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Surface Self-Diffusion by Vacancy Motion: Island Ripening on Cu(001)
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We have used scanning tunneling microscopy to study the Ostwald ripening of 2D islands of Cu
grown on Cu(001). By considering the time dependence of the sizes of individual islands we have
characterized the mechanisms for the ripening. Our result is unexpected for a simple metal surface
The flow of atoms from one island to another is limited by attachment-detachment kinetics at the island
edges. To explain this result, we propose that the transport of atoms between islands occurs by vacancy
rather than by adatom, diffusion. [S0031-9007(97)04112-4]

PACS numbers: 68.35.Fx, 61.16.Ch, 82.65.Dp
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It is relatively easy to catalog the many atomic pro
cesses possibly involved in surface self-diffusion. It
much harder to quantify them experimentally or to dete
mine which particular processes govern surface evoluti
on a large length scale. A basic process to consider is
adatom diffusing on a terrace towards a step edge, wh
the adatom is incorporated. On a simple metal surfa
there are no obvious additional barriers for this incorpor
tion if the adatom approaches the step from below: T
barrier for diffusion on the terrace will be the same o
larger than the barriers associated with incorporation in
the step edge. It is thus generally believed, and has b
observed in 2D island decay on Ag(111) [1] and Cu(11
[2], that the flow of atoms to or from step edges is limite
by the rate at which adatoms diffuse on the terraces. Sin
it is often assumed that surface morphology equilibrat
by surface steps exchanging adatoms, this belief is c
tral to models of surface self-diffusion which are detaile
enough to take surface steps into account [3]. In this p
per we will show, however, that mass transfer betwe
islands on Cu(001) isnot diffusion limited over a range of
temperatures: Rather it is limited by the attachment a
detachment processes at step edges. We propose tha
occurs because surface self-diffusion on Cu(001) occ
by vacancy, rather than by adatom, diffusion.

To probe the mechanisms of diffusion between st
edges we have used scanning tunneling microsco
(STM) to measure the time dependence of the sizes of
Cu islands grown on Cu(001). The deposited islands a
out of equilibrium: Large islands grow at the expens
of small islands to reduce the total step length and th
the free energy of the system. By studying this ripenin
process it is possible to extract quantitative informatio
on the kinetics of mass transport at the surface: 2
island ripening provides a geometry which can be read
analyzed because the driving force for adatom diffusio
and step motion (step tension and curvature) can
determined from the island shapes and sizes.
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In the standard theory [4–6] of island ripening b
adatom motion, the time rate of change of the area of an
land is determined by two kinetic processes: the diffusio
of adatoms on the surrounding terrace towards or aw
from the island, and the transfer of atoms onto, or off, th
island edge. The diffusion rate on the terraces is det
mined by the adatom diffusion coefficientD. The transfer
rate between the island edges and the surrounding ada
sea is determined by the attachment rate of adatoms.
express this rate askDc, wherec is the adatom concen-
tration next to the step edge andk is a step edge incor-
poration coefficient. In the near equilibrium process
island ripening, the detachment rate will be close to t
attachment rate. Since the rate of atoms moving into a
particular empty site on the terrace is proportional toDc,
k is a measure of the difference in the diffusion barrie
for adatoms attaching to a step edge compared to diffus
on the terrace. Depending on whetherk is small or near
unity, island ripening will be “attachment-detachment lim
ited” or “diffusion limited,” respectively.

For the pure attachment-detachment-limited case, c
centration gradients in the adatom sea are very small;
adatom concentration surrounding every island assume
value c which is determined by a balance between th
emission and adsorption rates of many islands. In th
limit, the rate of change of the areaA of an island la-
beled with indexi can be expressed in terms of the dif
ference betweenc and the concentrationc

eq
i of adatoms

which is needed to establish equilibrium with this islan
[5–7]: dAiydt  CiDkasc 2 c

eq
i d, whereCi is the is-

land circumference, anda is the linear dimension of an
adatom. If an island has its equilibrium shape, the d
pendence ofc

eq
i on island size is given by the Gibbs

Thomson equation for a 2D island on a (001) substra
[8]: c

eq
i  c` expsa2bf110gykTr

f110g
i d, wherebf110g is the

free energy per unit length of steps along the [110] d
rection, r

f110g
i is the radius of the island perpendicula

to that orientation, andc` is the equilibrium adatom
© 1997 The American Physical Society
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concentration on an island-free terrace. Defininga by
Ci  ar

f110g
i , and assumingr

f110g
i ¿ bf110ga2ykT , gives

dAi

dt


abf110gkDa3c`

kT
r

f110g
i

µ
1
rc

2
1

r
f110g
i

∂
. (1)

The critical radiusrc determines which islands grow or
shrink. It depends onc, and if one can ignore the bound-
ing straight steps can be computed by considering the i
plications of global mass conservation:

P
i dAiydt  0

implies rc  kr f110gl [9]. So, whenr f110g ø kr f110gl, the
decay rate will be constant and the island area will d
crease linearly in time. For larger islands, which hav
radii closer tokr f110gl, the decay will be slower. Islands
with radii larger thankr f110gl will grow.

The effect of diffusion in the adatom sea on Eq. (1) ca
be determined by solving the diffusion equation for th
steady state adatom currents away from each island. F
the case of circular islands with radiiri and an isotropic
step free energy per unit lengthb, the rate of change of
each island area has the form [5,6],

dAi

dt


2pbDa4c`

kT
1

lnslid 1 aykri

µ
1
rc

2
1
ri

∂
, (2)

again assuming thatri ¿ ba2ykT . The lengthli speci-
fies the distance over which the concentration decays
its value far from the step edge, in units of the islan
radius. In general,li depends on the spatial configuration
and sizes of islands surrounding each island. Althoug
rc is determined by global mass conservation, as it is
the attachment-limited case, it is now not generally th
average island radius.

Equation (2) reproduces the form of Eq. (1) only whe
k ø ayr. In contrast to the linear decay of small island
in the attachment-limited case of Eq. (1), Eq. (2) yields a
island area which decreases as2t2y3 in the pure diffusion-
limited case ofk ¿ ayr.

We now discuss the STM experiments which allow u
to distinguish the attachment-detachment- and diffusio
limited scenarios. The microscope used in these expe
ments is based on the Besocke design [10,11]. T
Cu(001) surface was prepared by sputtering for 20 minut
with 500 eVNe1 ions, followed by 20 minute annealing
periods at 1100 K. Following each annealing cycle, th
sample was cooled slowly to room temperature. Epitaxi
Cu islands were created by evaporating Cu onto the surfa
held at a fixed temperature. The experimental data, in t
form of island sizes as a function of time, were obtaine
by repeatedly scanning a fixed area of the surface
intervals of 1–2 minutes. The images were recorded usi
a tunneling current of 1.0 nA with the tip biased negativel
by 0.10 to 0.70 V with respect to the sample.

To probe the decay of islands in a number of differen
local environments, we first examined the decay o
small islands (103 atoms) grown on top of larger ones
(105 atoms). Some of the configurations studied ar
illustrated in the upper panels of Fig. 1. This geometr
was created by first evaporating Cu at 420 K, an
then at 343 K. The areas of most of the island
m-
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decrease with time as plotted in the lower panel o
Fig. 1. When the islands become small, the island are
decreases approximately linearly int, consistent with
attachment-detachment kinetics but inconsistent with th
time dependence characteristic of simple diffusion-limite
island decay. Furthermore, the island decay rates wh
the islands are small are all approximately equal, desp
the fact that the local geometries vary greatly. This i
again most consistent with attachment-detachment-limite
step kinetics.

However, when the areas of the islands are large, Fig.
shows that significant deviations from a constant decay ra
can occur. Large islands tend to decay more slowly tha
small islands. This could be evidence of the breakdown
attachment-detachment-limited kinetics. To be confide
of a conclusion of attachment-detachment-limited kine
ics, this deviation from linearity needs to be accounted fo
Linear island decay for attachment-detachment-limited k
netics holds only whenr f110g ø kr f110gl in Eq. (1). The
decay rates decrease whenr f110g becomes comparable to
kr f110gl. To check whether a noninfinitekr f110gl plays a
role in our measurements, we examined the time depe
dence of the simpler island configuration shown in Fig.
of one terrace containing many islands, where the avera
radius is better defined. The figure shows STM images
the ripening of an assembly of about 60 islands at a su
strate temperature of 343 K. The overall number of atom
is roughly conserved so large islands are growing at th
expense of small ones, although some material is going
the bounding step edge. When the islands become sm

FIG. 1. The upper panels contain STM images of singl
atomic layer islands grown on Cu(001) (vertical image dimen
sion is 150 nm). The images are differentiated, with whit
indicating an increase in slope from left to right. The lowe
panel shows the time dependence of the areas of the labe
islands. These curves have been arbitrarily shifted in time.
2507
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FIG. 2. Two 300 nm 3 300 nm STM images, separated in
time by 20 000 s, showing island ripening on Cu(001) at 343 K

they are observed to randomly move relative to the lar
islands. Occasionally, as a result of this motion, a small
land will coalesce with a larger island. This process, how
ever, occurs only rarely, and only after the areas of th
small islands have decreased. The shape of the island
always the same, even shortly after coalescence, sugg
ing that edge diffusion is fast enough for the island shap
to have their equilibrium form [12].

To see if this observed ripening behavior is consiste
in detail with the attachment-detachment-limited case
Eq. (1), we computed the time dependence of the isla
areas predicted from Eq. (1), starting from the initial islan
configuration shown in Fig. 2. In this calculation, the
value of 2pDkbf110ga3c`ykT was obtained from fits to
a linear island decay rate when the island radii were sma
The value ofkr f110gl was obtained by averaging over al
remaining islands at each time. Figure 3(a) compares
entire configuration predicted from Eq. (1) (white) with
experiment for a few selected times. Figure 3(b) compar
the calculated time dependence of several islands with
observed behavior. Equation (1) accounts well for th
time dependence of almost all of the islands. In particula
Fig. 3(b) shows that it describes, without any adjustab
parameters, the range of island areas where nonlin
decay is observed. The island labeledA in Fig. 3(a),
which has a predicted area much smaller than observed
experiment, suffered a coalescence event at an early tim

On the other hand, the diffusion-limited prediction
works less well. Figure 3(c) compares experiment wi
the time dependence predicted from Eq. (2), takingk ø
1. For simplicity,l was assumed to be independent of th
island radii. The value ofaDkbf110ga4c`y lnsldkT was
chosen to give the overall best fit to the observed tim
dependence of the selected islands. The value ofrc at
each time was determined by requiring that the sum of
island areas was constant. The diffusion-limited case do
not account as well for the overall time dependence of t
configuration. In addition, it fails for small islands, where
the calculation givest2y3 behavior while the experiment
shows almost linear decay in time.

As pointed out by Morgensternet al. [1], the arguments
leading to Eq. (2) contain assumptions which break dow
when the island radii become small, leading to a failu
2508
.

ge
is-

-
e

s is
est-
es

nt
of
nd
d

ll.
l
the

es
the
e
r,
le
ear

in
e.

th

e

e

all
es

he

n
re

FIG. 3. (a) A comparison of the experimental island config
rations at 3000, 6000, and 9000 s with the predictions of Eq.
(white semicircles). In (b) the solid lines show the experime
tal time dependence of several of the islands areas; the das
lines show the predictions of Eq. (1). The dashed line in (
shows the less successful predictions of Eq. (2).

of the t2y3 law. One might be tempted to invoke such e
fects to explain the breakdown of Eq. (2). However, the
effects tend to give effective power laws for decay whic
are smaller than 2y3 and thus cannot explain the linear be
havior we observe. Another possible objection to our u
of Eq. (2) is that in comparing it to experiment we hav
neglected the effects of the local environment which a
encompassed inl. However, as shown in Fig. 1, we se
no evidence for such effects. (In contrast, in experime
on Cu(111) [2], where ripening is diffusion limited, ef
fects of the island environment are clearly evident.) W
thus conclude that island ripening on Cu(001) is incons
tent with diffusion-limited mass transport and consiste
with attachment-detachment-limited kinetics. This resu
is not peculiar to 343 K: In experiments performed in th
temperature range from 343 to 413 K we also find that t
decay is attachment-detachment limited.

As was stated above, it is often assumed that simple m
terials should exhibit diffusion-limited ripening behavior
so the conclusion that attachment-detachment kinetics l
its mass transport on Cu(001) is unexpected. The ra
nale behind the general belief is that there is no obvio
mechanism which will lead to a larger barrier to the a
tachment of diffusing adatoms at a step edge from bel
compared to the diffusion barrier on a terrace [6]. Indee
one expectsk ø 1 since an adatom hopping onto a ste
edge will have a higher coordination as it moves than
adatom diffusing on a terrace. This increased coordinat
will lower the barrier to adatom attachment and detac
ment, both for adatoms diffusing by bridge hopping an
by place exchange. Thus the diffusion-limited decay
islands seen on Ag(111) [1] and Cu(111) [2] is straightfo
ward to understand in terms of adatom motion. To da
systems where attachment-detachment-limited step kin
ics have been observed can be explained by the prese
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of a complex surface unit cell [7,13], which requires th
coordinated motion of many adatoms for a single inco
poration event, or by the presence of adsorbates [14]. N
such mitigating factors appear to exist for clean Cu(001

We propose that the island ripening on Cu(001)
attachment-detachment limited because surface vacanc
rather than adatoms, are primarily responsible for ma
transport between island edges. For mass transport
be attachment-detachment limited,k in Eq. (1) must be
small: The barrier for incorporation of the diffusing
species into the step edge must be larger than the bar
for diffusion on the terraces. Vacancy incorporation int
a step edge from below involves an annihilation eve
such as the event at a kink site pictured in Fig. 4
Such annihilation processes have intermediate states (
lower left panel of Fig. 4) which have a lower net
coordination than the intermediate states involved
vacancy diffusion on the terraces, leading to a larg
barrier for vacancy incorporation [15]. This situation
is similar to the states of decreased coordination whic
adatoms experience when they approach a step edge fr
above, and leads to the Schwoebel barrier for adatom
So, in principle, vacancy diffusion could account fo
our observation of attachment-detachment-limited islan
ripening. We expect the existence of a large vacan
incorporation barrier to be independent of the details
the atomic potential. To give an indication of the size o
the incorporation barrier, we have performed energeti
calculations with empirical potentials for Cu. Figure 4
shows the increased diffusion barrier for a vacanc
approaching a kink site using the potential obtained fro
the embedded atom method (EAM). The barrier fo
vacancy diffusion on the terraces,Ediff

y , is 0.44 eV; the
barrier associated with the final annihilation event,Eattach

y ,
is 0.62 eV and hence significantly larger.

FIG. 4. The left panel shows a vacancy being incorporate
into a step edge at a kink site: AtomB moves into the vacancy
and atomA drops down to replaceB. The right panel shows
the diffusion barriers experienced by a vacancy as it approach
a kink, based on an EAM calculation for Cu(001).
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In summary, vacancy diffusion provides a plausibl
explanation for the otherwise unexpected attachmen
detachment ripening we observe on Cu(001). Fro
simple bond counting arguments, vacancies and adato
on terraces will have comparable formation energies a
diffusion constants on many surfaces. Thus whether v
cancy densities and diffusion coefficients are sufficient
large to compete with adatom processes will be sensiti
to the detailed balance of relative energetics of vacanc
and adatoms. Since the arguments of this paper sugg
that vacancies can fundamentally alter the way in whic
surface morphology equilibrates, this balance needs
be carefully considered in interpreting experiments o
surface evolution.

We thank M. Bartelt, G. Rosenfeld, and B. Voigtlände
for useful discussions.

Note added.—Further evidence for the importance o
vacancy diffusion comes from recentab initio calculations
by G. Boisvert and L. J. Lewis [Phys. Rev. B (to be
published)] which suggest that vacancies diffuse mo
quickly than adatoms on Cu(100).

*Present address: Sandia National Laboratories, Albuque
que, NM 87185.
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