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Nucleation Kinetics on Inhomogeneous Substrates: ARu(111)
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We report a quantitative atomic scale study of nucleation kinetics on an inhomogeneous substrate.
Our model system, AlAu(111)-(+/3 X 22), reveals a distinct nucleation transition due to the repulsive
nature of surface dislocations. Whereasfox 200 K Al adatoms are confined to quasipseudomorphic
stacking areas experiencing a very small diffusion bar(@r = 5 meV), at T > 200 K surface
dislocations, representing repulsive barriers O£ = 560 meV, can be surmounted. The results
illustrate the significance of surface dislocations as repulsive line defects in nucleation and growth.
[S0031-9007(99)08540-3]

PACS numbers: 68.55.-a, 61.16.Ch, 68.35.Fx, 81.10.Aj

Molecular beam epitaxy of semiconductors and metalgre repulsive towards diffusing Al adatoms, and that
is frequently governed by the growth kinetics being deterthere is no preferred nucleation at the elbows of the
mined by the competition between the adatom diffusiorchevron reconstruction. Recent results for/Ali(111)
rates and the deposition flux [1]. Recent scanning tunnelindicate that the preferential nucleation at elbows is due
ing microscopy (STM) studies established the link betweertio thermally activated surface atom exchange [7]. With
the activation energies of the related atomic displacemerihe present experiments the pure adatom diffusion at low
processes and the resulting island densities, shapes, asubstrate temperature is studied.
film morphologies [2]. Because of these experimental and The experiments were performed in a UHV cham-
various theoretical studies our understanding of the initiaber equipped with a variable temperature STM [8]. The
stages of thin film growth on both isotropic and anisotropicAu(111) single crystal surface was prepared by cycles of
substrates improved considerably. These substrates ate’ sputtering ( wA/cn?, 700 eV) at 300 and 1000 K
homogeneousince adatom diffusion occurs exclusively by annealing [5]. Al was evaporatad situ from a Knud-
jumps between simple unit cells, i.e., the binding and dif-sen cell at background pressures betow 10~ mbar.
fusion energies remain invariant when the atom migratesAuger electron spectroscopy revealed the absence of con-

However, many surfaces in nature show large scale reaminations for Al films as thick as 10 ML [1 monolayer
constructions, either in their clean state or they restrucfML) corresponds to 1 Al atom per Au substrate atom].
ture during growth. In heteroepitaxy this restructuring isSTM data were acquired isothermally to or at lower tem-
driven by strain often inducing complex patterns of or-peratures than deposition.
dered partial surface dislocations or moiré structures [3]. A series of STM images characterizing the submono-
Such surfaces belong to a class that we ggllomoge- layer nucleation of Al on Au(111) as a function of sub-
neous,since their structure and with it also their adatomstrate temperature is reproduced in Fig. 1. The island
binding and diffusion energies change on a much largedensity decreases with increasing deposition temperature
length scale than that of individual lattice jumps. There-due to the increasing mean free path of diffusing adatoms
fore the diffusing adatom experiences a complicated poprior to creation of a nucleus. This decrease is discontinu-
tential energy surface, where the migration barrier anaus with three distinct nucleation regimes. Up to 200 K
the degree of diffusion anisotropy depend on its posilarge temperature changes induce only small variations of
tion within the large scale unit cell. While nucleation on the island density. The islands are homogeneously dis-
homogeneous substrates has been extensively addresseduted on the substrate terraces, in contrast to observa-
in experiment and theory, a quantitative investigation oftions of site specific nucleation [6,7]. The island density
diffusion and nucleation on inhomogeneous substrates itien drops rapidly in the range from 200 to 245 K. For
presently lacking. Several observations reported in théemperatures exceeding 245 K, a third nucleation regime
literature [4] suggest that dislocations can represent cons identified by an even stronger island density falloff
siderable repulsive barriers towards diffusing adatoms bwith temperature. Each of the three nucleation regimes
which they may control nucleation and growth. exhibits Arrhenius behavior, which is reflected by three

In this Letter we present the first quantitative study ofdifferent slopes in the corresponding representation of the
the impact of surface dislocations on adatom diffusionisland densities in Fig. 1(f). The island densities were
and nucleation kinetics. We studied Al heteroepitaxyacquired at 0.10—0.15 ML and thus represent saturation
on (+/3 X 22)-reconstructed Au(111) [5] as a function island densities:, [9]. On isotropic substrates, is re-
of temperature by means of variable temperature STMlated at low temperatures to the ratio of the surface dif-
In contrast to earlier room temperature studies with Nifusion constanD to the deposition flux¥ by the scaling
Fe, or Co [6], we observe that the reconstruction linedaw n, = n(D/F)~'/? (result from mean-field nucleation
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into the nucleation transitions: The Au(111) chevron struc-
ture prevails for Al deposition up to 240 K [cf. Fig. 1(f)].
Accordingly, helium atom scattering (HAS) reveals an un-
perturbed A@l11)-(+/3 X 22) diffraction pattern for Al
deposition up to 230 K [10]. For adsorption below this
temperature the island size distributions closely resemble
those for a critical nucleus size éf= 1 [cf. Fig. 2(a)]
known from scaling theory and simulations on isotropic
and anisotropic lattices [11]. Since density-functional the-
ory also demonstrates high stability of Al dimeis,[~
0.53-0.56 eV on Al(111)] [12], we conclude that = 1
for T < 230 K. Hence the drastic change in slope by a
factor of 16 atT = 200 K is not due to a change in criti-
cal nucleus size. Rather it must be related to a change
in the diffusivity of adatoms. In contrast, f@r = 245 K
a substrate symmetry change occurs. STM data reveal a
poorly ordered dislocation pattern with sixfold symmetry
[13], again corroborated by HAS [10]. The island size
distributions forT = 245 K are bimodal [cf. Fig. 2(b)].
They are dominated by the curve expectedifer 0 which
signals surface atom exchange [14], eventually leading to
Al-Au surface alloy formation [13].

Since the reconstruction remains unperturbed below

TIK] ~240 K the diffusivity change at 200 K must have an ori-

D aas200 150 120 100 gin, which escapes from standard descriptions of nucle-

-2
Lo 10 ation and growth. Our data indicate that the aluminum
L e— ] islands are mostly located in the quasipseudomorphic
I I stacking areas, off from the Au(111) reconstruction cor-

rugation lines. Apart from this, however, there is no
ny preferred nucleation at any particular site [see the homoge-
neous spatial distribution of islands in Figs. 1(a) and 1(b)].
These observations signal that the partial surface disloca-
: tions of the reconstruction repel diffusing Al adatoms. The
il i By v |10 200-K change in slope in the Arrhenius representation of
+ 4 LN R n, appears at a density, where the mean island distance
M =107k is 22 atoms [upper dashed horizontal line in Fig. 1(f)].
FIG. 1. STM images [(a)—(e)] showing the evolution of island This corresponds to the periodicity of the reconstruction
density, size, and shape as a function of temperature for Al deand thus suggests an increase in diffusivity related to
position onto Au(111)® = 0.1 ML, F = 3.1 X 107* ML/s;
because of the large scale the substrate reconstruction is not
resolved; note the change in scale between (b) and (c)]
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(f) Arrhenius plot of saturation island densities (in units @ _15k) E(b) S S SR R S
of islands per lattice site) derived from a statistical analysis of . I ) o L
a series of STM images for each temperature. The inset revea @ e ) i=1 I f\ Loni=o
the coexistence of the Au(111) reconstruction with Al adatom % \(/
islands atT = 150 K (® = 0.04 ML). o ; \
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tgegory ]:/c\’/rha C”t'iﬁl ﬁIUStert f'ze — l’t Whiren :0&? A FIG. 2. Normalized island size distributions from STM data.
[2,9]). ereas the lowest-temperature branch In the Arra) pyre adatom nucleation with= 1 scaling on the naturally

rhenius plot can be reconciled with such a picture (see bgeconstructed Au(111) surface for temperatures up to 230 K.
low), the rapid island density falloffs & = 200 K and  Island size distributions are compared to scaling theory for
T = 245 K cannot be understood in terms of nucleationisotropic lattices (curve). On anisotropic lattices, the maximum

on a homogeneous substrate. This signals thermal activaPifts slightly to the left and its height increases [11], trends
tion of other atomic processes which agree well with the present distributions. (b) Bimodal

e . island size distribution dominated by an= 0 scaling behavior
The determination of the respective substrate structur@gduced by substrate structural transformation and surface atom
and island size distributions provides additional insightexchange for temperatures exceeding 245 K.
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diffusion over dislocations representing repulsive barriersa range oft4 atomic distances left and right from the dis-
Below 200 K, where the island density is high, Al adatomslocation center. For adatoms in the quasipseudomorphic
are hence confined to the quasipseudomorphic stacking astacking areas, and for jump directions parallel to the dis-
eas. Whenever they move towards a dislocation they anecations, we selected the barrier for terrace diffusin
reflected, however, they are free to move parallel to th&he diffusion barrier therefore depends both on the adatom
dislocations. Above 200 K the island density reaches aosition and the jump direction, a general feature of inho-
threshold, where adatoms must have diffused over dislomogeneous substrates. Different attempt frequengjes
cations which leads to a change in the effective diffusiorcan be associated with each atomic displacement process.
barrier. Using this KMC model a systematic search was per-
A straightforward analysis of the Arrhenius plot @f formed to find an optimal parametrization providing a

in terms of scaling laws is obstructed by the inhomogesatisfying fit to the Arrhenius plot in the range tH0 =
neous nature of the substrate. There are mean-field modefs= 245 K [see Fig. 3(a)]. Although the transition
for heterogeneous nucleation in the presence of attractiieetween the two slopes at 200 K is less abrupt in the
or repulsive point defects [15], however, for the repulsivesimulations, the asymptotic slopes agree well with the ex-
line defects in the present system there is no theoreticgerimental line fits. The main results deduced from
treatment so far. Hence we adopted a kinetic Monte Carlthe simulations are as follows. Three diffusion rates
(KMC) model [16] to simulate diffusion and nucleation on are involved, the rate to move upg;, or to descend a
the complex potential energy surface experienced by an Adislocation, Dg4);, and the terrace diffusion rat&. As
adatom on the reconstructed Au(111) surface. The modé$lands are not observed on top of dislocatiabg, must
incorporates two partial dislocations pef3 X 22) unit  be the largest rate at all temperatures enabling adatoms
cell [Figs. 3(b) and 3(c)]. Effective medium theory calcu- deposited on top of dislocations to descend. The change
lations for PYPt(111) [17] indicate that the adatom poten-in slope at 200 K implies a continuous transition in the rate
tial is affected within a range of several atomic distancedimiting diffusion process, fronD > Dgyj; at T = 200 K
around the dislocations. Accordingly, we selected the barto D < Dy at T > 200 K. Up to 200 K the adatom
riers for diffusing up,Eq);, or down,Eq), a dislocation in  motion is hence dominated 1y, and the slope of log,

vs 1/T directly yields the barrier for Al diffusion in the

quasipseudomorphic stacking areas of Au(111), which is

a) T [K] determined from the KMC simulations #,, = 30 meV.
i 245 200 150 120 100 This rather small value compares wgll wlth thb initio
107 ¢ T m T T T resultt,, = 40 meV for Al(111) self-diffusion [12]. The

absolute values of the island densities observed in experi-
ment imply a surprisingly small prefactor for Al diffusion
on Au(111) of vy = 2 X 103 s7! [18]. Analyzing the
slope (and intersection) within mean-field nucleation
theory yields an identical barrier df,, = 30 = 5 meV
(and a prefactor oy = 7 X 10°*! s7!). A mean-field
treatment of anisotropic diffusion yields a slightly larger
barrier of E,, = 40 = 7 meV. The agreement of both
mean-field values with that from the KMC model indicates
that for T < 200 K the system is well described by a
homogeneous model with quasi-isotropic diffusion being
rate limiting. Apparently, the occasional reflections at
A I B D T B dislocations do not significantly distort the density scaling.
3 4 5 6 7 8 9 10 11 By contrast, the slope faf > 200 K reflects the perturba-
1T %103 [K™] tion of diffusion due to the dislocations. Itis parametrized
in our model byEq;; = 350 meV (vy = 2 X 10'3 s71),
FIG. 3. (a) Comparison of experimental island densities tognd Eqy =210 meV (v =2 X 10" 571, respec-

('ijE Sﬁ'ﬂ“'fg;og_sf) AEQOOE ;';O'sm%t\’}a'?fd_fofmx_lég 21_?)\/ tively. The effective barrier for dislocation crossing is
anod Eqy = 210 meV (V:)m: 2 % 10! Sfl).o (b) and €): The the Qifference in tc_JtaI _adatom binding energy between
KMC model incorporates two partial dislocations as line quasipseudomorphic sites and adsorption sites on top
defects over=*4 sites. For simplicity, in the model the of the dislocation. This energy difference amounts to
dislocations run along the close-packed atomic rows. For al\f = 4(Eq; — Eq;)) = 560 meV in accordance with the
atom at a dislocation we selegt, for the two jump directions 16 times larger slope observed above 200 K [19].

arallel to the dislocationEg: for the two jumps towards . . .
Phe dislocation, andey, for ?rT\e two jumps Jawar;/ from the The multitude of atomic processes entering through the

dislocation; in the quasipseudomorphic stackihgholds in all ~ Substrate transformation and adatom exchangd’ at
jump directions (with corresponding,, respectively). 240 K obscure a quantitative analysis of this regime.

Island density (per lattice site)
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