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Magic Size Effects for Heteroepitaxial Island Diffusion

J. C. Hamilton

Sandia National Laboratory, Livermore, California 94550
(Received 5 April 1995

Activation energies for diffusion of small heteroepitaxial islands by nucleation and motion of a
dislocation across the island are calculated using a Frenkel-Kontorova model. At “magic island
sizes” the activation barriers for heteroepitaxial island diffusion are dramatically lowered. Total
energy calculations and molecular dynamics simulations using the embedded atom method confirm
the existence of a rapid diffusion process for two-dimensional islands. A signature of this process is a
strongly temperature dependent activation energy for diffusion. [S0031-9007(96)00711-9]

PACS numbers: 68.35.Fx, 68.10.Jy, 68.35.Bs, 68.55.—a

Island diffusion is an important phenomena in thesmall 1D islands in a 1D Frenkel-Kontorova model. The
growth of thin films. The nucleation and diffusion of 1D Frenkel-Kontorova model represents the island atoms
islands during deposition of adatoms plays a major role iras moving in a periodic substrate potenti&ly;ssi; =
determining island density, morphology, and eventuallyA[cog27x) — 1]. The interaction between two atoms
film structure. Most theoretical work to date has dealtlocated atx;+; andx; iS Viuain = k(x;11 — x; — &)%/2.
with growth and diffusion of homoepitaxial or at least The total energy is the sum over all of the island atoms,
pseudomorphic islands. For such cases solid on solid

models are appropriate and theories of growth [1-3] and E = Z A [cog27x) — 1]
diffusion [4—7] have been developed. The early stages S 2

of heteroepitaxial film growth in heteroepitaxial systems k )
where dislocations can form are less well understood. + Z j(xiﬂ —x — )

i=1,n—1

Such growth is of great practical importance. There are
a number of reports of rapid diffusion of heteroepitaxial The length unit (lu) is the substrate lattice spacing, the
islands in the literature [8—13]. equilibrium island bond length i, A is the periodic
The purpose of this paper is to examine diffusionpotential barrier,k is a spring constant, and is the
of heteroepitaxial islands using the Frenkel-Kontorovanumber of atoms in the 1D island.
(FK) model [14] and embedded atom method calculations In order to study the implications of this simple
(EAM) [15] to determine the activation energies for model for island diffusion on surfaces, the following
heteroepitaxial island diffusion by dislocation nucleationparameters were usedt = 100 meV, ¢ = 0.887, and
and motion. These models show dramatic minima ink = 40000 meV/Iu?>. This corresponds to an overlayer
the activation energies as a function of island sizewith a lattice constant-11% smaller than that of the
This implies that there are particular island sizes forsubstrate. Using numerical methods, the minimum energy
which diffusion will be rapid. Using experimental tools configurations for 1D island sizes of 5, 6, 7, 8, 9, 10, and
for measuring heteroepitaxial island diffusion (field ion 11 atoms were determined. Energies of islands with a
microscopy, scanning tunneling microscopy, and/or lowdislocation were calculated by constraining single atoms
energy electron microscopy), it should be possible tdo remain at a peak in the substrate potential.
experimentally demonstrate the occurrence of this rapid The results of this calculation for 9 atom island are
diffusion for certain island sizes. shown in Fig. 1. The top panel shows the positions of
A soliton or dislocation mechanism for island diffusion the atoms in the substrate potential as the dislocation
has been proposed previously [14—-16]. In this papenucleates and moves across the island. For this island
it is shown that diffusion by dislocation nucleation andsize and misfit, the dislocation-free configuration and the
motion is much more favorable for heteroepitaxy thansingle-dislocation configuration have essentially the same
for homoepitaxy. Quantitative calculations are reportecenergy. The dislocation-free configuration is labeled as
in previously unexamined ranges of island misfit andhaving the dislocation position at 0.0 in units of island
size, where a dramatic reduction in activation energyength. At 0.1, the dislocation is seen to nucleate at the
for diffusion exists. Finally and most importantly, theseleft-hand side of the island. At 0.2, the dislocation is
calculations are extended to 2D systems showing thaitarting to move across the island. At 0.5, the dislocation
remarkably small activation energies can occur in realistids in the center of the island. This process continues until
heteroepitaxial systems. the dislocation leaves the right-hand side of the island at
Before discussing the 2D calculations, it is instructivel.0 (not shown). The net result of nucleating a dislocation
to examine the activation energies for the diffusion ofand moving it all the way across the island is to move the
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FIG. 1. Top panel shows positions of 9 atom island in

substrate potential for one-dimensional FK model described in
the text. Parameters for model ate= 100 meV, ¢ = 0.887, FIG. 2. The main graph shows the energy of various size is-
andk = 40000 meV/lu?. The minimum energy configuration lands moving in substrate potential. Calculations were per-
has no dislocation (labeled by dislocation position 0.0). Theformed using one-dimensional FK model with the same param-
other configurations labeled by dislocation positions 0.1, 0.2gters as in Fig. 1. The activation energy for island diffusion

0.3, 0.4, and 0.5 show a dislocation nucleating and movindy dislocation mechanism (inset graph) shows a dramatic mini-
across the one-dimensional island. Moving this dislocation alimum for island sizes of 9 atoms. This corresponds to the size
the way from the left to the right side of the island translateswhere the minimum energy configuration changes from zero to
the island to the right by one lattice spacing. The bottom panebne dislocation.

shows the energy of the island as a function of dislocation

position. The energy is plotted relative to the energy of the

minimum energy configuration.

Dislocation Position (units of island length)

For a given island size, the activation energy for dif-
fusion by this mechanism depends strongly on the misfit
island right by one lattice unit. The lower panel showsbetween the substrate and the overlayer lattice constants.
the energy of the island relative to the minimum energyFigure 3 shows the activation energy as a function of the
configuration as the dislocation nucleates and movemisfit for a 9 atom island. In real heteroepitaxial sys-
across the island. The activation energy for this procesgems, the misfit will generally be temperature dependent,
is less than 25 meV even though the activation energy fodue to differential thermal expansion of the substrate and
a single atom diffusing in this potential is 100 meV. overlayer. A temperature dependent misfit would imply
In Fig. 2, the results of similar calculations for a rangea temperature dependent activation energy for island dif-
of island sizes are plotted. For each island size, the islanfiision by this mechanism. | will demonstrate the exis-
energy (relative to the energy of the minimum energy conience of a temperature dependent activation energy using
figuration for that island size) is plotted as a function ofembedded atom method molecular dynamics simulations
dislocation position. There are two important features tdater in this paper.
be noticed in this figure. First, the minimum energy con- In order to determine whether island diffusion by this
figuration for 7 or 8 atoms is dislocation free, whereas thalislocation mechanism will be important for real surfaces,
minimum energy configuration for 10 or 11 atoms con-it is essential to consider the problem in two dimen-
tains one dislocation centered at the middle of the islandsions. The 2D EAM model presented here is in quali-
Second, there is a dramatic minimum in the activation entative agreement with the 1D FK model in that is shows
ergy for diffusion as a function of island size. The acti-a dramatic minimum in activation energy for diffusion at
vation energy for diffusion is smallest for the island sizea magic island size where the minimum energy configura-
where the minimum energy configuration changes frontion changes from zero to one dislocation.
zero dislocations to one dislocation. At this “magic” is- The 2D problem poses the following important ques-
land size, the activation energy for heteroepitaxial islandions: (1) What is the minimum energy orientation of the
diffusion drops to one-quarter of the activation energy fordislocation line for an island? (2) How does the dislo-
single atom diffusion on this surface. The activation en-<cation move (glide) across the island? Is a kink mech-
ergy as a function of island size is plotted in the inset ofanism or simultaneous motion of a row of atoms more
Fig. 2. Since diffusion rates depend exponentially on acfavorable? (3) What is the preexponential factor for the
tivation energies, this magic size effect produces immenseollective process of dislocation nucleation and motion?
increases in diffusion rates at these magic sizes. (4) Will the dependence of activation energy on misfit
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FIG. 3. Activation energy for diffusion of a 9 atom island as ilr'f'f'f"'"'f'iﬂih i!'
a function of substrate-island misfi¢, Calculations were per- )l e e s A b )
formed using one-dimensional FK model with= 100 meV 'Ti‘f‘!"f'f’f""""'i' ;
andk = 40000 meV/Iu>. "i'i"‘"""'"""’i*“
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(and thus temperature) be observable in real heteroepitax-
ial systems? FIG. 4. Minimum energy configuration for 91 atom hexagonal

Based on numerous experimental observations of Ve’ island with d'.S|°|0atg’.”| on ruthenium (0001), Ea'cplfteg
ial misfit dislocations in overlayers on close- ackedé'smg EAM. A single dislocation runs across the islan
partial mis y p eparating the lower fcc portion of the island from the upper
surfaces, a close-packed surface was chosen as a cag® portion of the island.
where dislocations in small islands would likely occur.

This choice was also encouraged by molecular dynamics

ﬁ)aggltji?r?omnzti%fn hc())r:noN?(pll'ﬁ;la[|lg5]|angsdgflfgr?3a2)t/ t?) ?fI]Se higher temperatures, the total simulation time was several
' ns. For the Ag monomers, the simulation time was a

pne-d|mer)5|onal model | chose a model system with th?raction of ns. The diffusion rates are plotted in the top
island lattice constant larger than that of the substrat anel of Fig. 5. The units are jumps between hcp and
specifically Ag on Ru(0001). This system shows partlalfCC per nanésécond. Assuming that the jumps are not

misfit dislocations at submon_olayer coverages [17.] an%orrelated, these jump rates can be translated directly into
thus represents a good candidate for island diffusion b iffusion constants. The plotted error bars are based on

a dislocation mechgmsm. It is Important to emp_ha3|ze[ e assumption that the jumps obey Poisson statistics. At
that other heteroepitaxial systems having dislocations om temperature the diffusion of a monomer is only

submonolayer coverages should show similar phenomengbout 100 times faster than that of a 61 atom island. The

The minimum energy configuration for a dislocation in . . . .
. . ; molecular dynamics simulations clearly substantiate the
a 91 atom Ag island on Ru(0001) determined using EAIv'existence of rapid diffusion at magic island sizes. Sig-

is shown in Fig. 4. A single dislocation runs across the

island separating the lower fcc portion of the island fromnificantly, EAM molecular dynamics simulations using
P 9t -C P ) U7 a smaller island (37 atoms) showed absolutely no jumps
the upper hcp portion of the island. The dislocation line

is at an angle of~15° from the horizontal. This angle at room temperature during a 4 ns run. We note that
9 : 9% the EAM tends to underestimate stacking fault energies.

to a configuration with a horizontal dislocation line. TheerhIS will cause the EAM to overestimate diffusion rates

) . - for these islands. Again, this does not alter the existence
bulk metals, dislocations are generally thought to move V1t magic island sizes unless the stacking fault energies

extended kinks, ten or more atoms long [18]. Figure 4 i o
entirely consistent with this extended kink mechanism fofoecome so large as to preclude any transition state

. : ) o ) e involving the island in a faulted configuration.
dislocation glide. The activation energies for diffusion by The diffusion data for the Ag monomer shown in Fid. 5
dislocation nucleation and motion at 0 K were estimatedar g g

e e fit by a standard Arrhenius equation with a preexpo-
as 681, 729, 457, 293, and 786 meV for diffusion of 19, : : I
37,61, 91, and 127 atom silver islands on ruthenium usinnentlal factor of 2160 jump®s, and an activation energy

the EAM. %f 57 meV. The activation energy is in reasonable agree-

. . ment with the bridge site energy and the preexponential
In order to estimate prgexponentlal factors, EAM has a reasonable value. The diffusion data for the 61
molecular dynamics simulations were used to calculat

diffusion rates for Ag islands and for Ag monomers%\tom island, however, cannot be fit by a single activa-

) Y tion energy and preexponential. | attribute this effect to
on Ru(0001). For temperatures in the vicinity of roomg temperature dependent misfit between the Ag overlayer
temperature, a 61 atom island was found to have

much larger diffusion rate than the 37 or 91 atom island%nd the Ru substrate. The activation energy for island

Apparently differential thermal expansion changes th diffusion will depend on the misfit and thus on the tem-
magic island size from-91 atoms at 0 K to~61 atoms eperature. By analogy with the results shown in Fig. 3, the

at 300 K. For diffusion of the 61 atom island at low activation energy was represented by
temperatures, the total simulation time was 20 ns. For E(T) = Emin + YIT — Trinl .
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1000 ; . , . small activation energy for diffusion with a magic island
size and misfit is valid. Finally, they emphasize the im-

Ag monomer portance of a temperature dependent activation energy as
100 L d g an explanation for departures from a simple Arrhenius be-
havior for diffusion rates in these systems.

This paper offers a quantitative model allowing a predic-
tion of heteroepitaxial island diffusion rates. The model
predicts a magic size at which diffusion becomes quite
rapid. This magic size is the size at which islands with
and without a single dislocation are nearly degenerate in
energy. The model shows a dependence of activation en-
ergy on substrate-island misfit and thus on temperature.
I hope the present analysis will prompt more quantita-

jumps/ns
o

61 Atom Ag Island ¥

1 %5 3 35 4 45 5 tive experimental studies of heteroepitaxial island diffu-

1000/T sion rates as a function of island size. Finally, experimen-
230 . . s
tal measurements of island size distributions after growth
should be sensitive to this effect since islands of the magic
size should coalesce rapidly and thus rarely be seen in

220 |
210 ©

Activation Energy (meV)
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