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Kinetics measurements of Pb island growth on Si„111…
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We present the results of kinetics experiments on quantum-size-effects~QSE! Pb islands formed on Si~111!.
We have looked at the evolution of seven-layer Pb islands from five-layer Pb islands due to the transport of Pb
atoms from the interisland region, overcoming a barrier at the island edges, and moving to the island tops. By
analyzing low-energy electron-diffraction and scanning-tunneling microscopy data, we have estimated the
barrier for layer formation in this system to be;0.32 eV. This energy is much larger than that expected from
QSE electronic contributions alone.
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I. INTRODUCTION

Nanoscale structures and films are now being routin
produced in laboratories.1–6 One of the important findings in
this research is that the size of these nanostructures is re
to their electronic structure.6,4,3 That is, the confinement o
the electron wave function for small objects leads to sh
energy levels, implying a strong dependence of the total
ergy of the confined electrons on the nanoobject’s size
shape. This relation is referred to as quantum size eff
~QSE!.1 A consequence of this relationship is that certa
film thicknesses or certain island heights are more stable
others.7 One such system is the growth of Pb islands
Si~111!.4 It has been shown that the Pb islands grow
straight-sided columns with a very narrow height distributi
on top of a Pb wetting layer above the Si~111! surface. De-
pending on growth conditions, the maximum in the islan
height distribution can be changed but is always found to
peaked in increments of two Pb layers. The reason for
bilayer stability is partially understood in terms of ener
oscillations in the electronic energyE(h) as a function of
their heighth.8 The oscillations occur as quantum well stat
pass below the Fermi energy leading to minima in the e
tronic energy of particular island heights.8,9

Studies of the QSE system Ag/GaAs~110! have attempted
to measure the difference in the electronic energy min
between ‘‘magic’’ thicknesses assuming that the height e
lution is controlled solely by depth of the potential minima
E(h).6 In other words it is assumed that the island-heig
distribution has a purely thermodynamic origin. Howev
such an analysis does not take into account all the rele
information about the island buildup. Even though t
minima in E(h) are useful for stability comparison, th
saddle-point maxima in the potential-energy surface sepa
ing the minima of the different island heights are equa
important in determining which heights are observed. As
will show, kinetic barriers can be as large as or larger th
the differences in the electronic energy minima. So wh
QSE offers thermodynamic reasons for the formation of p
ferred height islands, it does not provide an answer regard
how a given height will be selected at a given temperatu
nor does it predict the time necessary for an island’s gro
to be completed. In other words the preferred island-he
0163-1829/2003/67~16!/165314~7!/$20.00 67 1653
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distribution is a result of the energy gain because of QS
only as long as atoms can hop over the controlling kine
barriers.

In the case of QSE islands on the system Pb/Si~111!, the
reason for the observed narrow island-height distribution
far from resolved. Thermodynamically, one could argue t
the Gibb’s phase rule could select out one or two stable
land sizes. While it is known that islands of seven layers
of the lowest in energy and preferred for Pb coverages
Q,7 ML, they only forms if the system is heated abo
180 K.10 Furthermore, the island-height distribution is n
reversible with temperatures. Both of these observations s
gest kinetic limitations to the island sizes. Even if the islan
height distribution had a thermodynamic origin, one wou
want to know why islands instead of ordered tw
dimensional films are seen experimentally. What is
source of the rate-limiting barrier that leads to the obser
island heights and shape distribution? Is it diffusion betwe
islands, diffusion up the island sides, or a step-edge barrie
the island perimeter? It is the answers to these questions
are the motivation for the work presented here.

In this paper we present an investigation into the kinet
of the way in which QSE Pb islands grow on Si~111!. In
particular we examine how five-layer-height Pb islan
transform into seven-layer islands at fixed temperature
changing the Pb coverage. We have constructed an ex
ment in which a known amount of material, separate fro
the Pb in the wetting layer, is used to build seven-layer
lands from five-layer islands. The results of these exp
ments allow us to conclude that the rate-limiting barrier
island formation atT;180 K is the step-edge barrier for
Pb atom to move to the top of the five-layer islands. W
estimate this barrier to be 0.3260.05 eV. The estimated bar
rier energy is larger than the difference between five- a
six-layer island electronic energies alone.

II. EXPERIMENTAL TECHNIQUE

All of the experiments were carried out in an ultrahig
vacuum~UHV! system (p52310211 torr) using a commer-
cial spot profile analysis low-energy electron-diffractio
©2003 The American Physical Society14-1



e

ci

y

-
.
a

th
t

n
s
t-
c
t

nd

b
we
nd
nt

el
is
,
e
o

lli

n
a

nd
in

ra
g
e
s

a

i

ex-
nge

ht
nce
for
.
ed
tant
ms
wer

ting
the

to
nd

.5
he

di-

-
-
be

ad
gs

se

n
the

er
s.

A. MENZEL et al. PHYSICAL REVIEW B 67, 165314 ~2003!
~LEED! system.11 All the momentum transfers,q5k f2k i ,
are reported asqi andq' , parallel and perpendicular to th

Si~111! plane, respectively.qi points along the@11̄0# direc-
tion and is normalized to the Brillouin zone of Si~111!, qi*
5qi /(2p/a), a53.84 Å, whileq' is normalized to the Pb
~111! interlayer spacing,q'

* 5q' /(2p/d), d52.86 Å. The
scanning-tunneling microscope~STM! experiments were
carried out in a separate UHV system using a commer
Omicron STM as described elsewhere.10 The silicon sample
was cleaned using standard techniques.12 Pb was deposited
using a fully outgassed Knudsen cell source monitored b
quartz thickness monitor. The coverage was calibrated~both
at low and room temperatures! using the break in the Si
Auger line versus Pb deposition time~as described in Ref
13!. In all the experiments reported here the Pb flux w
constant:;1 ML/min (1 ML57.8431022 atoms/Å2).

The basic experiment we report is the investigation of
kinetics of Pb island growth. There are three possible ra
limiting processes that must be considered:~i! the barrier to
single Pb-atom diffusion on the wetting layer,~ii ! the barrier
to single Pb-atom diffusion on the facet planes of the isla
sides, and~iii ! the barrier for diffusion at the island edges. A
we will show by direct observation in Sec. III, both the we
ting layer and the island facet diffusion barriers are mu
smaller than the barrier at the island edges. Therefore,
experiments outlined below are designed to measure the
netics of Pb atoms moving over the island edges.

The experiment begins by first preparing a known isla
height distribution at a growth temperature,TG . This is done
by depositing 4 ML of Pb on the Si~111! substrate at 130 K
and then annealing the film atTG for 10 min to form the
islands. A particular height distribution can be chosen
properly selectingTG . In the experiments discussed here,
are interested in the growth of seven-layer-height isla
from five-layer-height islands. From previous experime
we know that by changingTG from 150 K to 180 K the
island-height distribution can be altered from predominat
five-layer islands at 150 K to predominately seven-layer
lands at 180 K.10 Both island radius,R, and island separation
S, were also measured for each growth temperature. Th
land diameter is determined by measuring the full width
half maximum of the Pb~10! LEED spot, while the island
spacing is determined from measurements of the sate
peak positions~Henzler rings! around the ~00! specular
beam.14 For the temperature range used in these experime
the island diameters range from 90 Å for five-layer islands
160 K to 125 Å for seven-layer islands at 180 K. The isla
spacing is'400 Å for both five- and seven-layer islands
this temperature range.

The island distributions formed at each growth tempe
ture and total Pb coverage,Q, are measured while coolin
the sample to 130 K. For eachTG we measure the relativ
area per Si (131) unit cell of five- and seven-layer island
as well as the area of the wetting layer; denoted byA5 , A7,
andAW , respectively~see Fig. 1!.

Once a particular island distribution is grown and me
sured, an additional 0.5 ML of Pb is deposited atTG . The
change in the relative area of the five- and seven-layer
16531
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lands due to this additional Pb is then determined. The
periment is repeated for several temperatures in the ra
160 K,TG,180 K. Therefore, at eachTG , we monitor
how the additional Pb is incorporated into different heig
islands. As is shown in Sec. IV, the temperature depende
of the change in the island area is related to the barrier
atoms moving from the interisland area to the island tops

We point out that the kinetics experiments describ
above are carried out as a function of coverage at cons
temperature. We know from previous experiments that ato
move to the islands when the system is heated from a lo
to a higher growth temperature.10 Since the additional 0.5
ML is deposited at the sameTG as the initial deposition, we
can be confident that all the mass transfer from the wet
layer to the islands has already been completed during
initial deposition. This is important, since it allows us
conclude that all the changes in the island height or isla
size from the initial distribution are only related to the 0
ML of Pb added and not from Pb atoms still residing in t
wetting layer or in the islands themselves.

III. RESULTS

The island-height distributions before and after the ad
tional Pb deposition were measured from theq' dependence
of the LEED specular~00! peak profiles between two in
phase diffraction conditions~an in-phase diffraction point oc
curs whenq'

* 5 integer). Details about this procedure can
found in Refs. 4,11,15, and 16. To summarize, at eachq'

* the
peak profile is fit to a two-component line shape. The bro
component~areaaI) is used to represent the Henzler rin
produced by the islands.14 The narrow component~areaaS)
reproduces the diffraction from the exposed surface.15,16 An
example of such a fit is shown in Fig. 2. The ratio of the
areas is used to generate the functiong(q'

* )51/(1
1aI /aS). Information on the island-height distributio
comes from the fact that diffraction interference between

FIG. 1. Schematic of the growth of five-layer to seven-lay
islands showing definitions of the pertinent measured quantitie
4-2
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KINETICS MEASUREMENTS OF Pb ISLAND GROWTH . . . PHYSICAL REVIEW B67, 165314 ~2003!
top of the islands and the region between the islands g
rise to oscillations ing(q'

* ). The functiong(q'
* ) will oscil-

late between two in-phase conditions with a periodicity p
portional to the island height~i.e, n oscillations for islands of
height n). An example of the oscillations ing(q'

* ) for
seven-layer islands is shown in Fig. 3.

The exact shape ofg(q'
* ) versusq'

* depends on the rela
tive amounts of five- and seven-layer islands present rela
to the wetting layer. Therefore, to extractA5 , A7, and AW

from the g(q'
* ) data, we compare the experimental data

g(q'
* ) calculated from an assumed distribution ofAi8’s. To

do this we writeg(q'
* ) within the kinematic model,4

g~q'
* !5uAW1A5ei2pq'

* 51A7ei2pq'
* 7u2, ~1!

FIG. 2. Two-component fits to the~00! specular beam forQ
54 ML and TG5170 K. ~a! An in-phase conditionq'

* 53.02. ~b!
An out-of-phase conditionq'

* 53.49. Circles are data; solid line i
best fit. Dashed lines are the decomposed narrow and broad
ponents with integrated areasaS andaI , respectively.

FIG. 3. g(q'
* ) vs q'

* . The data (s) is from a distribution of
predominately seven-layer Pb islands grown at 180 K andQ
54 ML. The best fit~solid line!, as described in the text, is fo
A750.20 andA550.02. For comparison two poorer fits are show
usingA750.10 andA550.02 ~dash-dotted line! andA750.30 and
A550.02 ~dashed line!.
16531
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where the areas are subject to the constraint equation

(
n

An51. ~2!

We have looked extensively for evidence of six-layer islan
in these fits and find no indication of any significant conce
tration. Similarly, STM images show no evidence for si
layer islands. Therefore, we have confidently left out a te
A6 for six-layer islands in the fitting routine.

In principle, only A5 and A7 are adjustable paramete
because of the constraint, Eq.~2!, forcingAW to vary accord-
ingly. From the total amount of Pb deposited and the
tracted areaAW from the fits, the Pb wetting-layer thicknes
can be found. In effect this means that the amount of Pb
the wetting layer is treated as an adjustable paramete
principle, the wetting-layer thickness contributes to the m
suredg(q'

* ) but we do not explicitly include it in Eq.~1!.
Instead we have chosen to allowAW to be an adjustable
parameter in the fits. There are two justifications for th
First, the scattering amplitudes,f i8’s, from each layer are
assumed to be equal and have been set to 1.0 in Eq.~1!.
Since the amplitude in ag(q'

* ) curve is a function of both
the Ai8’s and the corresponding scattering factors at e
layer, it is clear that either increasingf or the occupation of
the layer will have a qualitatively similar effect on the osc
lation amplitude. In another publication we show that, w
mild annealing from 120 K to 180 K, Pb is transferred fro
the wetting layer to the islands with a corresponding incre
of f W .17 Since the two effects~i.e., transfer of Pb to the
islands and an increase inf W) provide opposite contributions
to the amplitude of theg(q'

* ) curve, the use ofAW as an
adjustable parameter is justified. Second, we are intereste
extracting the relative changesDA5 andDA7 that are deter-
mined by the difference in the amplitude of theg(q'

* ) curves
for 4 ML and 4.5 ML, whereAW is presumably the same
This means that the amplitude differences and the co
sponding changes to the layer occupationDA5 andDA7 are
not very sensitive toAW .

A x2 fitting routine is used to match the calculatedg(q'
* )

to the measured value. Examples of fits for different choi
of A7 are shown in Fig. 3 for a temperature at which pr
dominately seven-layer islands exist,TG5180 K. As can be
seen the oscillation amplitude is very sensitive toA7. In
order to establish error bars we also looked at fits that ca
lated x2 based on the minima points alone in theg(q'

* )
curves. This procedure gave areal coverages;0.04 lower
than the full fits. However,DA measured using just th
minima gave nearly identical values as those derived fr
the full fits. A detailed analysis of the fitting routine show
that changes in the areal concentrations,DA5 andDA7, are
accurate to within60.02.

Once the island-height distribution, mean island size, a
mean separation are measured, the system was heated
to its original growth temperature where an additional 0
ML of Pb was deposited at the same flux rate of 1 ML/m
The island-height analysis described above was then
peated. Figure 4 shows a comparison betweeng(q'

* ) curves

m-
4-3
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A. MENZEL et al. PHYSICAL REVIEW B 67, 165314 ~2003!
for coverages of 4.0 ML and 4.5 ML atTG5180 K. The
amplitude difference between the two curves is due to
change in the layer occupancy. These differences ing(q'

* )
before and after deposition are uniquely determined byDA5
and DA7. For the temperature in Fig. 4 the amplitude i
crease is due to an increase inA7. Similar curves for each
temperature were analyzed. The results of these experim
are summarized in Fig. 5.

IV. DISCUSSION

We can identify three temperature regimes in Fig. 5:~i!
for T<155 K the surface is initially covered by five-laye
islands and subsequent Pb deposition leads to an increa
five-layer islands;~ii ! for 155 K,T,175 K a mixture of
five- and seven-layer islands is present in the initial distri
tion. Subsequent Pb deposition leads to an increase in se
layer islands and a decrease in five-layer islands;~iii ! above
175 K the initial surface primarily consists of seven-lay
islands, with subsequent Pb deposition increasing the se
layer island area. For this work, we will focus on understa
ing the structural evolution of Pb islands in regions~ii ! and
~iii !.

In region~iii !, above 175 K, few five-layer islands exist
the initial distribution. Practically all the additional 0.5 M
of material in the second deposition moves to the seven-la
islands. This statement is first supported by the fact thatDA7
at 180 K is close to the maximum increase obtainable
0.5-ML additional Pb coverage~assuming no five-layer is
lands!, 7%, (DA7

max50.5 ML/750.07). Secondly, measure
ments of the island sizes and island separation after dep
tion show no increase in the number of seven-layer isla
above 175 K. Finally, STM experiments show that none
the additional 0.5 ML is seen in the region between island
this temperature. These observations suggest that in the
perature range 175 K,T,180 K all of the additional Pb
deposited is added to existing seven-layer islands. Since
initial seven-layer island coverage is less than 25%, mos
this increase in seven-layer island area must be due to a
tional Pb landing between islands and diffusing to the si
of existing seven-layer islands up to five-layers
(;0.35 ML55DA7

max), followed by the remaining 0.15 ML

FIG. 4. A comparison of experimentalg(q'
* ) vs q'

* for TG

5180 K for two different coverages. Circles on the solid line re
resent data forQ54.0 ML (A750.20 andA550.02). Squares on
the dashed lines represent data forQ54.5 ML (A750.26 andA5

50.02).
16531
e

nts

in

-
en-

r
n-
-

er

r

si-
s
f
at
m-

he
of
di-
s

diffusing to the island tops to form the sixth and seven
layers.

These observations lead us to one of the central findi
of these experiments: the controlling barrier that must
overcome to grow the sixth and seventh layers above 17
is the one related to moving the Pb to the last two laye
This statement is supported by a number of other obse
tions. First, atT.175 K, the system is well above the tem
peratures favoring the completion of predominantly fiv
layer islands (T;150 K). This implies that the barrier to
forming five-layer columns at the sides of existing seve
layer islands is small relative tokT in regime~iii !. Second,
the lack of any Pb in the interisland region~as determined by
STM! along with the fact that all of the additional Pb depo
ited above 175 K is incorporated into the sides of exist
seven-layer islands within the deposition time implies th
the mobility of the Pb between the islands is relatively fa
If diffusion on the wetting layer was the rate- limiting ste
mild annealing would cause the area of preferred seven-la
islands to increase gradually as more atoms diffuse to
islands so that seven-layer islands would be observed a
temperatures below;180 K, with their density decreasin
monotonically with temperature. Neither of these effects
observed. Instead, in the range of our experiments, we
serve a sharp transition from five- to seven-layer islands w
growth temperature@see Fig. 5~b!#. Also the outcome of the
growth is the same whether we deposit continuously or
stepwise coverage increments, indicating that diffusion
the wetting layer is very fast. Finally, during growth at
constant;180 K, the island density does not change w
additional Pb coverage@i.e., the satellite rings of the Pb~00!
spot, sensitive to the island separation, do not change#. This

FIG. 5. ~a! Change in island area vs.TG of 5- (s) and 7-layer
islands (d) after depositing an additional 0.5 ML of Pb. Dotted lin
shows the saturation valueDA7

max. Vertical dashed line marks the
onset of seven-layer island nucleation.~b! Island area vs.TG of 5-
(s) and 7-layer islands (d) from the initial Pb deposition.

-
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indicates that the diffusion length on the wetting layer
larger than that of the island separation.

We can also exclude facet diffusion as the rate-limiti
process. From the experiments reported here as well as
ers, the island sides are flat with the same facet slope reg
less of annealing temperature~indicated by a constant num
ber of single steps!.10 If facet diffusion was the controlling
process allowing atoms to accumulate on the facet pla
we would have seen a decreasing facet slope with annea
time, implying an increase in the number of single steps
the island sides.

Note that we believe the barrier between the sixth a
seventh layer diffusion has little affect on the growth
seven-layer islands. If this barrier was instead apprecia
the slow transfer of Pb from the sixth to seventh layer wo
lead to a long lifetime for six-layer islands, making the
observable in either STM or the diffraction. From previo
studies, as well as those reported here, we know that
layer islands rarely form, indicating that the sixth layer
energetically less favorable than fifth or seventh layers
therefore stands to reason that, once a sixth layer form
seventh layer of lower energy would form as well. We wou
expect little or no barrier for six- to seven-layer formation~it
is certainly much smaller than the barrier for five- to s
layer formation!. In other words forming six-layer islands i
identical to forming seven-layer islands.

Below 175 K, in regions~i! and~ii !, Fig. 5~a! indicates a
different type of kinetics. At lower temperatures,T
5160 K, Fig. 5~a! shows that there is an increase ofDA5 by
approximately 3%. This is well below the maximum po
sible of 10% (0.5 ML/5) if all the material goes into build
ing five-layer islands. In fact, above 160 K in regime~ii !,
Fig. 5~a! reveals thatDA5 starts to decrease while the corr
spondingDA7 increases. These trends indicate that only p
of the additional 0.5 ML of Pb moves to the sides of t
existing five-layer islands. Either five-layer islands are d
solving or being incorporated into new seven-layer islands
the additional 0.5 ML of Pb is incorporated elsewhere
such a way as to reduce the apparent five-layer island
erage. As we will now show, it is the latter process, spec
cally the formation of small two- and three-layer islands b
tween existing islands, that lead to the apparent decreas
five-layer island coverage.

To investigate where the missing Pb has gone after de
sition in this temperature range we used STM to look at
island morphology. The STM experiments differ from th
diffraction experiments described above in that they are
nealing experiments. Initially 3 ML of Pb is deposited
;180 K, resulting in the formation of a predominant
seven-layer island-height distribution. The surface is sub
quently cooled to;133 K where an additional amount of P
(;1 ML) is deposited. The temperature is then raised to
annealing temperature where an STM image is taken. Fig
6 summarizes these experiments. From 133 K to 167 K
additional Pb deposited has nucleated lower-height isla
~two- or three-layers high! in the region between the seve
layer islands. While the initial seven-layer islands have
characteristic hexagonal fcc~111! shapes, the lower-height is
lands are smaller in diameter and have domed shapes
16531
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;183 K all of the smaller islands have vanished, leavi
predominately seven-layer islands~and a few five-layer is-
lands!. It is these small islands that account for the appar
decrease ofDA5 seen in the LEED experiments below 17
K. Instead of the five-layer coverage decrease in Fig. 5~a!
being due to islands dissolving, additional interference ter
in the diffraction caused by scattering from two- and thre
layer islands cause an apparent decrease of the five-l
component in theg(q'

* ) curve. Because we have not in
cluded terms in Eq.~1! proportional toA2 andA3, fits to the
experimentalg(q'

* ) curves tend to underestimateA5 when
these small islands are present.

A detailed analysis of the STM images reveals a num
of important observations. First, a scan over a la
1 mm2 area confirms that the predominant island height
seven layers, as deduced from the diffraction. No six-la
islands are seen. It is interesting to point out that if a sma
area is scanned repetitively, islands of larger height begi
form in bilayer increments up to as high as 13 layers. T
indicates that the deposited Pb atoms in the second dep
tion are highly mobile, with their mobility possibly enhance
by the field between the tip and the surface. Second, as
additional Pb is annealed, it is transferred from the low
height islands to the island tops. By 161 K some five-lay
islands have formed and further annealing causes materi
the interisland region to move to the tops of these five-la
islands to form new seven-layer islands. This process h
sharp onset temperature of;175 K, consistent with the dif-
fraction data.

Note that the STM results are also consistent with
diffraction experiment’s conclusion that only part of the a
ditional Pb is used to convert five-layer islands to sev
layer islands between 160 K,T,170 K. From Fig. 5~b! the

FIG. 6. STM images at four annealing temperatures. Brigh
islands are seven-layers high. At 133 K small two- and three-la
islands have nucleated. By 161 K some five-layer islands h
formed. By 180 K small islands have vanished, leaving predo
nately seven-layer islands.
4-5
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five-layer islands’ coverage above 160 K is less than 20%
the surface. This means that, although the additional P
sufficient to fully cover the initial area of the five-layer is
lands with two more layers (0.5 ML/250.25 ML) to build
seven-layer islands, the measured increase inDA7 is less
than this amount. This implies that only part of the added
moves to the top of five-layer islands with the rest moving
either the sides of existing five-layer islands or to the t
and three-layer islands.

These results show that in the temperature range 15
,T,170 K, with mostly five-layer islands present, thr
processes are in progress:~i! the transformation to seven
layer islands by adding two layers to existing five-layer
lands; ~ii ! nucleation of two- and three-layer islands in t
interisland region;~iii ! the buildup of five-layers at the side
of existing five-layer islands. It is the competition betwe
these processes that leads to the very sharp transition o
growth of seven-layer islands atT;175 K. In reality the
latter process~iii ! can be neglected. It is known from STM
studies that sixth and seventh layer growth starts from m
rial at the island edges.17–19Therefore, the completion of th
seven-layer islands is predominantly accomplished by m
rial diffusing on top of the freshly built five-layers around th
island sides.

These results allow us a formalism to estimate the bar
for Pb to ‘‘climb’’ the five-layer islands and complete th
seven-layer island formation. The transition temperature
seven-layer island growth is then determined by the com
tition between two processes;~i! atoms climbing to the top o
five-layer islands to form the seven-layer islands~contribut-
ing to the increase of the seven-step areaDA7) versus~ii ! the
nucleation of the two-layer and three-layer islands in the a
between the islands. The probability,p7, for the deposited Pb
to grow new seven-step islands is given byp7

5DA7 /DA7
max. Conversely, the probability to form two- an

three-step islands is then 12p7. These probabilities can b
found from the time,tc , required for an incoming atom to
reach and climb the islands already on the surface versu
time, tN , to nucleate a new two or three-step island in t
surrounding region.

In an intervalDt the factionp7 of additional Pb atoms
that grow seven-layer islands compared to those that lea
nucleation of smaller islands between the initial islands
given by

p75
1/tc

1/tc11/tN
. ~3!

To estimate the energy barrier for this process we use
argument similar to the one used by Kruget al. to describe
the growth of islands by transport of material down ove
step.20 In our case we are interested in the opposite proc
of atoms ascending the island by going over the step-e
barrier. The time to reach and climb an island is

tc5~S2/4Dt!1~S2/2Ra!n21exp~DE/kT!, ~4!

where the first term in Eq.~4! is the time needed to reach th
island and the second term is the time needed to ‘‘climb’’
islands.Dt is the terrace diffusion coefficient. The inverse
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the second term in Eq.~4! is the probability to get to the top
of the island, i.e., the product of the probability of an ato
deposited between the islands to reach the island ed
2pRa/pS2, times the probability to overcome the barri
nexp(2DE/kT), wheren is the attempt frequency to climb
the island andDE the total barrier to climb the islands. Spe
cifically DE is the energy difference between the ener
minimum at a site outside the island to the saddle-point
ergy at a site on the edge of an island.

We need to comparetc to the time it takes to nucleat
new islands,tN . This is simply the time between depositio
of two atoms in the surrounding area if diffusion on th
wetting layer is considered ‘‘instantaneous:’’

tN51/FpS2, ~5!

whereF is the flux rate of incoming atoms.
The problem presented above is simplified in the se

that only two possible outcomes for a deposited Pb atom
considered; the Pb atom either reaches the seven-layer is
or it nucleates to a smaller height island. We have neglec
the possibility that the Pb atom can form a five-layer colum
at the sides of an existing island. However, this approxim
tion is reasonable since the island separation determines
time to nucleate smaller-height islands, which is essenti
the time to reach the sides of the five-layer islands.

Note that by 180 K any deposited atoms in the surrou
ing region either adsorb to the sides of the first five layers
reach the island tops, indicating thattc!tN . Also, the initial
formation of islands at the growth temperature is as fas
the time it takes to deposit 4 ML of Pb~about 4 min!, indi-
cating that diffusion to the nucleating islands is essentia
‘‘instantaneous.’’ Therefore, in the experiments reported h
we can confidently neglect the diffusion term for the wetti
layer in Eq.~4!. With this assumption, we can now estima
DE using Eqs.~3!–~5!. Taking the saturation value to b
DA7

max57%, F5(1/60) ML sec21, S5400 Å, and R
5100 Å, and assuming that the prefactor has the nor
valuen51013 Hz, we obtainDE50.32 eV.

Alternatively, within the approximationDA5;0, we can
use all theDA7 data from Fig. 5 in the range 160 K<T
<180 K to putp7(T) into an Arrhenius form. This has th
added advantage that the value of the prefactor is meas
independently. This method givesDE50.3760.05 eV and
n513101562 Hz. This prefactor is slightly higher than
1013 Hz because of the assumptionDA5;0. Below 170 K
the assumption underestimates the ratiop75DA7 /DA7

max

that in turn overestimates the barrier and the prefactor ra
Note also thatDE estimated here is not the total barrier b
the step-edge energy barrier,Es , since we specifically as
sume that the diffusion barrier is nearly zero. We believe
edge barrier is at the top of the islands. Although we have
direct experiments to confirm this, material would have a
cumulated in front of the lower side of the islands at low
temperatures if the barrier was at the lower side. STM i
ages do not observe such a buildup of material.

These estimates for the barrier reported here are not
reasonable. Estimates of the step-edge barrier for Ag~111!
range from 0.22 eV by Bromannet al.21 to 0.42 eV by Krug
4-6
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KINETICS MEASUREMENTS OF Pb ISLAND GROWTH . . . PHYSICAL REVIEW B67, 165314 ~2003!
et al.20 More importantly, estimates of the electronic ener
differences between five- and seven-layer islands have b
calculated and are estimated to be on the order of 0.059

The large step-edge barrier we find explains both the spe
kinetic pathway and the sharp onset temperatures to the
mation of a given island height in the phase diagram of R
10. It also emphasizes that kinetics limitations are crucia
understanding the QSE island-height distribution.

V. CONCLUSION

We have measured the change in five- and seven-l
QSE islands grown on Si~111! due to the addition of 0.5 ML
of Pb. The experiments were done in a temperature ra
near the onset of seven-layer islands from five-layer islan
Between 165 K to 180 K we find that the additional P
‘‘climbs’’ existing five-layer islands to transform them t
seven-layer islands. From the relative change in island a
we are able to extract a barrier to seven-layer island gro
in the limit of fast wetting-layer diffusion. We find thatDE
50.3260.05 eV and an attempt frequency ofn51
3101562 Hz.

In recent STM studies of this system by Changet al. the
island formation kinetics were interpreted in terms of nuc
ation theory.19 It is not clear, however, whether the scalin
theory of nucleation can be applied in such a complica
system, even for the initial stage of island nucleation. Si
only multilayer islands are seen on the surface and not
single-layer islands that could have formed according
nucleation theory~even at the lowest temperatures!, we can-
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