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Kinetics measurements of Pb island growth on %i11)
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We present the results of kinetics experiments on quantum-size-ef@88 Pb islands formed on &il1).
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 be0.32 eV. This energy is much larger than that expected from
QSE electronic contributions alone.
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I. INTRODUCTION distribution is a result of the energy gain because of QSE,
only as long as atoms can hop over the controlling kinetic
Nanoscale structures and films are now being routinelybarriers.
produced in laboratories:® One of the important findings in In the case of QSE islands on the system RtA3), the
this research is that the size of these nanostructures is relateghson for the observed narrow island-height distributions is
to their electronic structur®?? That is, the confinement of far from resolved. Thermodynamically, one could argue that
the electron wave function for small objects leads to sharphe Gibb’s phase rule could select out one or two stable is-
energy levels, implying a strong dependence of the total enand sizes. While it is known that islands of seven layers are
ergy of the confined electrons on the nanoobject’s size opf the lowest in energy and preferred for Pb coverages of
shape. This relation is referred to as quantum size effecty <7 ML, they only forms if the system is heated above
(QSB." A consequence of this relationship is that certainigg K10 Fyrthermore, the island-height distribution is not

film thicknesses or certain island heights are more stable thaRersible with temperatures. Both of these observations sug-

7 . .
others. One such system is the growth of Pb islands onyes; yinetic limitations to the island sizes. Even if the island-
Si(111)." It has been shown that the Pb islands grow a

traiaht-sided col ith height distributi Sheight distribution had a thermodynamic origin, one would
straight-sided columns with & very narrow height istribution,, - o 14 know why islands instead of ordered two-

on top of a Pb wetting layer above the(Hil) surface. De- : . X i .

! 7 ; . , dimensional films are seen experimentally. What is the
pending on growth conditions, the maximum in the island- S .
height distribution can be changed but is always found to pSource of the rate-limiting barrier that leads to the observed

peaked in increments of two Pb layers. The reason for thé\sland heights and shape distribution? Is it diffusion between
bilayer stability is partially understood in terms of energy 'Slands, diffusion up the island sides, or a step-edge barrier at
oscillations in the electronic enerdgg(h) as a function of the island perimeter? It is the answers to these questions that

their heighth.8 The oscillations occur as quantum well states@'€ the motivation for the work presented here. o

pass below the Fermi energy leading to minima in the elec- I this paper we present an investigation into the kinetics

tronic energy of particular island heiglté. of the way in which QSE Pb islands grow on(Hil). In
Studies of the QSE system Ag/GaA$0) have attempted particular we examine how five-layer-height Pb islands

to measure the difference in the electronic energy minimdransform into seven-layer islands at fixed temperature by

between “magic” thicknesses assuming that the height evochanging the Pb coverage. We have constructed an experi-

lution is controlled solely by depth of the potential minima in ment in which a known amount of material, separate from

E(h).® In other words it is assumed that the island-heightthe Pb in the wetting layer, is used to build seven-layer is-

distribution has a purely thermodynamic origin. However,lands from five-layer islands. The results of these experi-

such an analysis does not take into account all the relevamhents allow us to conclude that the rate-limiting barrier to

information about the island buildup. Even though theisland formation aff~180 K is the step-edge barrier for a

minima in E(h) are useful for stability comparison, the pb atom to move to the top of the five-layer islands. We

saddle-point maxima in the potential-energy surface separagstimate this barrier to be 0.32.05 eV. The estimated bar-

ing the minima of the different island heights are equallyrier energy is larger than the difference between five- and

important in determining which heights are observed. As Wesjx-layer island electronic energies alone.

will show, kinetic barriers can be as large as or larger than

the differences in the electronic energy minima. So while

QSE offe_rs th_ermodyrjamic reasons f_or the formation of pre- II. EXPERIMENTAL TECHNIQUE

ferred height islands, it does not provide an answer regarding

how a given height will be selected at a given temperature, All of the experiments were carried out in an ultrahigh

nor does it predict the time necessary for an island’s growttvacuum(UHV) system p=2x 101! torr) using a commer-

to be completed. In other words the preferred island-heightial spot profile analysis low-energy electron-diffraction
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(LEED) systemt! All the momentum transfersg=k;—k;, s
. ~—2R—
are reported ag| andq, , parallel and perpendicular to the
Si(11)) plane, respectivelyy; points along th¢ 110] direc- Pb(111) |5-step Pb(111)
tion and is normalized to the Brillouin zone of($&11), qﬁ*
=qy/(2w/a), a=3.84 A, whileq, is normalized to the Pb PbWL
(11)) interlayer spacingg? =q, /(27/d), d=2.86 A. The ’
scanning-tunneling microscopéSTM) experiments were W
carried out in a separate UHV system using a commercial AA .= AA'.-AA.
Omicron STM as described elsewhé?éhe silicon sample A, 2step 5 ST
was cleaned using standard technigtfeBb was deposited AAq U
using a fully outgassed Knudsen cell source monitored by a N\ 'S
quartz thickness monitor. The coverage was calibrébeth ,/AA
at low and room temperatunesising the break in the Si- 5-step F(b
Auger line versus Pb deposition tinas described in Ref. J

13). In all the experiments reported here the Pb flux was Fb WL
constant:~1 ML/min (1 ML=7.84x 102 atoms/K). RN

The basic experiment we report is the investigation of the
kinetics of Pb island growth. There are three possible rate-
limiting processes that must be consider@iithe barrier to FIG. 1. Schematic of the growth of five-layer to seven-layer
single Pb-atom diffusion on the wetting layéi) the barrier  islands showing definitions of the pertinent measured quantities.
to single Pb-atom diffusion on the facet planes of the island
sides, andiii ) the barrier for diffusion at the island edges. As lands due to this additional Pb is then determined. The ex-
we will show by direct observation in Sec. Ill, both the wet- periment is repeated for several temperatures in the range
ting layer and the island facet diffusion barriers are muchl60 K<T5;<180 K. Therefore, at eacfig, we monitor

smaller than the barrier at the island edges. Therefore, theow the additional Pb is incorporated into different height
experiments outlined below are designed to measure the kislands. As is shown in Sec. 1V, the temperature dependence

netics of Pb atoms moving over the island edges. of the change in the island area is related to the barrier for
The experiment begins by first preparing a known island-atoms moving from the interisland area to the island tops.
height distribution at a growth temperatufig; . This is done We point out that the kinetics experiments described

by depositing 4 ML of Pb on the &i11) substrate at 130 K above are carried out as a function of coverage at constant
and then annealing the film &ts for 10 min to form the temperature. We know from previous experiments that atoms
islands. A particular height distribution can be chosen bymove to the islands when the system is heated from a lower
properly selecting’s . In the experiments discussed here, weto @ higher growth temperatut&.Since the additional 0.5
are interested in the growth of seven-layer-height island$IL is deposited at the sanik; as the initial deposition, we
from five-layer-height islands. From previous experimentscan be confident that all the mass transfer from the wetting
we know that by changing g from 150 K to 180 K the layer to the islands has already been completed during the
island-height distribution can be altered from predominatelyinitial deposition. This is important, since it allows us to
five-layer islands at 150 K to predominately seven-layer isconclude that all the changes in the island height or island
lands at 180 K° Both island radiusR, and island separation, Size from the initial distribution are only related to the 0.5
S, were also measured for each growth temperature. The idML of Pb added and not from Pb atoms still residing in the
land diameter is determined by measuring the full width orwetting layer or in the islands themselves.
half maximum of the PH10) LEED spot, while the island
spacing is determined from measurements of the satellite Il. RESULTS
peak positions(Henzler rings around the(00) specular
beam®* For the temperature range used in these experiments, The island-height distributions before and after the addi-
the island diameters range from 90 A for five-layer islands ational Pb deposition were measured from thedependence
160 K to 125 A for seven-layer islands at 180 K. The islandof the LEED speculaf00) peak profiles between two in-
spacing is~400 A for both five- and seven-layer islands in Phase diffraction condition&n in-phase diffraction point oc-
this temperature range. curs wheng? =integer). Details about this procedure can be
The island distributions formed at each growth temperafound in Refs. 4,11,15, and 16. To summarize, at egcthe
ture and total Pb coverag®),, are measured while cooling peak profile is fit to a two-component line shape. The broad
the sample to 130 K. For each; we measure the relative component(areaa,) is used to represent the Henzler rings
area per Si (X 1) unit cell of five- and seven-layer islands produced by the island$.The narrow componertareaas)
as well as the area of the wetting layer; denoted\gy A, reproduces the diffraction from the exposed surfRc8 An
andAy,, respectively(see Fig. 1 example of such a fit is shown in Fig. 2. The ratio of these
Once a particular island distribution is grown and mea-areas is used to generate the functigfql)=21/(1
sured, an additional 0.5 ML of Pb is depositedTat. The  +a,/ag). Information on the island-height distribution
change in the relative area of the five- and seven-layer issomes from the fact that diffraction interference between the
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10°

. . where the areas are subject to the constraint equation
Fin-phase g}=3.02 (a)

104
> A=1. 2)
10° "
We have looked extensively for evidence of six-layer islands
in these fits and find no indication of any significant concen-
tration. Similarly, STM images show no evidence for six-
10! ! : : layer islands. Therefore, we have confidently left out a term
10° A for six-layer islands in the fitting routine.

In principle, only As and A, are adjustable parameters
because of the constraint, Eg), forcing Ay to vary accord-
ingly. From the total amount of Pb deposited and the ex-
tracted area,y from the fits, the Pb wetting-layer thickness
can be found. In effect this means that the amount of Pb in
the wetting layer is treated as an adjustable parameter. In
principle, the wetting-layer thickness contributes to the mea-
suredg(q?) but we do not explicitly include it in Eq(1).

q, (% BZ) Instead we have chosen to allofyy, to be an adjustable
parameter in the fits. There are two justifications for this.

FIG. 2. Two-component fits to théd0) specular beam fo®  First, the scattering amplitudes$;’s, from each layer are
=4 ML and Tg=170 K. (&) An in-phase conditiom} =3.02. ()  assumed to be equal and have been set to 1.0 in(Hg.

An out-of-phase condition} =3.49. Circles are data; solid line is gjnce the amplitude in Q(QI) curve is a function of both
best fit. De_tsh_ed lines are the decomposed narrow and broad CoNke A’’s and the corresponding scattering factors at each
ponents with integrated areag anda, , respectively. layer, it is clear that either increasitigor the occupation of

top of the islands and the region between the islands give'® layer will have a qualitatively similar effect on the oscil-
rise to oscillations irg(q*). The functiong(q*) will oscil- lation amplitude. In another publication we show that, with

late between two in-phase conditions with a periodicity pro-Tild annealing from 120 K to 180 K, Pb is transferred from

portional to the island heiglit.e, n oscillations for islands of the wetting layer to the islands with a corresponding increase

height n). An example of the oscillations ig(qY) for _Of fw. ' Since_the two effectii._e., transfe_:r of Pb. to_the
seven-layer islands is shown in Fig. 3 + islands and an increasefiy) provide opposite contributions

H *
The exact shape @f(q*) versusg* depends on the rela- to the amplitude of theg(q}) curve, the use oAy as an

tive amounts of five- and seven-layer islands present relativgdjusw}bIe paramet.er is justified. Second, we are interested in
to the wetting layer. Therefore, to extralt, A, andAy extracting the relative changésAs and AA; that are deter-

from the g(q*) data, we compare the experimental data tOmined by the difference in the amplitude of th€qT) curves

* e , for 4 ML and 4.5 ML, whereA, is presumably the same.
g(ql) calcula.ted f“fm an .assume.d dIStI’.IbutIOHA]'fS. To This means that the amplitude differences and the corre-
do this we writeg(qT) within the kinematic modef,

sponding changes to the layer occupatiofh; andAA; are

102

Intensity (arb. units)

104

Intensity (arb. units)
2

. 270" 5 i2ma* 712 not very sensitive td\.
9(aT) = [Aw+ Age!* 75 Are=TaL 1%, @ A x? fitting routine is used to match the calculaig’)
12 to the measured value. Examples of fits for different choices
of A, are shown in Fig. 3 for a temperature at which pre-
1.0 dominately seven-layer islands exi$ =180 K. As can be
0.8 seen the oscillation amplitude is very sensitiveAe. In
T 06 order to establish error bars we also looked at fits that calcu-
%% lated x? based on the minima points alone in tgéq?)
0.4 curves. This procedure gave areal coveragdés04 lower
0.2 than the full fits. HoweverAA measured using just the
minima gave nearly identical values as those derived from
0'03.0 the full fits. A detailed analysis of the fitting routine shows

that changes in the areal concentratiohgs andAA,, are
accurate to withint0.02.

FIG. 3. g(g*) vs q* . The data Q) is from a distribution of Once the island-height distribution, mean island size, and
predominately seven-layer Pb islands grown at 180 K &nd Mean separation are measured, the system was heated back
=4 ML. The best fit(solid line), as described in the text, is for tO its original growth temperature where an additional 0.5
A,=0.20 andAs=0.02. For comparison two poorer fits are shown ML of Pb was deposited at the same flux rate of 1 ML/min.
usingA;=0.10 andAs;=0.02 (dash-dotted lineandA;=0.30 and  The island-height analysis described above was then re-
As;=0.02(dashed ling peated. Figure 4 shows a comparison betwg@ri) curves
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FIG. 4. A compar(l)son of experimeptal(q) vs q for Tg 520F
=180 K for two different coverages. @ircles on the solid line rep- =
resent data fo®=4.0 ML (A;=0.20 andA;=0.02). Squares on g I>r
the dashed lines represent data @&r4.5 ML (A;=0.26 andAg ug 10
=0.02). 2
< (b)
for coverages of 4.0 ML and 4.5 ML aig=180 K. The 0 . , :
amplitud.e difference between the two curves is du.e to the 140 150 160 170 180 190 200
change in the layer occupancy. These differenceg(yi) T (K)
G

before and after deposition are uniquely determined\By

and AA;. For the temperature in Fig. 4 the amplitude in-  FIG. 5. (a) Change in island area V&g of 5- (O) and 7-layer

crease is due to an increaseAn. Similar curves for each islands @) after depositing an additional 0.5 ML of Pb. Dotted line

temperature were analyzed. The results of these experimergows the saturation valukAT®. Vertical dashed line marks the

are summarized in Fig. 5. onset of seven-layer island nucleatigh) Island area vsT of 5-
(O) and 7-layer islands@®) from the initial Pb deposition.

IV. DISCUSSION - _ _
diffusing to the island tops to form the sixth and seventh

We can identify three temperature regimes in Fig(ib: |ayers.
for T<155 K the surface is initially covered by five-layer  These observations lead us to one of the central findings
islands and subsequent Pb deposition leads to an increasedh these experiments: the controlling barrier that must be
five-layer islands;(ii) for 155 K<T<175 K a mixture of  overcome to grow the sixth and seventh layers above 175 K
five- and seven-layer islands is present in the initial distribuis the one related to moving the Pb to the last two layers.
tion. Subsequent Pb deposition leads to an increase in sevenhis statement is supported by a number of other observa-
layer islands and a decrease in five-layer islafidig;above  tions. First, aff>175 K, the system is well above the tem-
175 K the initial surface primarily consists of seven-layerperatures favoring the completion of predominantly five-
islands, with subsequent Pb deposition increasing the seveyer islands T~150 K). This implies that the barrier to
layer island area. For this work, we will focus on understandforming five-layer columns at the sides of existing seven-
ing the structural evolution of Pb islands in regidiig and  |ayer islands is small relative toT in regime (iii ). Second,
(iii ). the lack of any Pb in the interisland regitas determined by

In region(iii), above 175 K, few five-layer islands existin STM) along with the fact that all of the additional Pb depos-
the initial distribution. Practically all the additional 0.5 ML jted above 175 K is incorporated into the sides of existing
of material in the second deposition moves to the seven-layejeven-layer islands within the deposition time implies that
islands. This statement is first supported by the factA@f  the mobility of the Pb between the islands is relatively fast.
at 180 K is close to the maximum increase obtainable folf diffusion on the wetting layer was the rate- limiting step,
0.5-ML additional Pb coveragéssuming no five-layer is- mjld annealing would cause the area of preferred seven-layer
landg, 7%, (AA7*=0.5 ML/7=0.07). Secondly, measure- islands to increase gradually as more atoms diffuse to the
ments of the island sizes and island separation after deposilands so that seven-layer islands would be observed at all
tion show no increase in the number of seven-layer islandeemperatures below- 180 K, with their density decreasing
above 175 K. Finally, STM experiments show that none ofmonotonically with temperature. Neither of these effects is
the additional 0.5 ML is seen in the region between islands agbserved. Instead, in the range of our experiments, we ob-
this temperature. These observations suggest that in the temserve a sharp transition from five- to seven-layer islands with
perature range 175KT<180 K all of the additional Pb growth temperaturgsee Fig. ®)]. Also the outcome of the
deposited is added to existing seven-layer islands. Since thgrowth is the same whether we deposit continuously or in
initial seven-layer island coverage is less than 25%, most oftepwise coverage increments, indicating that diffusion on
this increase in seven-layer island area must be due to addhe wetting layer is very fast. Finally, during growth at a
tional Pb landing between islands and diffusing to the sidegonstant~180 K, the island density does not change with
of existing seven-layer islands up to five-layers additional Pb coveragg.e., the satellite rings of the F&0)
(~0.35 ML=5AAT®), followed by the remaining 0.15 ML spot, sensitive to the island separation, do not chhrijes
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indicates that the diffusion length on the wetting layer is
larger than that of the island separation.

We can also exclude facet diffusion as the rate-limiting
process. From the experiments reported here as well as oth-
ers, the island sides are flat with the same facet slope regard-
less of annealing temperatufiedicated by a constant num-
ber of single steps If facet diffusion was the controlling
process allowing atoms to accumulate on the facet planes,
we would have seen a decreasing facet slope with annealing
time, implying an increase in the number of single steps at
the island sides.

Note that we believe the barrier between the sixth and
seventh layer diffusion has little affect on the growth of
seven-layer islands. If this barrier was instead appreciable,
the slow transfer of Pb from the sixth to seventh layer would
lead to a long lifetime for six-layer islands, making them
observable in either STM or the diffraction. From previous
studies, as well as those reported here, we know that six- :
layer islands rarely form, indicating that the sixth layer is 183K
energetically less favorable than fifth or seventh layers. It
therefore stands to reason that, once a sixth layer forms, a FIG. 6. STM images at four annealing temperatures. Brightest
seventh layer of lower energy would form as well. We wouldgjangds are seven-layers high. At 133 K small two- and three-layer
expect little or no barrier for six- to seven-layer formati@  isjands have nucleated. By 161 K some five-layer islands have

is certainly much smaller than the barrier for five- to six- formed. By 180 K small islands have vanished, leaving predomi-
layer formation. In other words forming six-layer islands is nately seven-layer islands.

identical to forming seven-layer islands.

Below 175 K, in regiongi) and (ii), Fig. 5a) indicates a ~183 K all of the smaller islands have vanished, leaving
different type of kinetics. At lower temperatures]  predominately seven-layer islan@snd a few five-layer is-
=160 K, Fig. 5a) shows that there is an increasefohs by  lands. It is these small islands that account for the apparent
approximately 3%. This is well below the maximum pos- decrease ofAA; seen in the LEED experiments below 175
sible of 10% (0.5 ML/5) if all the material goes into build- K. Instead of the five-layer coverage decrease in Fig) 5
ing five-layer islands. In fact, above 160 K in regirfie), being due to islands dissolving, additional interference terms
Fig. 5(a) reveals that\A; starts to decrease while the corre- in the diffraction caused by scattering from two- and three-
spondingAA; increases. These trends indicate that only partayer islands cause an apparent decrease of the five-layer
of the additional 0.5 ML of Pb moves to the sides of thecomponent in theg(q}) curve. Because we have not in-
existing five-layer islands. Either five-layer islands are dis-cluded terms in Eq(1) proportional toA, andAs, fits to the
solving or being incorporated into new seven-layer islands oexperimentalg(q}) curves tend to underestimage; when
the additional 0.5 ML of Pb is incorporated elsewhere inthese small islands are present.
such a way as to reduce the apparent five-layer island cov- A detailed analysis of the STM images reveals a number
erage. As we will now show, it is the latter process, specifi-of important observations. First, a scan over a large
cally the formation of small two- and three-layer islands be-1 um? area confirms that the predominant island height is
tween existing islands, that lead to the apparent decrease seven layers, as deduced from the diffraction. No six-layer
five-layer island coverage. islands are seen. It is interesting to point out that if a smaller

To investigate where the missing Pb has gone after deparea is scanned repetitively, islands of larger height begin to

sition in this temperature range we used STM to look at théorm in bilayer increments up to as high as 13 layers. This
island morphology. The STM experiments differ from the indicates that the deposited Pb atoms in the second deposi-
diffraction experiments described above in that they are antion are highly mobile, with their mobility possibly enhanced
nealing experiments. Initially 3 ML of Pb is deposited at by the field between the tip and the surface. Second, as the
~180 K, resulting in the formation of a predominantly additional Pb is annealed, it is transferred from the lower-
seven-layer island-height distribution. The surface is subseieight islands to the island tops. By 161 K some five-layer
qguently cooled to-133 K where an additional amount of Pb islands have formed and further annealing causes material in
(~1 ML) is deposited. The temperature is then raised to arthe interisland region to move to the tops of these five-layer
annealing temperature where an STM image is taken. Figurslands to form new seven-layer islands. This process has a
6 summarizes these experiments. From 133 K to 167 K theharp onset temperature 6f175 K, consistent with the dif-
additional Pb deposited has nucleated lower-height islandfaction data.
(two- or three-layers highin the region between the seven-  Note that the STM results are also consistent with the
layer islands. While the initial seven-layer islands have thaliffraction experiment’s conclusion that only part of the ad-
characteristic hexagonal fdd 1) shapes, the lower-height is- ditional Pb is used to convert five-layer islands to seven-
lands are smaller in diameter and have domed shapes. Bayer islands between 160<KT<<170 K. From Fig. Bb) the
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five-layer islands’ coverage above 160 K is less than 20% othe second term in Ed4) is the probability to get to the top
the surface. This means that, although the additional Pb isf the island, i.e., the product of the probability of an atom
sufficient to fully cover the initial area of the five-layer is- deposited between the islands to reach the island edges,
lands with two more layers (0.5 ML#20.25 ML) to build 27Ra/wS?, times the probability to overcome the barrier
seven-layer islands, the measured increasd Ay is less  vexp(—AE/KT), wherev is the attempt frequency to climb
than this amount. This implies that only part of the added Plihe island and\E the total barrier to climb the islands. Spe-
moves to the top of five-layer islands with the rest moving tocifically AE is the energy difference between the energy
either the sides of existing five-layer islands or to the twominimum at a site outside the island to the saddle-point en-
and three-layer islands. ergy at a site on the edge of an island.

These results show that in the temperature range 150 K We need to compare, to the time it takes to nucleate
<T<170 K, with mostly five-layer islands present, three new islands;ry. This is simply the time between deposition
processes are in progregs) the transformation to seven- of two atoms in the surrounding area if diffusion on the
layer islands by adding two layers to existing five-layer is-wetting layer is considered “instantaneous:”
lands; (ii) nucleation of two- and three-layer islands in the
interisland region(iii) the buildup of five-layers at the sides ™=1F 7S, (5)
of existing five-layer islands. It is the competition between
these processes that leads to the very sharp transition of thhereF is the flux rate of incoming atoms.
growth of seven-layer islands dt~175 K. In reality the The problem presented above is simplified in the sense
latter processiii) can be neglected. It is known from STM that only two possible outcomes for a deposited Pb atom are
studies that sixth and seventh layer growth starts from mateconsidered; the Pb atom either reaches the seven-layer island
rial at the island edge¥-°Therefore, the completion of the Or it nucleates to a smaller height island. We have neglected
seven-layer islands is predominantly accomplished by matehe possibility that the Pb atom can form a five-layer column
rial diffusing on top of the freshly built five-layers around the at the sides of an existing island. However, this approxima-
island sides. tion is reasonable since the island separation determines the

These results allow us a formalism to estimate the barrieime to nucleate smaller-height islands, which is essentially
for Pb to “climb” the five-layer islands and complete the the time to reach the sides of the five-layer islands.
seven-layer island formation. The transition temperature for Note that by 180 K any deposited atoms in the surround-
seven-layer island growth is then determined by the compehg region either adsorb to the sides of the first five layers or
tition between two processes) atoms climbing to the top of reach the island tops, indicating that< . Also, the initial
five-layer islands to form the seven-layer islaridentribut- ~ formation of islands at the growth temperature is as fast as
ing to the increase of the seven-step aké) versus(ii) the  the time it takes to deposit 4 ML of P@bout 4 min, indi-
nucleation of the two-layer and three-layer islands in the aregating that diffusion to the nucleating islands is essentially
between the islands. The probabilipy, for the deposited Pb  “instantaneous.” Therefore, in the experiments reported here
to grow new seven-step islands is given by, we can confidently neglect the diffusion term for the wetting
=AA,/AAT®. Conversely, the probability to form two- and layer in Eq.(4). With this assumption, we can now estimate
three-step islands is then-Ip,. These probabilities can be AE using Egs.(3)—(5). Taking the saturation value to be
found from the timer,, required for an incoming atom to AA7*=7%, F=(1/60) MLsec ', S=400 A, and R
reach and climb the islands already on the surface versus ttre100 A, and assuming that the prefactor has the normal
time, 7, to nucleate a new two or three-step island in thevalue v=10"° Hz, we obtainAE=0.32 eV.
surrounding region. Alternatively, within the approximatiod As~0, we can

In an intervalAt the factionp, of additional Pb atoms use all theAA; data from Fig. 5 in the range 160<KT
that grow seven-layer islands compared to those that lead t6 180 K to putp,(T) into an Arrhenius form. This has the
nucleation of smaller islands between the initial islands is2dded advantage that the value of the prefactor is measured

given by independently. This method givesE=0.37-0.05 eV and
v=1x10%2 Hz. This prefactor is slightly higher than

- ln 3 10" Hz because of the assumptidms~0. Below 170 K

P Tr o+ Uy @ the assumption underestimates the rapip=AA;/AAT

_ _ ) that in turn overestimates the barrier and the prefactor ratio.
To estimate the energy barrier for this process we use aRote also that\E estimated here is not the total barrier but
argument simi!ar to the one used by Kraga!. to describe  the step-edge energy barridt,, since we specifically as-
the %OWth of islands by transport of material down over asyme that the diffusion barrier is nearly zero. We believe the
step:™ In our case we are interested in the opposite procesgdge barrier is at the top of the islands. Although we have no
of atoms ascending the island by going over the step-edggirect experiments to confirm this, material would have ac-
barrier. The time to reach and climb an island is cumulated in front of the lower side of the islands at lower
o 5 1 temperatures if the barrier was at the lower side. STM im-
7e=(S/4Dy + (S/2Ra)v"exp(AR/KT), @ ages do not observe such a buildup of material.
where the first term in Eq4) is the time needed to reach the = These estimates for the barrier reported here are not un-
island and the second term is the time needed to “climb” thereasonable. Estimates of the step-edge barrier faqil By
islands.D; is the terrace diffusion coefficient. The inverse of range from 0.22 eV by Bromaret al?! to 0.42 eV by Krug
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et al?° More importantly, estimates of the electronic energynot infer that the observed multilayer island density is only
differences between five- and seven-layer islands have bealetermined by the initial nucleation. At least as we show in
calculated and are estimated to be on the order of 0.05 eVthis paper, fofT<180 K the small islands in the region be-
The large step-edge barrier we find explains both the specifiween the final stable islands dissolve, with their material
kinetic pathway and the sharp onset temperatures to the fotransferring to the stable islands. This is an indication that, in
mation of a given island height in the phase diagram of Refaddition to single-atom diffusion on top of the wetting layer,
10. It also emphasizes that kinetics limitations are crucial imther microscopic processes can enhance mass transport to

understanding the QSE island-height distribution. the islands i.e., a highly mobile lattice gas is present on top
of the wetting layer. Islands shown in a scaling plas in
V. CONCLUSION Ref. 19 at higher temperaturesT 180 K) have different

o heights and most likely different capture cross sections.

We have measured the change in five- and seven-layer g results for Pb/$111) show that, while minima in the
QSE islands grown on &il1) due to the addition of 0.5 ML ' glectronic energy of these islands explains the bilayer
of Pb. The experiments were done in a temperature ranggeights, kinetic barriers are equally important in determining
near the onset of seven-layer islands from five-layer islandsne height distribution. It is the interplay between thermody-
Between 165 K to 180 K we find that the additional Pbnamics and kinetics that gives rise to the kinetic phase dia-
“climbs” existing five-layer islands to transform them to gram mapped in previous experimetftélthough islands of
seven-layer islands. From the relative change in island aregeven-layers are of the lowest energy and preferred®or
we are able to extract a barrier to seven-layer island growth- - ML, they only form if the system is heated above 180 K.
in the limit of fast wetting-layer diffusion. We find thatE Otherwise the atoms do not have enough mobility to over-

:0-331:20-05 eV and an attempt frequency of=1  come the edge barrids~0.32 eV measured in our experi-
X 1012 Hz. ments.

In recent STM studies of this system by Chaatcal. the
island formation kinetics were interpreted in terms of nucle-
ation theory'® It is not clear, however, whether the scaling
theory of nucleation can be applied in such a complicated
system, even for the initial stage of island nucleation. Since Ames Laboratory is operated for the US Department of
only multilayer islands are seen on the surface and not thEnergy by lowa State University under Contract No.
single-layer islands that could have formed according tdN-7405-Eng-82M. Tringides. This work was supported in
nucleation theoryeven at the lowest temperatuyese can-  part by the Canim Scientific Groufie. Conragl.
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