space interis-
morphology are observed: more or less compact structurd@nd separation of seven to eight interatomic distances, al-
(island$ are formed, even though—remember—isolated-Most independent ofi/R. In view of the simplicity of the
adatom diffusion on terraces is absent. In Fig. 4 we show afimulation model used here, this value is in reasonable
example of how the diffusion processes which are allowed in
our simulations can lead to the formation of compact islands.
In order to compare our simulation results with experi-
ments we calculated for the various simulatéfR values
the peak profiles of the specular peak by taking the Fourier

FIG. 4. Example of how the allowed diffusion processes can
lead to the formation of compact structures. It takes seven steps to

FIG. 2. Sketch of the coordination before and during an atomicgo from the configuration shown in the upper left corner, where no
jump. (a) Initial state andb) transition state of an isolated adatom, atom has a nearest neighbor, to the configuration shown in the
(c) initial state and(d) transition state of an adatom attached to alower left corner. The labels of the arrows connecting successive
close-packed step. The black atom is the diffusing adatom, and itsonfigurations describe the type of diffusion process according to
nearest neighbors are drawn in gray. Fig. 1.
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FIG. 5. Diffraction-peak profiles after deposition of 0.5 ML for deposited coverage ( ML )
various values ofA/R.

FIG. 7. Anti-Bragg intensity during deposition of 5 ML for vari-
agreement with the values observed in LEBRef. 3 and  ous values oH/R, as indicated.
TEAS (Ref. 4 experiments. This shows that islands with the
experimentally observed separation are, indeed, created ffeasingH/R. The derivative of the surface roughness with
the absence of thermal and nonthermal mobility of isolatedespect tdd/R is small forH/R<1 and forH/R>1000, and
adatoms, if only rearrangements are allowed. shows a maximum foH/R in the range 10-100.

The presence of compact structures in a layer leads to an One way to obtain information about the growth mode
increase in the number of stable adsorption sites in the nexénd surface roughness during growth is to measure the
higher layer. Consequently, the partial coverage of thigspecularly reflected intensity in antiphase scattering condi-
higher layer will be larger than for cases where no or lesdions by means of a diffraction method. In Fig. 7 we plotted
compact structures are present. This can be clearly seen frofie antiphase intensity during deposition of the first five
a comparison of the second-layer coverages for the casd4L's for various values ofH/R. The intensities are calcu-
H=0 andH=10 000 in Fig. 3. Since the tendency to form lated in the kinematic approximation, and assuming an ideal
compact structures is not limited to the first layer, it is to beinstrument. These results should be interpreted as follows. In

expected that large values ldfR will result in the growth of ~ case the growth mode is close to layer-by-layer growth, os-
rougher layers. cillations with a period of one ML are observed in the specu-

We can quantify the film roughness by calculating thelar intensity. In the case of ideal layer-by-layer growth the
interface  width W.2 This quantity is defined by intensity in the maxima of the oscillations is equal to the
W2=3(i— 6)2N(i), where 6 is the total coverage, and initial intensity. A deviation from ideal layer-by-layer
N(i) is the exposed coverage of layeri: growth results in a damping of the amplitude of the oscilla-
N(i)=C(i)—C(i+1), whereC(i) is the coverage in layer tons. The larger the deviation from Iayer—byjlayer growth
i. The summation extends over all layers. In Fig. 6 we plot-(i-€., the rougher the growtthe lower the maxima and the
ted the interface width during deposition of the first five larger the damping. When the growth mode is nearly per-
ML’s for various values oH/R. It is clear from this graph fectly three-dimensiondPoisson growthno oscillations are

that the surface roughness increases monotonically with invisible, and the specularly reflected intensity decreases
monotonically during deposition. As can be seen in Fig. 7,

oscillations (indicating quasi-layer-by-layer growthare
present for all values dfl/R. The quality of the oscillations
changes as a function ¢f/R: the amplitude of the oscilla-
tions decreases, and the damping of the oscillations increases
with increasingH/R. These results confirm the statement
that more compact structurésigher H/R valueg result in
rougher films. The fact that we observe growth oscillations is
a direct consequence of the implementation of the “down-
ward funneling” effect in our simulations. Evanst al.
showed that in case this mechanism is operative, growth os-
cillations are visible during low-temperature growthThey
attributed the experimental observation of low-temperature
growth oscillation3 to this effect.

1.0 T T T T T T

interface width

00/ ) 5 3 p s In conclusion, we have shown that local diffusion pro-
. cesses lead to island formation during growth(@80) sur-
deposited coverage (ML) faces of fcc metals, even when both thermal and nonthermal

isolated-adatom mobility are absent. The influence of these
FIG. 6. Interface width{see text during deposition of 5 ML for  local diffusion processes on the growth properties was stud-
various values ofi/R, as indicated. ied by means of kinetic Monte Carlo simulations. In our
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simulations, we assumed all allowed diffusion processes toalues ofH/R this quantity showed lower maxima and stron-
have the same hopping raké. For H/R>10 we observed ger damping, indicating rougher growth. Our simulation
the formation of compact structuréislands on the surface. study provides a simple model, including “downward fun-
Calculated peak profiles of the specular peak revealed satekeling” and local diffusion processes, which qualitatively
lite peaks forH/R>100. From the position of these satellite explains experimental observations for low-temperature
peaks a characteristic island separation of seven to eight ifyrowth on the(100) surfaces of fcc metals. O111) surfaces
teratomic distances was found, in reasonable agreement Wigly fcc metals this mechanism for island formation during

experimental data obtained for metal-on-metal systems &frowth at low temperatures is presumably not operative. The
low temperatures. The average island separation was fouritesence of dendritic islands in low-temperature growth ex-
to be almost independent &f/R. The presence of compact Faerimems on these surfad&sSindicates that orf111) sur-

E’gn;]cturles on the sILtJ_rfac_e Ler:]ads to Itz:]rg?r partrl]al cfg?veragﬁfs ces the formation of compact structures by local rearrange-
\gher fayers, resuiling n the growth of rougher Mms. TS o nt of atoms in islands is inhibited at low temperatures.
was demonstrated by the monotonic increase WifiR of

the interface width. We also calculated the antiphase inten- M.B. thanks the Alexander von Humboldt Foundation for
sity during deposition of the first five ML’s. For increasing support.
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