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The successful experimental implementation of a powerful concept for the determination of energies
controlling ripening and annealing on surfaces is reported. On a Ag(111) surface, we have prepared
and studied the decay of well-defined nanostructures for which an available exact theoretical description
can be used. The decay is followed by fast scanning tunneling microscopy at various temperatures
to determine the 2D evaporation rate of atoms from island edges and the interlayer mass transport.
An activation energy for 2D evaporation ¢0.71 = 0.03) eV and an Ehrlich-Schwoebel barrier of
(0.13 £ 0.04) eV are determined. [S0031-9007(97)05037-0]

PACS numbers: 68.55.—-a, 68.10.Jy, 68.60.Dv, 82.65.Dp

The control of kinetic parameters in thin metal film betweenascendingstep edges. On the other hand, the
growth is of utmost importance for the ability to design theoretical description of mass flow between ascending
novel nanoscale structures. Field ion microscopy (FIM)island edges in such an ensemble is more difficult. The
and scanning tunneling microscopy (STM) have led toclassical theoretical formalism developed for this case
an unprecedented insight into the basic atomic process¢s4—16] does make use of the simple geometry of two
occurring during metal on metal growth: condensation ofconcentric circles but the assignment of a boundary
atoms on the surface [1], diffusion of single atoms on acondition at the outer circle and the exact location of
crystal plane [2], nucleation of atoms into clusters [3],this (fictitious) outer boundary are based on questionable
and diffusion across, along, and towards islands or stepgssumptions.

[4-7]. Ripening in thin metal filmsafter growth is of In view of this dilemma, the best approach for mea-
equal importance. As many nanoscale surface structuresiring mass transport between ascending island edges
are only metastable, it is important to know on what timein a well-defined way would be to prepare and study a
scale material rearranges and whether these processes caorphology which exactly corresponds to the simple ge-
be used for modifying nanostructures on surfaces. Aometry (cf. Fig. 1): a single island surrounded by as?
number of recent studies using STM [8-10] and FIMcendingstep edge, i.e., an adatom island placed into a
[2,7,11] have addressed this issue for metal surfaces, anldrge vacancy island of monoatomic depth. We proposed
in particular, FIM has been very successful in quantifyingto perform such experiments in a recent paper on island
the stability of small two-dimensional clusters. decay [10], and the power of this approach was also real-

The great advantage of FIM studies is that thisized by McLearet al.,who worked out in detail the exten-
technique allows the study of isolated clusters in asion of the classical theoretical description to the special
well-defined environment: The cluster investigated is thanorphology of an adatom island inside a vacancy island
topmost cluster on a stack of layers forming the FIM tip,[17]. Moreover, they studied this case in Monte Carlo
and it interacts with its environment only via the descendsimulations. In the present paper, we report on the first
ing step surrounding it. This simple geometry, whichsuccessful experimental implementation of this concept.
can be approximated very well by two concentric circles,In an extensive study on a Ag(111) surface, we show that
makes it easy to write down expressions for the mass flow
from the cluster to the surrounding step. This advantage (a)

was realized and used almost forty years ago in studies S Jon ©

on the blunting of field emitter tips [12]. However, one  (b) g R
disadvantage of studying the topmost cluster on a stack is % i

that the mass flow involves diffusion overdescending

step. As in many cases, step-down diffusion requires an ‘LJ

additional barrier as compared to terrace diffusion (the R

so-called Ehrlich-Schwoebel barrier [13]); the activation IG. 1. Schematic view of theoretically modeled geometry

bgrrier measured in Such an experiment is, in geNerayit diffusion fluxes: (a) adatom island and (b) vacancy island,
different from that controlling cluster or island decay in anpoth surrounded by an ascending step; (c) top view of (a)

ensemble of islands, i.e., when the mass flow takes placd (b).
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single adatom islands in vacancy islands (cf. Figs. 1 and 1 keV Ne pulse and 0.2 ML Ag deposited at 250 K.
2) can indeed be routinely prepared. We study their deThe substrate temperature is subsequently adjusted to the
cay as a function of temperature and are able to deteralue at which the experiments are performed. The decay
mine an activation energy for atom detachment from stepef adatom and vacancy islands has been studied at tem-
of (0.71 = 0.03) eV. Moreover, the line tension of two- peratures between 240 and 310 K, and between 280 and
dimensional islands is estimated(®75 = 0.15) eV/nm. 360 K, respectively.
We also study a second generic morphology: vacancy is- The island decay is monitored by scanning the surface
lands inside of vacancy islands (cf. Figs. 1 and 2). Theepeatedly with a variable temperature STM of the Raster-
filing of the inner vacancy islands is hindered by thescope type [19]. Images 800 nm X 200 nm with a reso-
Ehrlich-Schwoebel barrier as observed previously [10Jution of 128 pixels X 128 pixels are recorded at time
and, hence, a comparison of the filling rate of vacancyntervals of down to 10 s. The STM is very stable with a
islands to the decay rate of adatom islands can be used ¢glindrical drift compensated design. In addition, we have
estimate the magnitude of the step edge barrier as noteshmpensated for the remaining thermal drift using an ac-
by Ichimiya et al. [18]. From our measurements on the tive tracking technique, which allows us to follow the time
Ag(111) surface reported here, we are able to determinevolution of a given structure for more than 50 hours. This
an Ehrlich-Schwoebel barrier ¢9.13 = 0.04) eV. is done by defining a template over a prominent structure
The experiments have been performed in a UHVin an image. For each image, the cross correlation be-
chamber (base pressufex 107! mbar) on a Ag(111) tween the template and the actual image is maximized by
single crystal surface. The model nanostructures are craliding the template over the image. Position correction is
ated as follows. On the well prepared clean surfaceapplied to the scanner tube to keep the prominent structure
large vacancy islands are created by removing 0.3 tat a constant position in the image. The achieved stabil-
0.5 monolayers (ML) by 1 keV Nesputtering at 373 K, ity depends on the stability of the structure, but is often
followed by slow cooling to 330 K at arate 6f5 K/min.  +1 pixel even over extended periods (days). However, for
This results in monatomic high vacancy islands of equilib4ong-time measurements at temperatures other than room
rium shape and diameters between 40 and 300 nm. Tmperature, a slow temperature drift towards room tem-
place a smaller vacancy island into one of these largeperature cannot be avoided. This drift is accounted for in
ones, the surface is sputtered briefly (2 to 5 s) at roonthe analysis (see below). Figure 2 shows snapshots from
temperature. Hereby, small monatomic vacancy islandsvo STM movies illustrating the decay of adatom and va-
are created within the larger vacancy islands [Fig. 2(b), atancy islands. Typical tunneling parameters used for the
0 s], a few of them concentrically. To place an adatomSTM imaging are/; = 0.1 nA andV, = -2 V. We es-
island within a large vacancy island is more demandingablished that, under these conditions, there is no tip influ-
due to the low density of nuclei of Ag\g(111). Usu- ence on the results. First, a direct influence on thermally
ally, all adatoms deposited into one of the vacancy islandstable structures at temperatures of 180 K was observed
attach to the island boundary. To force nucleation of aronly for tunneling resistances at least a factor of one hun-
adatom island within a vacancy island, the surface is exdred lower than used in the experiments here. Second, we
posed to a sputter pulse at temperatures between 200 aoldanged the interaction time between tip and investigated
250 K to provide nucleation centers prior to Ag deposi-object as described earlier [20], and found no effect. In
tion. Figure 2(a) (at = 0 s) shows the morphology after addition, we checked that islands not scanned decay at the
same rate as those scanned continuously.
From the STM movies, we determine the island area
a) 100 nm A(r) as a function of time. Examples for both adatom and
vacancy islands are shown in Fig. 3. Obviously, adatom
and vacancy islands decay differently, both quantitatively
v 3 and qualitatively. The decay rate of adatom islands
. ' . increases with decreasing island size [negative curvature
0:00:00 :03:59 Mm;ss :01:45 of A(¢)]. On the contrary, the decay rate of the vacancy

island is almost constant resulting in a linear decrease of

&

A(r). Deviations from this apparent linearity are found

only when the islands are very small. The fundamental
k'l “ e difference reflects the change in the kinetics caused by

the Ehrlich-Schwoebel barrier for the vacancy island
0:00:00 0:13:42 0:27:24 0:41:06 decay. The data are analyzed using the theory of Ostwald

ripening [14—-16] including extensions by McLeatal.

FIG. 2. STM images of decaying islands of monatomic heigh .
on Ag(111): (a) adatom island at 300 K = 73 nm, U, = t[17]. The model follows a continuum approach and,

—191V, I, = 0.09 nA; (b) vacancy island at 360 KR =  hence, is expected to break down for very small clusters.
51nm, U, = =2V, I, = 0.1 nA. However, this would introduce a systematic error only

557



VOLUME 80, NUMBER 3 PHYSICAL REVIEW LETTERS 19 ANUARY 1998

t., /1000 s with the temperature-dependent facter= 27D p./n,
3002 1 2 3 4 5 wherern is the atomic density. The temperature depen-
dence of 8 can be written as8 = Boexp(—Eg/kT),
whereEg is the activation energy for detachment of atoms
from island edges. Within the picture used helfg, is
equal to the sum of the activation barrier for terrace dif-
fusion of adatoms (fronD) and the difference in binding
energy of an atom at the island edge (i.e., at a kink site)
and on the terrace (from..). Equation (3) describes ex-

50 actly the decay of a circular adatom island placed concen-

0 . . 3 trically within a circular vacancy island.
0 20 40 60 80 100 The extension of the theory to the decay of vacancy
t,.. /1000 s islands inside larger vacancy islands is straightforward.

FIG. 3. Area versus time plot at 300 K. Open circles: Whe,reasf the flux of adatoms at the outer boundary and
vacancy island decay (bottom axis); solid squares: adatorf diffusing adatoms between the step edges can still
island decay (top axis); the solid line represents the best fibe described by Egs. (1) and (2), respectively, the flux
of the numerical integration of Eq. (3). at the inner boundary of the vacancy island is changed
by a factors = vg/voexp(—Es/kT), where Es is the
Ehrlich-Schwoebel barrier, angk and vy are the attempt

of decay curves in the small-size regime (see below), bL{Ierrace respectively. The diffusion constanin Eq. (1)
for which the error is large anyhow. Below, we repeat ' ' )

the main ingredients of the model, starting with adatommLISt be replaced bips, and, hence,

islands. d(mr?) a al!
The net flux of particles away from the island, is ar 'B[; +In(R/r) + E}
calculated from the three flux contributions indicated in
Fig. 1: the (net) detachment flux of adatoms from the X [exi— Y ) — exp(— Y ﬂ 4
kTnr kTnR

inner edgeJ,, the (net) diffusion flux over the terrace
J-—r, and finally the (net) attachment flux of adatoms to

the outer edgdk. The net flux of atoms from or to an Equations (3) and (4) can be solved by numerical inte-

island of radiusF is given by [15] gration. The _resulting curves for the island area versus
time can be fitted to the experimentally obtained curves
_ 2@iD ~ ~ by varying the parameter8, s, andy. In general, very
Ir= a [peq(7) = (7], (1 good fits are obtained as seen in Fig. 3.
where a is the lattice constant and is the adatom  Equation (3) shows tha8 essentially determines the
diffusion constant.p.,(7) denotes the equilibrium adatom time scale on which the decay proceeds, whilenflu-
density in front of a step of curvature/7 as given by €nces the shape of _the decz?ly curves for small |sIarjd sizes
the Gibbs-Thomson relationp.q(F) = p- exp(y/kTnF), when _the exponen.tlal functions cannot be apprOXIm_ated
with the line tensiony and the adatom density in front Py @ linear expansion [10]. The same holds for a given
of a straight stepp... Finally, p(7) is the actual adatom Value ofs in the case of vacancy islands [Eq. (4)]. The
density in front of the island edge. Equation (1) describes$hape, however, is also affected by the slow temperature
the net fluxes both at the innéf,) and the outer boundary drift towards room temperature during measureme_nts be-
(Jx) [17]. However, at the outer boundary the curvaturelow or apove room tempe(ature. Therefore, we estimated
is negative and, thus, also, the exponent in the Gibbsy from fits to the small-size part of decay curves taken
Thomson relation is negative. The steady state diffusiot '00m temperature. The resulting value (from simulta-

flux between the two concentric edges is given by [14] neous fits to three adatom island and four vacancy island)
oD isy = (0.75 = 0.15) eV/nm, where the error is obtained
w

R = ———[p(r) — p(R)]. @) from a standard)(_2 analysis. '_I'his value is used as a
In(R/r) fixed parameter in the analysis of decay curves above
Mass conservation and equality of net fluxes at stead@r below room temperature. Moreover, the analysis was
state yields/ = J, = J,_r = Jg, leading to a differen- limited to decay curves (or parts of decay curves) for

tial equation for the island radius [15—17]: which the temperature drift was less than 4 K. In Fig. 4,
5 1 we show theB values and their errors obtained from fit-
d(mr’) = —,g[i + In(R/r) + i} ting the adatom decay curves using standard least-squares
dt r R minimization. An Arrhenius behavior o over 3 or-

v v ders of magnitude is found and the resulting activation
x| X kTnr) kTnR) | (3) energy for adatom detachment from the island edges is

558



VOLUME 80, NUMBER 3 PHYSICAL REVIEW LETTERS 19 ANUARY 1998

Ostwald ripening or the decomposition of multilayered
nanostructures.
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