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Interfactant-mediated quasi-Frank–van der Merwe growth of Pb on Si„111…

Th. Schmidt* and E. Bauer†

Physikalisches Institut, Technische Universita¨t Clausthal, 38678 Clausthal-Zellerfeld, Germany
~Received 8 December 1999; revised manuscript received 5 June 2000!

The influence of interfactants~Au, Ag! on the growth of Pb on Si~111! is studied by low-energy electron
microscopy in the temperature range from 260 K to 460 K. On the Si~111!-(737) surface Pb grows in the
Stranski–Krastanov mode, on the Si~111!-(A33A3)R30°-Au and on the Si~111!-(636)-Au surface in the
quasi-Frank–van der Merwe~layer-by-layer! mode. On the Si~111!-(A33A3)R30°-Ag surface the growth
mode changes from layer-by-layer below 300 K to the Stranski–Krastanov mode above 300 K. The tempera-
ture dependence of the growth cannot be explained by thermodynamics but is governed by kinetics. The
analysis of the maximum island density in terms of the atomistic nucleation theory gives acceptable values for
nucleus size and energies only in the layer-by-layer growth regime. In the Stranski–Krastanov growth regime
abnormal values are obtained that are attributed to high cluster mobility on the initial two-dimensional layer.
The conditions leading to quasi-Frank–van der Merwe growth are discussed.
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I. INTRODUCTION

Metal overlayers are important both in technology a
science. For example, semiconductor technology requir
multitude of metal films for contacts, diodes, or interco
nects. The structure of the film has a significant influence
the reliability of devices. In basic science films that are o
a few or even only 1 monolayer~ML ! thick are of special
interest, because their properties differ drastically from th
of the bulk due to the reduced dimensionality and due to
interaction with the substrate. Such ultrathin films can
grown only under very specific conditions. The goal of t
present paper is to obtain an understanding of a submi
scopic basis of one of the methods—to be discussed belo
which allows to soften these conditions, so that a wider ra
of film-substrate combinations becomes accessible to qu
two-dimensional layer growth.

More than 40 years ago one of us classified the growth
thin films on the basis of thermodynamical considerations
three modes:1 Frank–van der Merwe~FM!, Stranski-
Krastanov~SK!, and Volmer–Weber~VW! @Figs. 1~a!–1~c!,
respectively#, depending upon the energy balanceDs5sA
1s I2sS of the surface free energiessA of the adsorbate A,
s I of the interface I, andsS of the substrate S. In the cas
where Ds,0, pure two-dimensional~2D! growth is ener-
getically favored @Fig. 1~a!#. When Ds.0, pure three-
dimensional ~3D! growth is favored. Between these tw
modes, the SK mode is situated: the film starts to grow in
FM mode (Ds,0), whereas after one or several layers t
relation in the energy balance changes such thatDs.0 and
3D growth is preferred. The basic factors that determ
these different growth behaviors are of elastic and electro
origin, i.e., ~i! the strain in the film due to lattice mismatc
~different lattice constants and/or different lattice structur!
and ~ii ! the chemical bonding between film and substra
Both factors are subsumed ins I . Ideal FM growth can oc-
cur, therefore, only in homoepitaxy.

For a given film-substrate combinationsA , s I , and sS
are fixed and, therefore, alsoDs. If Ds>0, it can be made
negative, however, by involving a third component in t
PRB 620163-1829/2000/62~23!/15815~11!/$15.00
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growth process, either by reducingsA with a surface energy-
reducing adsorbate A* , called surfactant @Fig. 1~d!# or by
reducing s I with an interface energy-reducing layer I* ,
which is more strongly bound to the substrate than the film
be grown, calledinterfactant @Fig. 1~e!#. The first method
was introduced by Copelet al.2 in the growth of Ge on
Si~001!, the second by Jałochowski and Bauer3 in the growth
of Pb on Si~111!. Surfactants have been the subject of ma
submicroscopic studies4 in the meantime, which have lead t
a basic understanding of the processes involved. For the
ond method such studies and the understanding derived
them are still missing. This is the motivation for the prese
paper on the film/substrate system Pb/Si~111! with Au and
Ag as third components that have been found to be effec
interfactants.5,6 The lattice constants of Pb (aPb54.95 Å)
and Si (aSi55.43 Å) differ significantly, leading to a 9%
lattice mismatch. Numerous studies have shown that
grows on Si~111! in the SK mode.7–11 The initial 2D layer is
incommensurate~IC! when grown at low temperatures, fo
example at room temperature but has a (A33A3)R30°
structure when deposited or annealed at eleva
temperatures.9–16

FIG. 1. Growth modes in the epitaxy:~a! Frank–van der Merwe,
~b! Stranski–Krastanov, and~c! Volmer–Weber and possible influ
ence on the growth by~d! a surfactant and~e! an interfactant. A5
adsorbate, I5 interface, S5 substrate, A* 5 surfactant, and I* 5
interfactant.
15 815 ©2000 The American Physical Society
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II. EXPERIMENTAL SETUP AND PROCEDURES

The surface of the silicon wafers used in this paper de
ated less than 0.04° from the~111! orientation. This miscut
corresponds to an average step distance of about 500 nm
areas with step distances larger than 1mm could be found o
the sample. The chemically oxidized Si~111! sample was
outgased at about 1000 K for about 24 h and finally flas
to about 1400 K to remove the oxide film at a pressure be
p5331029 mbar. The cleanness of the surface can
judged by observing the phase transition using low-ene
electron microscopy~LEEM!. This phase transition is ver
sensitive to contamination.17 The temperature of the samp
was measured with a W5%Re– W26%Re thermocouple
tached to the sample holder. The melting points of thr
dimensional Pb islands~601 K! and the (737)↔(131)
phase transition at 1110 K~Ref. 17! were used for its cali-
bration.

The experiments were carried out in a precursor ins
ment of a commercial LEEM~Ref. 18!. The instrument and
the method are described in Ref. 19. Sample cooling to t
peratures below room temperature was achieved by conn
ing the specimen holder via isolation stand offs and a cop
braid to a liquid-nitrogen cold finger. This allowed us
reach temperatures of 260 K at the sample, which is at h
voltage~18 kV! without impairing the possibility of heating
to more than 1800 K during observation. The base pres
in the specimen chamber wasp51.0310210 mbar. Pb, Ag,
and Au were evaporated from three Knudsen cells. The d
sition rates and pressures during deposition were 0.5 ML/
at 1.4310210 mbar ~Pb!, and 0.2 ML/min at 5
310210 mbar ~Ag and Au!. The monolayer~ML ! Pb is de-
fined as the atomic density of the Pb~111! plane (1 ML
59.4331014 atoms/cm2), except when Pb superstructur
on Si~111! are discussed, in which case 1 ML57.83
31014 atoms/cm2 is the atomic density of the unrecon
structed Si~111! surface. The latter definition is used for th
Ag and Au ML as well. The rates were determined by t
completion of known superstructures~Ag, Au! and by the
island formation period during the FM growth of Pb on t
Si~111!-(737) surface. The accuracy of this calibration
about 3%. A typical energy for imaging Pb films on th
Si~111! surface is 8 eV. This gives good step contrast as w
as high intensity. All experiments are video recorded a
subsequently frame grabbed. This procedure is always
nected with some loss of image quality.

III. RESULTS

A. Overview of the growth with different interfactants

Before discussing the results in detail, a brief overview
the effect of interfactants will be given using a 5 ML thick
Pb film deposited at'270 K, except for the deposition ont
the Si~111!-(A33A3)R30°-Ag surface~in the following:
Ag-A3), which was made at 288 K~Fig. 2!. The imaging
conditions, i.e., kinetic energy~8 eV!, magnification, and
focusing conditions, are about the same. Figure 2~a! shows a
Pb film grown on the clean Si(111)2(737) surface at 273
K. The film still has many elongated holes~dark regions!.
The original Pb islands are interconnected and monoato
steps on the Pb~111! islands are visible. About 75%
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(62%) of the substrate is covered by these Pb islands.
growth is different when the first 0.46–0.58 ML~that is
0.55–0.69 ML in Si units! is deposited at 430 K, which
converts the Si(111)2(737) surface into the Si~111!-(A3
3A3)R30°-Pb surface~in the following Pb-A3) after slow
cooling. The further deposition of 5 ML of Pb is made aft
cooling to 274 K@Fig. 2~b!#. Now the Pb islands are muc
larger compared to the growth on the clean Si(111)-(737)
surface, but the holes are larger, too. A slightly higher p
centage of only 80% (62%) of the substrate is covered b
thick flat Pb islands with many monolayer terraces, the res
the Pb-A3 surface. A quite different growth mode is ob
served when Pb is deposited onto a Ag-A3 surface that had
been prepared at 830 K@Fig. 2~c!#. Now the Pb film grown at
288 K is perfectly closed, the surface is nearly perfectly fl
This is an example of the interfactant mediated FM grow
The next interfactant candidate is gold, which forms thr
kinds of superstructures on the Si~111! surface: the (5
32)-Au, the (A33A3)R30°-Au , and the (636)-Au struc-
ture. On the Si~111!-(532)-Au surface Pb grows at 273 K
in the SK mode with elongated holes that extend down to
1 ML covered substrate, and covers at 5 ML about 89
(62%) of the surface@Fig. 2~d!#. On the Au-A3 surface at
269 K @Fig. 2~e!# and on the Si~111!-(636)-Au surface at
267 K @Fig. 2~f!# Pb grows in the quasi-FM mode. The az
muthal orientation of all Pb layers with the exception of t
layer grown on the (636)-Au surface is parallel to the sub
strate; on the (636) surface it is rotated by 30°. In th
following we discuss the growth on four of these superstr
ture in detail.

B. PbÕSi„111…-„7Ã7…

When deposited at 273 K and 290 K~room temperature!
the first Pb layer, as judged by the appearance of the sec
layer islands, is completed at 0.77 Pb-ML. The first layer
incommensurate with the substrate in agreement with ea
studies in which a saturation coverage of 1 ML in Si~111!
units~0.83 Pb-ML! was reported.16 With increasing substrate
temperature the second layer islands appear at lower co
ages, for example at 350 K at 0.67 Pb-ML, that is at 0.80 M
in the Si~111! density units used here. This temperature d
pendence of the second layer nucleation is shown
Fig. 3~a!.

FIG. 2. LEEM images of 5 ML thick Pb films grown on variou
Si~111! surfaces at 270 K. Electron energy 8 eV~a! (737), ~b! Pb-
A3, ~c! Ag-A3, ~d! (532)-Au, ~e! Au-A3, and~f! (636)-Au.



4,
te
id
e

ea
o

at
nd
th
ds
r

n
s

ro
th
th
w
ha

th
io
.0
te

t
s

e
nt
f

ed
ar
I

he

v
llo
itio

can
en

ic in-
ni-

ub-

At
The
the

own

e
an

the

ges.
t Pb
he

PRB 62 15 817INTERFACTANT-MEDIATED QUASI-FRANK–VAN DER . . .
The growth at 290 K on the first layer is shown in Fig.
which is a series of images taken during deposition. The s
structure of the substrate is indicated on the left-hand s
The surface rises from the left to the right. In the left imag
1.1 ML Pb has been deposited. The first closed layer app
dark in LEEM at the chosen energy. The bright Pb islands
top of this layer are 1 ML thick. Nucleation is preferred
the lower level of the substrate steps. The density of isla
is determined in this early stage of growth and changes in
following only due to agglomeration of islands. The islan
grow only slowly laterally upon further deposition. Afte
deposition of 2 ML~middle image of Fig. 4! the islands still
cover only about 50% of the surface but have now ma
nuclei on top. The islands on the substrate terraces are
isolated whereas the islands at the step edges have g
together nearly completely and now start to grow over
substrate steps. At a coverage of 6 ML about 80% of
substrate is covered by islands most of which have gro
together with others. Also, the shape of the islands
changed from round to more or less hexagonal.

In order to have a more detailed view, Fig. 5 shows
square region in the middle of Fig. 4 at higher magnificat
in steps of 0.23 ML in the thickness range from 3.1 to 5
ML. In the lower right of each image there is a substrate s
edge below the Pb island—indicated by the dashed line
the 3.08 ML image—which causes elongated terraces on
islands parallel to the step. In contrast to this, the terrace
the islands on the substrate terraces are round. N
terraces—indicated by arrows—nucleate mostly in the ce
of a terrace before the terrace edge reaches the border o
island. However, multiple nucleation off the center follow
by coalescence—compare, for example the lower-left p
of the 4.31 and 4.54 ML images—is also quite frequent.
the coverage range shown the islands start to become
agonal and to grow together~see the example in the circles!.
The lowest terraces seen in these images are already se
monolayers thick. The side faces are too steep as to a
resolution of the single terrace sequence but the trans

FIG. 3. Saturation coverage of the first Pb layer grown on the~a!
Si~111!-(737), ~b! Ag-A3, and~c! (636)-Au surface.

FIG. 4. Growth of Pb on the Si~111!-(737) surface at 290 K.
Electron energy 8 eV.
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from incomplete to complete terrace on top of the islands
be seen quite well in the upper left in the images betwe
3.08 and 4.08 ML indicated by asterisks.

Decreasing the deposition temperature causes a drast
crease of the island density by about two orders of mag
tude in a temperature range of only 100 K. In Fig. 6~a! 2 ML
of Pb were deposited at different temperatures. At the s
strate step density in these images~step distance'1 mm)
the decoration of Si steps occurs at 290 K and 313 K.
lower and higher temperatures they have no influence.
islands are round at the two lower temperature ranges. At
two higher temperatures they have irregular shape.

The coverage dependence of the island density is sh
in a double-logarithmic plot in Fig. 6~b! for the three higher
temperatures of Fig. 6~a!. u* is the coverage in excess of th
first monolayer. The completion of the first monolayer c
only be determined with an accuracy of 2 s at adeposition

FIG. 5. Growth of Pb on the Si~111!-(737) surface at 290 K
between 3 and 5 ML. Electron energy 8 eV. For explanation see
text.

FIG. 6. Growth of Pb on the Si~111!-(737) surface.~a! Tem-
perature dependence at a total coverage of 2 ML Pb in all ima
~b! Coverage dependence of the 3D island density on the firs
monolayer,u* is the coverage in excess of the first monolayer. T
horizontal lines are a guide for the eyes.
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15 818 PRB 62TH. SCHMIDT AND E. BAUER
rate of 1 ML/130 s. It is evident that additional nucleatio
between the first and second data point occurs only at 29
and 313 K, while at 351 K, the island density is consta
within the limits of error over a wide coverage range up
aboutu* 50.520.6 ML, similar to 290 K and 313 K, where
it is constant after the first data point. Agglomeration occ
only above aboutu* 50.7 ML. This allows an analysis o
the island density at aboutu* 50.120.5 ML in terms of the
maximum island density as suggested by Venables,20,21 in
view of the fact that the nucleation stage is not accessibl
LEEM ~see Sec. IV A!.

C. PbÕSi„111…-„A3ÃA3…-Ag

The Si~111!-(A33A3)R30°-Ag surface was prepared b
depositing Ag onto the (737) surface at temperatures b
tween 675 K and 835 K until the layer was completed
seen by the disappearance of the last (737) regions in
LEEM. Subsequently the crystal was cooled slowly~in about
20 to 60 min! to the Pb deposition temperature, which rang
from 268 K to 356 K.

The saturation coverage of the first~2D! Pb layer as de-
termined from the appearance of the first second layer
lands depends linearly on the deposition temperature
covers the range of 0.520.9 ML at the investigated tem
peratures@Fig. 3~b!#. At 288 K the first layer is completed
after deposition of 0.7 ML Pb, that is at a coverage of 5
ML in Si~111! density units. At 318 K this layer has a (
31) LEED pattern, which suggests that the layer consist
three well-ordered domains in which every sixth Pb at
along the^112̄& direction is missing. Most likely the Pb at
oms are on top of the saturated Ag layer because no 2D
particles are seen that would be formed when Ag atoms
displaced by incorporation of Pb into a mixed layer, a ph
nomenon which has been observed when 0.7 ML Au@in
Si~111! density units# are deposited onto the Ag-A3 layer.22

The difference is not surprising because the Au–Si bon
much stronger~3.65 eV/atom!23 than the Ag–Si bond~2.82
eV/atom!23 while the Pb–Si bond is weaker~2.65 eV/atom!.9

The nucleation rate on top of this first Pb layer is mu
higher than in the case of Pb on top of the first Pb layer
the (737) surface. The temperature dependence of
structure of the layer after deposition of a total amount o
ML Pb is shown in Fig. 7. At this coverage the islands ha
already grown together to a large extent, which leads to
irregular shape seen above 300 K. At 313 K only 50% of
surface is covered by islands, at 356 K only 20% so that t
are on average about 2.5 ML@5(220.7)/0.5# or 6.5 ML
@5(220.7)/0.2# thick. Below 300 K the substrate is near
completely covered with the second Pb layer. The maxim
of the island density occurred at all temperatures at a t
coverage of about 160.1 ML. It will be evaluated at this
coverage in Sec. IV as described in Sec. III B.

FIG. 7. Temperature dependence of the growth of Pb on
Si~111!-(A33A3)R30°-Ag surface at a total coverage of 2 ML P
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Figure 8 shows the FM growth of Pb on the Ag-A3 sur-
face atT5288 K. During the preparation of the Si~111!-
(A33A3)R30°-Ag the (737) superstructure must be tran
formed. In this process many Si adatoms are set free, w
rearrange the existing Si steps and nucleate new island
the terraces. For this reason the Ag-A3 substrate has a highe
step density than the pure Si~111!-(737) substrate~see also
Ref. 24!. The same was observed with scanning tunnel
croscopy ~STM! during the growth of Pb on the pur
Si~111!-(737) and on the Ge~111! surface, deposited a
room temperature and annealed to 100°C.15 During the
growth of Pb on the surface, these steps are reproduce
the Pb film, which is otherwise nearly completely flat,
illustrated in the upper part of Fig. 8. In its lower part th
growth in the region of the square in the center-upper im
is shown with higher magnification and higher resolution.
4.77 ML nucleation starts on a closed and flat Pb film. T
coverage has a fractional value because the first Pb laye
a thickness of only 0.7 ML. The small bright circles are t
newly formed islands whereas the larger step structure is
to the morphology of the Ag-A3 surface, as discussed befor
New nuclei are formed still up to 5.23 ML, while the prev
ously formed terraces have already grown laterally and c
lescence occurs. Subsequently the layer starts to close
the process repeats itself. The image at 5.92 ML is v
similar to that at 5.00 ML except for a slight change of focu

D. PbÕSi„111…-„6Ã6…-Au

The Si~111!-(636)-Au surface is prepared in two step
~1! deposition of Au at 800 K, which leads to a well-ordere
(532) structure followed by the (A33A3) structure.25,26

When this structure is completed, which can be clearly s
in LEEM, the Au deposition is interrupted.~2! After cooling
to 590 K, deposition is continued until a well-ordered (
36) structure is obtained. Similar to the preparation of t

e

FIG. 8. Growth of Pb on the Si~111!-(A33A3)R30°-Ag sur-
face at 288 K. Electron energy 8 eV. The lower images show
magnified part of the square in the middle-upper image. The as
isks indicate the same point on the surface.
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FIG. 9. Growth of Pb on the
Si~111!-(636)-Au surface at 280
K. The left-top image shows the
initial (636)-Au surface at lower
magnification; the dashed lines in
dicate the substrate step positio
before the Au deposition. Electron
energy 8 eV.
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Ag-A3 structure, the Si~111! surface becomes laterall
rougher during the growth of the (532)-Au and Au-A3
structure. In the left-top image of Fig. 9 the Si~111!-
(636)-Au surface is shown. The substrate step position
fore the Au deposition is roughly indicated by the dash
lines. This change of the morphology is due to the Si a
toms, which are set free during the transformation from
(737) to the (532) structure27,28 and during the following
transformations to the (A33A3) and (636) structures;
Seehofer29 reported that the growth of Si~111!-(532)-Au on
vicinal Si~111! surfaces can even induce faceting of the s
face.

The topmost row of Fig. 9 shows the growth of the fir
monolayer in the magnified region of the first image in
cated by a white square. The intensity of each image
scaled for optimized contrast. The image at 0.0 ML sho
the pure Si~111!-(636)-Au surface with substrate steps. Th
surface rises from the left to the right-hand side. Deposit
of Pb on this surface at 280 K decreases contrast and r
lution up to a coverage of about 0.5 ML either due to sta
tical incorporation of Pb or due to growth of small unr
solved domains withA33A3 structure, which is seen in thi
coverage range in LEED. Upon further deposition the s
strate step contrast appears again and islands can be obs
with a typical distance of about 50 nm~white spots at 0.69
ML in Fig. 9!. These islands nucleate preferentially at t
lower side of the substrate step edge. At 0.92 ML the isla
have grown together to cover the surface completely. T
saturation coverage of the first closed layer at about 0.5
~defined by the first visible islands! and of the closed layer a
0.92 ML is plotted in Fig. 3~c! for various deposition tem
peratures. The LEED pattern at 1 ML is that of the Pb~111!
surface rotated 30° relative to the Si~111! substrate, in agree
ment with earlier work.30 The transition from the (636)-Au
to the Pb(111)-(131)R30° structure may be envisaged
follows. Adsorption of Pb disorders the (636)-Au super-
structure of the (A33A3)R30°-Au structure, perhaps in
manner similar to the corresponding thermal disordering
the (636)-Au structure. Ideally the process could be b
must not be completed at 1/3 ML Pb@in Si~111! units#, for
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example by adsorption of one Pb on top of the Au trimers
the (A33A3)R30°-Au structure. Above this coverag
Pb(111)2(131)R30° islands form in the
(A33A3)R30°-~Au, Pb! sea, incorporating the Pb atoms
the sea until the islands have grown together to a comp
first Pb~111! monolayer with reduced density@0.92 ML in
Pb~111! units#. In reality, due to local coverage fluctuation
and perhaps preferred nucleation sites, the Pb~111! nucle-
ation may set in earlier and the (A33A3)R30°-Au 1Pb
structure may be completed later than at 1/3 Si-ML. T
would imply that nucleation sets in long before islands c
be resolved in LEEM and suggests the possibility that
nucleation density may be much higher than the island d
sity seen at 0.69 ML, which may already be a conseque
of coalescence. Another possibility is a (A33A3)R30°
structure with two Pb atoms per unit cell. In this case t
structure is completed at 2/3 ML in Si units, that
0.55 ML in Pb units. Shortly before this coverage the fi
nuclei of the Pb(111)-(131)R30° islands are formed. Thi
structure model also assumes that nucleation sets in be
the (A33A3)R30°-~Au, Pb! structure is completed.

The Pb(111)-(131)R30° structure destroys the underl
ing (A33A3)R30°-~Au, Pb! structure, perhaps by conver
ing it into a (131), a disordered, or even a structure with t
same periodicity as the Pb layer. LEEM does not allow
distinction between these possibilities and LEED stud
were not made in sufficient detail to answer this question
to determine the lattice constant of the Pb layer precis
From the value of the saturation coverage of 0.92 ML,
lattice constant of the Pb monolayer can be calculated
5.16 Å, which is clearly incommensurate with the substra
However, the first nucleation of the second layer occurs
1.0 ML. Possibly, in the coverage range from 0.92 to 1
ML, additional Pb adatoms form a 2D gas or are incorp
rated into the first monolayer, which is thus compressed fr
the lattice constant 5.16 Å to the bulk value 4.95 Å .

The second row in Fig. 9 shows the growth of the seco
Pb layer. Due to reflectivity differences the first layer appe
dark, the second layer bright. The islands of the second la
nucleate first at the lower edge of the substrate steps~1.23
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15 820 PRB 62TH. SCHMIDT AND E. BAUER
ML ! and afterwards on the substrate terraces~1.46 ML!. At
1.46 ML the average distance of nuclei is about 60 nm a
many of them have already coalesced, in particular at
steps, where agglomeration is nearly completed. At 1.69
all islands on the surface steps have grown together.
holes in between are elongated and of irregular shape
particular the upper side of the substrate steps is not cov
by the second Pb layer, indicating that all Pb adatoms
captured by the Pb island at the lower side of the step.
1.92 ML the second layer is nearly completely filled. A fe
nuclei of the third layer and small holes in the second la
can be seen~bright- and dark-gray dots in the 1.92 ML im
age in Fig. 9!. Due to this quasiperfect FM growth, the ste
structure of the substrate is reproduced in the Pb layer, w
is clearly seen by comparing the 0.0 ML image with the 1
ML image in Fig. 9. During the growth of the second and t
following layers the LEED pattern is always a Pb(111)-
31)R30°. This means that the orientation and the latt
constant do not change within the limits of error.

Even at higher coverages Pb grows nearly in an ideal
mode~bottom row in Fig. 9!. At 4.0 ML the first islands of
the fifth layer are visible. Fresnel diffraction due to slig
defocusing makes these small islands appear brighter.
possible to recognize the step structure of the subst
~dashed line, compare with the upper rows in Fig. 9!, which
indicates the perfection of the growth. At 4.23 ML the nuc
ation process of the fifth layer is completed. Reproduc
substrate steps are no longer preferred nucleation sites.
islands grow together, leaving some elongated holes at
ML ~dark areas in the image!. At 5.0 ML the nucleation of
the sixth layer has already started~bright islands! before the
fifth layer is completely closed~dark holes!. This slight de-
viation from the ideal FM growth generally causes the dam
ing of RHEED oscillations. When the fifth monolayer
closed the step structure of the substrate is nearly recove

The density of 2D Pb islands during the growth of Pb
the (636)-Au at 270 K is plotted in Fig. 10~a!. The first
second Pb monolayer islands appear at 1.0 ML and nu
ation continues up to 1.3 ML. Afterwards the island dens
decreases because of coalescence. In principle this proce
repeated in the following layers, but nucleation starts
about 0.2 ML before completion of the monolayer and t
maximum density occurs at the full monolayer. Clearly t
nucleation rate at 1 ML is the highest, followed by that a
ML. At 0.5 ML the nucleation rate is so high, that it cann

FIG. 10. 2D island density during the growth of Pb on the
36)-Au surface at 270 K~a! and the coverage dependence of t
maxima at different temperatures~b!. The solid curve in~a! is a
guide for the eye.
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be determined accurately. This coverage dependence o
maxima is nearly the same in the investigated tempera
range, as can be seen in Fig. 10~b!, except for a lower density
at higher temperature. The temperature dependence o
maximum island densities at 1 ML and those at 3 ML, whi
represents the quasihomoepitaxial growth of Pb~111! will be
shown and discussed in Sec. IV A.

E. PbÕSi„111…-„A3ÃA3…-Au

In the investigated lower temperature range (<300 K)
Pb grows on the Au-A3 surface in the FM mode. The growt
is very similar to that on the (636)-Au surface. The island
density is comparable to that on the (636)-Au surface. The
main difference is the orientation of the closed Pb~111! film;
it is oriented parallel to the substrate, whereas the Pb~111!
film on the (636)-Au surface is rotated 30° with respect
the substrate. This difference must have its origin in the s
cial structure of the submonolayer, which unfortunately w
not determined.

Additional experiments were carried out at higher te
peratures (>400 K), where Pb grows in the SK mode. Th
maximum density of 3D islands that start to nucleate at ab
0.5 ML will be shown an discussed in Sec. IV. In betwe
the 3D islands the Pb layer has a (2A332A3)R30° struc-
ture. The same structure appears when a closed, about 5
thick Pb film deposited at low temperature on the Au-A3 or
on the (636)-Au surface is annealed at'500 K so that
most of the Pb contracts into a few large 3D crystals.

IV. DISCUSSION

A. Island density

The 3D island density in the SK growth, and the 2D
land density of the second~e.g., at 1 ML! and the fourth
layer ~at 3 ML! in the FM growth, are plotted in Fig. 11 a
closed and open symbols, respectively. We will now anal
the five Arrhenius lines in the usual manner in terms of
atomistic nucleation theory in the form given b
Venables20,21 for complete condensation, that is negligib
re-evaporation. In this approximation the maximum isla
density is given by

nx'Np~R!exp~En /kT! ~1!

with Np andEn given by

Np~R!5 f ~Z0 ,i !~4R/N0nd!pN0 , ~2!

En5~Ei1 iEd!/~ i 12! ~3!

with N0 being the substrate atomic density,R the deposition
rate,f a function of the fractionZ0 of the surface covered by
islands at their maximum density, andi the size of the criti-
cal cluster.Ei is the binding energy of the critical cluster,nd
and Ed the attempt frequency and the activation energy
surface diffusion. The exponent is given byp5 i /( i 12).

A least-square fit to the temperature dependence of
~1! results in the five straight lines in Fig. 11~solid for SK,
dashed for FM growth!. The two resulting fit parametersNp
andEn are listed in Table I for the different substrates. Th
differ clearly in the two growth modes. TheEn values in the
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SK growth are three to four times larger than those of the
growth. BecauseEn /k is the slope of the Arrhenius line thi
can be seen as steep and flat increase in Fig. 11. On the
hand, theNp values in the FM growth are about eight orde
of magnitude larger than those in the SK growth. TheNp and
En values in the SK growth mode are similar to those
ported for quite different systems, Ag on Si~100!, Si~111!,
W~110!, and W~100!.20

From Np the critical cluster size can be estimated by
quiring nd to have a physically acceptable value (1012

21015 s21) and by assuming a realistic value for the fun
tion f (Z0 ,i ) which is usually20,21 not far from 1, the value
chosen here so that the expression fornd simplifies to

nd'4
R

N0
S N0

Np
D 1/p

. ~4!

Figure 12 shows thend values obtained with this expressio
for the five systems. It is obvious that the critical clusters
very large on the Si~111!-(737), Ag-A3, and Au-A3 sur-
face (i .20), whereasi'224 fulfills the conditions for the
Pb~111! and the (636)-Au systems.

From En the activation energy for surface diffusionEd
can be estimated by making reasonable assumptions a

FIG. 11. Arrhenius plot of the maximum island density on t
first Pb monolayer in the Si~111!-(737) , Ag-A3 , Au-A3 , and
(636)-Au systems and on Pb~111! @5 closed 3 ML thick Pb film
on (636)-Au#. Open symbols for FM growth, full symbols for SK
growth.

TABLE I. Growth parameter of the nucleation data of Fig.
~SK 5 Stranski–Krastanov, FM5 Frank–van der Merwe!.

Substrate T range~K! Mode log@Np(cm22)# En(eV)

(737) 273–375 SK 21.4060.65 0.5960.04
Ag-A3 300–356 SK 21.1560.45 0.6560.03

Au-A3 400–478 SK 21.8660.44 0.8360.05
(636)-Au 270–310 FM 6.0860.61 0.2460.03
Pb~111! 270–310 FM 6.9060.88 0.1560.05
her

-

-

e

out

the binding energyEi of the critical cluster. In a simple
pairwise bonding model a rough number can be obtai
from the heat of sublimationDHs52.02 eV/atom31 of Pb,
which corresponds to the binding energy of a kink site. O
hexagonal surface the kink site atom has six nearest ne
bors so that the energy of the Pb-Pb bond isDH/6
50.34 eV/bond. For very small clusters, e.g.,i 52,3 the
bond is somewhat stronger because the bonding elect
have to be shared with fewer neighbors. Also, the bonding
the various substrates will be different from that to t
Pb~111! surface causing differences in the intracluster bo
ing. For the estimate it is, however, sufficient to use the sa
valueEi50.34 eV/bond for alli and substrates, keeping i
mind that the resultingEd value is an upper limit for smalli.
The results are given in Table II for relevanti values, which
arei .20 for the SK growth andi 5224 for the FM growth.
Fortunately thei dependence in the acceptablei ranges is
negligible within the error bars, so that the diffusion energ
for the adatoms on the first Pb layer of the different syste
in the temperature ranges shown in Table I are 0
60.04 eV for (737), 0.6760.03 eV ~Ag-A3), 0.86
60.05 eV ~Au-A3) in the SK growth mode region, 0.2
60.10 eV ((636)-Au!, and 0.1460.08 eV for Pb~111! in
the FM growth mode.

FIG. 12. Dependence ofnd on the critical nucleus sizei based
on the experimental fit parameterNp .

TABLE II. Diffusion energy of adatoms on the first Pb layer
different substrates, calculated for the acceptablei ranges.

Ed(eV) at
Substrate i range i 520 i 540 i 5`

(737) >20 0.6360.04 0.6160.04 0.5960.06
Ag-A3 0.7060.03 0.6760.03 0.6560.03

Au-A3 0.9060.06 0.8660.05 0.8360.03

i 52 i 53 i 54

(636)-Au 2 –4 0.3160.06 0.2960.10 0.2860.05
Pb~111! 0.1360.10 0.1460.08 0.1460.08
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B. Growth mode

The Ag and Au adsorption layers on Si~111! strongly
modify the growth of Pb compared to the growth on the p
Si~111!-(737) surface. Figure 13 shows the temperatu
ranges of the growth modes on the various surfaces. All s
tems have in common that at low deposition temperatures
grows in the quasi-FM mode, at higher temperatures alw
in the SK mode. Only the transition temperatureT0 between
these growth modes depends strongly on the nature of
substrate. On the clean Si~111!-(737) and on the Pb-A3
surfaceT0'200 K ~Ref. 6!. Predeposition of Au shiftsT0 to
higher temperatures, —the more, the higher the Au cov
age: on the low coverage superstructure (532)-Au T0 is just
below 270 K, on the higher coverage Au-A3 structureT0
'350 K, and on the highest coverage (636)-Au structure
T0'400 K ~Ref. 3!. On the Ag-A3 the growth mode
changes at 300 K. At high temperatures the systems are
far from 2D thermodynamical equilibrium, which suggests
thermodynamical interpretation as discussed in Sec. I. A
result the energy balance of the surface free energies h
all cases the same sign:Ds,0 for the first layer,Ds.0 at
higher coverages; the absolute values can differ but the
terfactant does not change the sign. As a consequence,
modynamics cannot explain the change of the growth m
in the way suggested in the Introduction.

Therefore the growth kinetics must be responsible for
effect of the interfactant. The analysis of the experimen
terms of the atomistic nucleation theory shows that
nucleation of the SK islands is characterized by a very la
size of the critical cluster (i .20) and a very high diffusion
energy (Ed>0.6 eV) of the adatom on the first closed lay
~Table II!. Very large cluster sizes seem to be typical for S
growth systems when analyzed in terms of conventio
nucleation theory. They have been reported previously
several other systems@Ag/W~110!, Ag/W~100!, Ag/Si~100!,
Ag/Si~111!#.20 Although some of these data are on go
agreement with effective-medium theory calculations32 the
energies predicted by this theory differ considerably fro

FIG. 13. Temperature ranges for Stranski–Krastanov
Frank–van der Merwe growth of Pb on the clean Si~111! surface
and on different superstructures of Si~111! due to predeposition o
Pb, Ag, or Au. Data for Ag-A3 and (532)-Au from this paper, the
other data from Refs. 3 and 6.
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reliable more directly determined experimental data.33 It is
difficult to reconcile at least two of the present results w
the assumptions on which the conventional atomistic nu
ation theory is based:~a! the strong increase of the diffusio
energy in the transition from FM to SK growth with increa
ing temperature and~b! the earlier onset of nucleation wit
increasing critical cluster size and temperature on the AgA3
surface. Observation~b! can also not be explained by th
classical phenomenological nucleation theory,34 which
should be realistic for critical cluster sizes of the order of 1
atoms. Therefore, we will stay within the framework of th
atomistic nucleation theory and examine its applicability
SK growth, in particular to the systems studied in th
paper.

The basic assumptions of most approximations of the a
mistic nucleation theory, including the one used here, are~i!
that only atoms diffuse but not dimers and larger cluste
and ~ii ! that no nuclei and larger clusters are lost befo
coalescence sets in, that is before the number of islands
by electron microscopy decreases again. In addition, i
usually implicitly assumed that the position at which the
land is observed is the nucleation site. All three assumpti
have been refuted long ago in the VW growth mode.35–37

The results of these earlier studies have been attribute
diffusion of clusters as large as 40 atoms via interfac
glide,38 which needs little activation energy when the mis
is large.39 Pd and Ni clusters of more than 30 atoms ha
been reported to float like rafts on the W~110! surface.40 The
diffusion of dimers39 is well established by field ion micros
copy, with dimer diffusion comparable or even faster th
diffusion of single atoms on densely packed surfaces.40 Re-
cent experimental41 and theoretical work42,43supports the old
studies.

Zinsmeister44 and others45,46 have considered the influ
ence of dimer44–46 and trimer45 diffusion and were able to
explain at least qualitatively the discrepancies betwe
experiment37 and theory that takes only single atom diffusio
into account. Obviously, at sufficiently low temperatures a
and sufficiently high fluxesF, the effects just discussed ar
less likely. Diffusion of dimers has negligible influence o
nucleation and growth when the diffusion constantsD1 and
D2 of monomers and dimers, respectively, obey the con
tion D2

3/D1
2,F ~Ref. 46!. In some recent low-temperatur

scanning tunnel microscopy~STM! studies47 of strongly
bound adsorbates this condition was actually fulfilled. In t
systems studied here in which bonding to the substrat
weak and the temperature is high, this is not the case.
though approximate solutions that take dimer and trimer
fusion into account are available,45 they contain too many
unknown parameters. Furthermore, larger clusters very lik
diffuse in our experiments too. An expression similar to E
~1! still is expected to be valid but the quantities in th
equation no longer have their original meaning.En cannot be
separated any more in individual binding and diffusion en
gies but is more properly assigned to a cluster size
mobility-dependent average of these quantities.Np now also
includes some average of the entropies of the interfacial c
figurations.

SK growth of a material may be envisaged as VW grow

d
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on the initial two-dimensional layer of an electronically a
structurally modified form of this material. The material
excess of the initial layer does not wet it, which means t
the bonding to the initial layer is weaker than that to t
surface of the bulk material. Activation energies for surfa
diffusion of atoms,Ed , are usually proportional to the bind
ing energyEa , typically Ea/10 ~Ref. 48!, also for dimers and
clusters. Therefore, increasing cluster migration can oc
with increasing temperature causing the formation of few
and larger islands from single atoms, dimers, and superc
cal clusters. This leads to the lower maximum island den
and the larger island size andEd on the (737) surface cov-
ered with the‘‘(1 31)’’ Pb monolayer than on the Pb~111!
surface above 270 K. As far as dimers are concerned,
weaker bonding to the‘‘(1 31)’’ layer than to the Pb~111!
surface leaves more bonding charge within the dimer, wh
in the gas phase has a binding energy of 0.8 eV49 so that the
dissociation probability of the dimer should be smaller.
dimers would determine the maximum island density see
the experiment, then it should be larger on the ‘‘(131)’’
layer than on the Pb~111! surface, in disagreement with ou
observations.

In the SK growth mode region of the Si~111!-(A33A3)
R30°-Ag surface the maximum island density in the seco
layer is by a factor of 10~at 400 K! to 20 ~at 290 K! larger
than on the Si~111!-(737) surface. This can be attributed
a higher nucleation rate and/or a lower cluster mobility. F
ure 3~b! shows that the coverage at which the first islan
appear decreases strongly with increasing temperature.
atoms of the first Pb layer increasingly participate in t
nucleation process of the subsequent Pb growth with incr
ing temperature. This suggests—as does the incomplete
ration coverage of 5/6—that the Pb atoms of the first la
are weakly bound to the Ag-covered surface while the bo
ing between the second and first Pb layer is stronger tha
the Si~111!-(737) surface. Therefore, the nucleation ra
and cluster stability is also higher than on the Pb‘‘(1
31)’’ layer. The difference in the temperature depende
between the various surfaces seen in Fig. 3 may also
correlated with the absence of heavy domain walls in
saturated monolayer structure of Ag50–52in contrast to the Pb
and Au systems, which have heavy domain walls~Pb15,16,53,
Au54!, in part with large corrugations,55 impeding surface
mobility.

The SK growth on the Au/Si surfaces was studied only
the a-Au-A3 surface. Pb interacts very strongly with th
surfaces of bulk Au56 and is expected to do so also with th
Au monolayer on Si~111!. This strong interaction brings th
Si~111!-Au system probably close to SK growth with tw
stable Pb monolayers. The much higher nucleation rate
the second Pb layer compared to that of the following lay
is a hint in this direction. Strong bonding to the substr
reduces surface mobility and cluster formation, leading t
large island density.

The question posed at the beginning of the paper: h
does an interfactant transform the SK growth mode int
quasi-FM growth mode, can now be answered. Obviou
thermodynamics cannot explain the transition because it
describe only~quasi!equilibrium phenomena. It is kinetic
that drives the transition. In principle, no interfactant is ne
essary for quasi-FM growth of an equilibrium SK system
t
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the temperature is low enough for high nucleation rate a
negligible cluster mobility as in the case of the growth on t
Si~111!-(737) surface. An interfactant only shifts the tran
sition temperature to higher values by increasing the nu
ation rate and decreasing the cluster mobility. The mec
nisms by which these effects are achieved may vary fr
system to system: unstable first monolayer that causes a
den nucleation once the necessary coverage is reached
the case of the Ag-covered surface, strong bonding to
substrate that reduces cluster mobility as in the case of
Au-covered surface, or some mechanisms not encountere
noted in our experiments.

For quasi-FM growth of a system, which in equilibrium
a SK system, two conditions must be fulfilled:~i! the island
size at the stage of monolayer completion must be sm
enough so that the misfit stress-induced 2D-3D transit
cannot take place yet57 or this transition must be hindered b
a diffusion barrier onto the monolayer island, and~ii ! nucle-
ation and growth of monolayer islands on top of the und
layer may not introduce enough local strain energy to ca
a strain-induced 2D-3D transition. Condition~i! is fulfilled
when the nucleation rate is very high and the misfit str
small, which can be achieved with a high supersaturation
a compliant substrate. At constant deposition rate this me
low temperatures and an interfactant that reduces the rigi
of the substrate. This rigidity reduction by the interfactant
also necessary in order to fulfill condition~ii ! because—
except for the strain—the growth of the second and follo
ing monolayers is basically homoepitaxy. Thus, high dens
of small islands, limited surface diffusion—phenome
which require strong deviation from thermodynam
equilibrium—and strain relaxation by an interfactant, are
sponsible for the transition from SK growth at high to F
growth at low temperatures. Purely thermodynamic ar
ments cannot explain this 2D-3D transition as alrea
pointed out earlier.58

To a first approximation an interfactant may be cons
ered as the 2D counterpart to the 3D prenucleation mate
that has been used already 50 years ago in order to grow
continuous layers from materials that otherwise would fo
isolated crystals in the VW growth mode.59

V. SUMMARY

We have studied the influence of interfactants on
growth of thin Pb films on the Si~111! surface using low-
energy electron microscopy and diffraction. Pb, which gro
on the Si~111!-(737) surface above 200 K in the Stranski
Krastanov mode, can be induced by suitab
interfactants—as exemplified by Au in this paper—to gro
in a Frank–van der Merwe-like mode up to 400 K. With
the thickness range studied no critical upper thickness
observed at which the flat film breaks up into 3D crystals
is usually the case with surfactants due to the buildup
stress. Thus, an interfactant apparently not only leads
monolayer-by-monolayer growth but at the same time a
relieves misfit stress. The mechanism by which interfacta
achieve the desired goal is attributed to enhancement of
nucleation rate and suppression of cluster diffusion.
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