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Interfactant-mediated quasi-Frank—van der Merwe growth of Pb on S(111)
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The influence of interfactant®u, Ag) on the growth of Pb on §i11) is studied by low-energy electron
microscopy in the temperature range from 260 K to 460 K. On tli&l%)j-(7 X 7) surface Pb grows in the
Stranski—Krastanov mode, on the(Bil)-(y/3% y3)R30°-Au and on the §111)-(6X 6)-Au surface in the
quasi-Frank—van der Merw@ayer-by-layey mode. On the $111)-(y3x 3)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.

I. INTRODUCTION growth process, either by reducieg, with a surface energy-
reducing adsorbate *A called surfactant[Fig. 1(d)] or by
Metal overlayers are important both in technology andreducing o, with an interface energy-reducing layet, |
science. For example, semiconductor technology requires \&hich is more strongly bound to the substrate than the film to
multitude of metal films for contacts, diodes, or intercon-be grown, callednterfactant[Fig. 1(e)]. The first method
nects. The structure of the film has a significant influence omwas introduced by Copett al? in the growth of Ge on
the reliability of devices. In basic science films that are onlySi(001), the second by Jatochowski and Balierthe growth
a few or even only 1 monolaydML) thick are of special 0f Pb on S{111). Surfactants have been the subject of many
interest, because their properties differ drastically from thoséubmicroscopic studiéén the meantime, which have lead to
of the bulk due to the reduced dimensionality and due to thé@ basic understanding of the processes involved. For the sec-
interaction with the substrate. Such ultrathin films can beond method such studies and the understanding derived from
grown only under very specific conditions. The goal of thethem are still missing. This is the motivation for the present
present paper is to obtain an understanding of a submicrgaper on the film/substrate system P{$i) with Au and
scopic basis of one of the methods—to be discussed below-Ag as third components that have been found to be effective
which allows to soften these conditions, so that a wider rangénterfactants:® The lattice constants of Pkag,=4.95 A)
of film-substrate combinations becomes accessible to quasid Si @g=>5.43 A) differ significantly, leading to a 9%
two-dimensional layer growth. lattice mismatch. Numerous studies have shown that Pb
More than 40 years ago one of us classified the growth ogrows on Si111) in the SK mod€.”** The initial 2D layer is
thin films on the basis of thermodynamical considerations irincommensurate¢lC) when grown at low temperatures, for
three modes: Frank—van der Merwe(FM), Stranski- example at room temperature but has @3¥ y3)R30°
Krastanov(SK), and Volmer—Webe(VW) [Figs. 1(@)-1(c), structure when deposited or annealed at elevated
respectively, depending upon the energy balantke=c¢, temperature$:'®
+ o, — og of the surface free energies, of the adsorbate A,
o, of the interface |, andrg of the substrate S. In the case A
where Ac<0, pure two-dimensional2D) growth is ener-

getically favored[Fig. 1(@)]. When Ao>0, pure three- I
dimensional (3D) growth is favored. Between these two S (a)
modes, the SK mode is situated: the film starts to grow in the

FM mode Ao<0), whereas after one or several layers the

relation in the energy balance changes such shat-0 and A A
3D growth is preferred. The basic factors that determine A
these different growth behaviors are of elastic and electronic I I*

origin, i.e., (i) the strain in the film due to lattice mismatch
(different lattice constants and/or different lattice structures S s
and (i) the chemical bonding between film and substrate.

Both factors are subsumed in . Ideal FM growth can oc- FIG. 1. Growth modes in the epitax{g) Frank—van der Merwe,
cur, therefore, only in homoepitaxy. (b) Stranski—Krastanov, an@) Volmer—Weber and possible influ-
For a given film-substrate combinatier,, oy, andos  ence on the growth bgd) a surfactant ande) an interfactant. A=

are fixed and, therefore, algoo. If Aoc=0, it can be made adsorbate, E interface, S= substrate, A = surfactant, and*l =

negative, however, by involving a third component in theinterfactant.
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Il. EXPERIMENTAL SETUP AND PROCEDURES

The surface of the silicon wafers used in this paper devi-
ated less than 0.04° from tH&11) orientation. This miscut
corresponds to an average step distance of about 500 nm but
areas with step distances larger thaprh could be found on
the sample. The chemically oxidized(8l1) sample was
outgased at about 1000 K for about 24 h and finally flashed
to about 1400 K to remove the oxide film at a pressure below
p=3%x10"° mbar. The cleanness of the surface can be
judged by observing the phase transition using low-energy
electron microscopyLEEM). This phase transition is very
sensitive to contaminatioH. The temperature of the sample
was measured with a W5%Re—W26% Re thermocouple at,é
tached to the sample holder. The melting points of three
dimensional Pb island$601 K) and the (7<7)«(1X1)
phase transition at 1110 KRef. 17 were used for its cali-
bration. (£2%) of the substrate is covered by these Pb islands. The

The experiments were carried out in a precursor instrugrowth is different when the first 0.46-0.58 Mlthat is
ment of a commercial LEEMRef. 18. The instrument and 0.55-0.69 ML in Si units is deposited at 430 K, which
the method are described in Ref. 19. Sample cooling to temeonverts the Si(111) (7 7) surface into the $111)-(y/3
peratures below room temperature was achieved by conneck \[3)R30°-Pb surfacéin the following Pb+/3) after slow
ing the specimen holder via isolation stand offs and a coppegooling. The further deposition of 5 ML of Pb is made after
braid to a liquid-nitrogen cold finger. This allowed us to cooling to 274 K[Fig. 2(b)]. Now the Pb islands are much
reach temperatures of 260 K at the sample, which is at higharger compared to the growth on the clean Si(111%{}
voltage (18 kV) without impairing the possibility of heating surface, but the holes are larger, too. A slightly higher per-
to more than 1800 K during observation. The base pressurgentage of only 80% £ 2%) of the substrate is covered by
in the specimen chamber was=1.0x 10~ % mbar. Pb, Ag,  thick flat Pb islands with many monolayer terraces, the rest is
and Au were evaporated from three Knudsen cells. The dep@e Pb+/3 surface. A quite different growth mode is ob-
sition rates and pressures during deposition were 0.5 ML/miReryed when Pb is deposited onto a 48-surface that had
at 1.4x10 ** mbar (Pb, and 0.2 MLmin at 5 peen prepared at 830[Fig. 2(c)]. Now the Pb film grown at
X 10 *° mbar(Ag and Au. The monolayefML) Pb is de- 283 K is perfectly closed, the surface is nearly perfectly flat.
fined as the atomic density of the @1 plane (1 ML  This is an example of the interfactant mediated FM growth.
=9.43<10'* atoms/cr), except when Pb superstructures The next interfactant candidate is gold, which forms three
on Si111) are discussed, in which case 1 MIZ.83 kinds of superstructures on the (811 surface: the (5
X 10" atoms/cr is the atomic density of the unrecon- x2)_Ay, the (y3x \3)R30°-Au , and the (& 6)-Au struc-
structed Si111) surface. The latter definition is used for the yyre. On the SiL11)-(5x2)-Au surface Pb grows at 273 K
Ag and Au ML as well. The rates were determined by thejn the SK mode with elongated holes that extend down to the
completion of known superstructurédg, Au) and by the 1 ML covered substrate, and covers at 5 ML about 89%
island formation period during the FM growth of Pb on the(iz%) of the surfacéFig. 2d)]. On the Au/3 surface at
Si(11D-(7x7) surface. The accuracy of this calibration is 559 K [Fig. 2e)] and on the SL11)-(6x 6)-Au surface at
about 3%. A typical energy for imaging Pb films on the 557 k [Fig. 2(f)] Pb grows in the quasi-FM mode. The azi-
Si(111) surface is 8 eV. This gives good step contrast as well, thal orientation of all Pb layers with the exception of the
as high intensity. All experiments are video recorded anqayer grown on the (& 6)-Au surface is parallel to the sub-
subsequently frame grabbed. This procedure is always CORrate: on the (&6) surface it is rotated by 30°. In the
nected with some loss of image quality. following we discuss the growth on four of these superstruc-

ture in detail.

FIG. 2. LEEM images of 5 ML thick Pb films grown on various
Si(111) surfaces at 270 K. Electron energy 8 & (7Xx7), (b) Pb-
V3, (0) Ag-\3, (d) (5% 2)-Au, (6) Au-y3, and(f) (6 6)-Au.

Ill. RESULTS
A. Overview of the growth with different interfactants B. P/Si(111)-(7X 7)

Before discussing the results in detail, a brief overview of \When deposited at 273 K and 290(Koom temperatupe
the effect of interfactants will be given ugira 5 ML thick  the first Pb layer, as judged by the appearance of the second
Pb film deposited at=270 K, except for the deposition onto |ayer islands, is completed at 0.77 Pb-ML. The first layer is
the Si{111)-(y/3x y/3)R30°-Ag surface(in the following:  incommensurate with the substrate in agreement with earlier
Ag-+3), which was made at 288 KFig. 2. The imaging studies in which a saturation coverage of 1 ML ir(13il)
conditions, i.e., kinetic energy8 eV), magnification, and units(0.83 Pb-ML) was reported® With increasing substrate
focusing conditions, are about the same. Figus g8hows a temperature the second layer islands appear at lower cover-
Pb film grown on the clean Si(11%)(7X7) surface at 273 ages, for example at 350 K at 0.67 Pb-ML, that is at 0.80 ML
K. The film still has many elongated holédark regiong in the S{111) density units used here. This temperature de-
The original Pb islands are interconnected and monoatomipendence of the second layer nucleation is shown in
steps on the Rk11) islands are visible. About 75% Fig. 3a).



PRB 62 INTERFACTANT-MEDIATED QUASI-FRANK—-VAN DER . .. 15817

coverage (Si-ML) coverage (Si-ML) coverage (Si-ML)
00 05 10 00 05 10 00 05 10

(a) i) 1)

350 I I ]

N

250 1
0.0 0.5 10 00 0.5 10 00 05 10
coverage {Pb-ML) coverage {Pb-ML} coverage (Pb-ML)

400

TK)

FIG. 3. Saturation coverage of the first Pb layer grown or{@he 2
Si(112)-(7x 7), (b) Ag-y3, and(c) (6 6)-Au surface. . 25

The growth at 290 K on the first layer is shown in Fig. 4, ;
which is a series of images taken during deposition. The step
structure of the substrate is indicated on the left-hand side.
The surface rises from the left to the right. In the left image,
1.1 ML Pb has been deposited. The first closed layer appears
dark in LEEM at the chosen energy. The bright Pb islands on
top of this layer are 1 ML thick. Nucleation is preferred at ~ FIG. 5. Growth of Pb on the &i11)-(7x7) surface at 290 K
the lower level of the substrate steps. The density of island8etween 3 and 5 ML. Electron energy 8 eV. For explanation see the
is determined in this early stage of growth and changes in th&Xt:
following only due to agglomeration of islands. The islands
grow only slowly laterally upon further deposition. After
deposition of 2 ML(middle image of Fig. #the islands still
cover only about 50% of the surface but have now man)?"

lei . The isl h ill : . .
nuclei on top. The islands on the substrate terraces are sti case of the island density by about two orders of magni-

isolated whereas the islands at the step edges have gro . ;
together nearly completely and now start to grow over thetUOIe in a temperature range of only 100 K. In Fig)é&2 ML

substrate steps. At a coverage of 6 ML about 80% of theof Pb were deposited at different temperatures. At the sub-

; : . trate step density in these imagstep distance=1 um)
substrate is covered by islands most of which have growr? . .
together with others. Also, the shape of the islands ha%he decoratlpn of Si steps occurs at 290 K a_nd 313 K. At
changed from round to more or less hexagonal. ower and higher temperatures they have no influence. The

In order to have a more detailed view, Fig. 5 shows theislands are round at the two lower temperature ranges. At the

two higher temperatures they have irregular shape.

square region in the middle of Fig. 4 at higher magnification . L
in steps of 0.23 ML in the thickness range from 3.1 to 5.0. The coverage dependence of the island density is shown

ML. In the lower right of each image there is a substrate ste;%n a double-logarithmic plot in Fig.(®) for the three higher

from incomplete to complete terrace on top of the islands can
be seen quite well in the upper left in the images between
08 and 4.08 ML indicated by asterisks.

Decreasing the deposition temperature causes a drastic in-

edge below the Pb island—indicated by the dashed line iicmPeratures of Fig.(8). 6* is the coverage in excess of the

the 3.08 ML image—which causes elongated terraces on th

érst monolayer. The completion of the first monolayer can
islands parallel to the step. In contrast to this, the terraces O%nly be determined with an accuracy2s at adeposition
the islands on the substrate terraces are round. New

terraces—indicated by arrows—nucleate mostly in the center
of a terrace before the terrace edge reaches the border of the
island. However, multiple nucleation off the center followed
by coalescence—compare, for example the lower-left parts
of the 4.31 and 4.54 ML images—is also quite frequent. In T
the coverage range shown the islands start to become hex- 3 (b)
agonal and to grow togethésee the example in the circles 3
The lowest terraces seen in these images are already several
monolayers thick. The side faces are too steep as to allow
resolution of the single terrace sequence but the transition
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FIG. 6. Growth of Pb on the §i11)-(7X7) surface.(@ Tem-
perature dependence at a total coverage of 2 ML Pb in all images.
(b) Coverage dependence of the 3D island density on the first Pb

FIG. 4. Growth of Pb on the 8i11)-(7X7) surface at 290 K. monolayer,f* is the coverage in excess of the first monolayer. The
Electron energy 8 eV. horizontal lines are a guide for the eyes.
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FIG. 7. Temperature dependence of the growth of Pb on the
Si(111)-(y3% \/3)R30°-Ag surface at a total coverage of 2 ML Pb.

rate of 1 ML/130 s. It is evident that additional nucleation
between the first and second data point occurs only at 290 K
and 313 K, while at 351 K, the island density is constant
within the limits of error over a wide coverage range up to
about#* =0.5—-0.6 ML, similar to 290 K and 313 K, where

it is constant after the first data point. Agglomeration occurs
only above about* =0.7 ML. This allows an analysis of
the island density at aboét =0.1-0.5 ML in terms of the
maximum island density as suggested by Venaffésjn
view of the fact that the nucleation stage is not accessible to
LEEM (see Sec. IV A

C. P/Si(11D)-(y/3X 3)-Ag FIG. 8. Growth of Pb on the Gi11)-(\/3x 3)R30°-Ag sur-
) . face at 288 K. Electron energy 8 eV. The lower images show a
The _S(lll)-(\/§>< V3)R30°-Ag surface was prepared by magnified part of the square in the middle-upper image. The aster-
depositing Ag onto the (X 7) surface at temperatures be- jsks indicate the same point on the surface.

tween 675 K and 835 K until the layer was completed as

seen by the disappearance of the lasx{7) regions in Figure 8 shows the FM growth of Pb on the AG sur-
LEEM. Subsequently the crystal was cooled slowyabout  f3ce atT=288 K. During the preparation of the ($1L1)-

20 to 60 min to the Pb deposition temperature, which ranged(\/g>< J3)R30°-Ag the (7 7) superstructure must be trans-
from 268 K to .356 K. ) formed. In this process many Si adatoms are set free, which
The saturation coverage of the fit@D) Pb layer as de- oarrange the existing Si steps and nucleate new islands on
termined from the appearance of the first second layer iS¢ torraces. For this reason the A@-substrate has a higher
lands depends linearly on the deposm_on temperature an&ep density than the pure(B11-(7x 7) substratésee also
covers the frange of 0:50.9 ML at.the mves_ngated M- pef. 24. The same was observed with scanning tunnel mi-
peratureqFig. 3(b)]. At 288 K the first layer is completed croscopy (STM) during the growth of Pb on the pure
after deposition of 0.7 ML Pb, that is at a coverage of 5/6Si(111)-(7><7) and on the GA11) surface, deposited at
ML in Si(111) density units. At 318 K this layer has a (6 room temperature and annealed to 106‘%CDuring the
X 1) LEED pattern, which suggests that the layer consists o rowth of Pb on the surface, these steps are reproduced by

three weII-orEered demems !n Wh'Ch evew sixth Pb atomy, ¢ ‘py, film, which is otherwise nearly completely flat, as
along the(112) direction is missing. Most likely the Pb at- jjjustrated in the upper part of Fig. 8. In its lower part the
oms are on top of the saturated Ag layer because no 2D Agrowth in the region of the square in the center-upper image
particles are seen that would be formed when Ag atoms arg shown with higher magnification and higher resolution. At
displaced by incorporation of Pb into a mixed layer, a phe-4.77 ML nucleation starts on a closed and flat Pb film. The
nomenon which has been observed when 0.7 ML[AU  coverage has a fractional value because the first Pb layer has
Si(111) density unit§ are deposited onto the Ag3 layer® 4 thickness of only 0.7 ML. The small bright circles are the
The difference is not surprising because the Au-Si bond igiewly formed islands whereas the larger step structure is due
much stronger3.65 eV/atonr® than the Ag—Si bond2.82  tq the morphology of the Agf3 surface, as discussed before.
eV/atom?* while the Pb—Si bond is weaké2.65 eV/atom®  New nuclei are formed still up to 5.23 ML, while the previ-
The nucleation rate on top of this first Pb layer is muchgysly formed terraces have already grown laterally and coa-
higher than in the case of Pb on top of the first Pb layer onescence occurs. Subsequently the layer starts to close and
the (7x7) surface. The temperature dependence of théhe process repeats itself. The image at 5.92 ML is very

structure of the layer after deposition of a total amount of Zsimijlar to that at 5.00 ML except for a slight change of focus.
ML Pb is shown in Fig. 7. At this coverage the islands have

already grown together to a large extent, which leads to the .
irregular shape seen above 300 K. At 313 K only 50% of the D. PSi(111)-(6X6)-Au

surface is covered by islands, at 356 K only 20% so that they The S{111)-(6x6)-Au surface is prepared in two steps:
are on average about 2.5 Ml=(2—0.7)/0.5] or 6.5 ML (1) deposition of Au at 800 K, which leads to a well-ordered
[=(2-0.7)/0.2] thick. Below 300 K the substrate is nearly (5X2) structure followed by the (3% \/3) structure?>2®
completely covered with the second Pb layer. The maximunWhen this structure is completed, which can be clearly seen
of the island density occurred at all temperatures at a totdh LEEM, the Au deposition is interrupte?) After cooling
coverage of about £0.1 ML. It will be evaluated at this to 590 K, deposition is continued until a well-ordered (6
coverage in Sec. IV as described in Sec. Il B. X 6) structure is obtained. Similar to the preparation of the
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FIG. 9. Growth of Pb on the
Si(111)-(6x6)-Au surface at 280
K. The left-top image shows the
initial (6 X 6)-Au surface at lower
magnification; the dashed lines in-

== R \ J dicate the substrate step position
500nm  1.00ML |5 5 1. 23MLE A DAL .2V before the Au deposition. Electron
— ' m— e energy 8 eV.

:500|1fn_ 0

Ag-\/3 structure, the $111) surface becomes laterally example by adsorption of one Pb on top of the Au trimers of
rougher during the growth of the ¢562)-Au and Au~/3  the (V3% +/3)R30°-Au structure. Above this coverage,
structure. In the left-top image of Fig. 9 the (811)- Pb(111)-(1X1)R30° islands form in the
(6 6)-Au surface is shown. The substrate step position be¢\/3x \3)R30°{Au, Pb sea, incorporating the Pb atoms in
fore the Au deposition is roughly indicated by the dashedhe sea until the islands have grown together to a complete
lines. This change of the morphology is due to the Si adafirst P111) monolayer with reduced densif.92 ML in
toms, which are set free during the transformation from thé?b(111) units|. In reality, due to local coverage fluctuations
(7X7) to the (5 2) structuré”?®and during the following and perhaps preferred nucleation sites, thélPH nucle-
transformations to the \3x+3) and (6x6) structures; ation may set in earlier and the/8x \/3)R30°-Au +Pb
Seehofe?® reported that the growth of @i11)-(5x 2)-Au on  structure may be completed later than at 1/3 Si-ML. This
vicinal Si(111) surfaces can even induce faceting of the surwould imply that nucleation sets in long before islands can
face. be resolved in LEEM and suggests the possibility that the
The topmost row of Fig. 9 shows the growth of the first nucleation density may be much higher than the island den-
monolayer in the magnified region of the first image indi- sity seen at 0.69 ML, which may already be a consequence
cated by a white square. The intensity of each image i®f coalescence. Another possibility is a/3x 3)R30°
scaled for optimized contrast. The image at 0.0 ML showsstructure with two Pb atoms per unit cell. In this case the
the pure Si111)-(6 X 6)-Au surface with substrate steps. The structure is completed at 2/3 ML in Si units, that is
surface rises from the left to the right-hand side. Depositior0.55 ML in Pb units. Shortly before this coverage the first
of Pb on this surface at 280 K decreases contrast and resauclei of the Pb(111)-(% 1)R30° islands are formed. This
lution up to a coverage of about 0.5 ML either due to statis-structure model also assumes that nucleation sets in before
tical incorporation of Pb or due to growth of small unre- the (\/§>< \/§)R30°(Au, Pb structure is completed.
solved domains with/3x /3 structure, which is seen in this ~ The Pb(111)-(X 1)R30° structure destroys the underly-
coverage range in LEED. Upon further deposition the subing (/3% \3)R30°{Au, Pb structure, perhaps by convert-
strate step contrast appears again and islands can be obserygglit into a (1x 1), a disordered, or even a structure with the
with a typical distance of about 50 nfwhite spots at 0.69 same periodicity as the Pb layer. LEEM does not allow a
ML in Fig. 9). These islands nucleate preferentially at thedistinction between these possibilities and LEED studies
lower side of the substrate step edge. At 0.92 ML the islandgere not made in sufficient detail to answer this question or
have grown together to cover the surface completely. Théo determine the lattice constant of the Pb layer precisely.
saturation coverage of the first closed layer at about 0.5 MlFrom the value of the saturation coverage of 0.92 ML, the
(defined by the first visible islangiand of the closed layer at |attice constant of the Pb monolayer can be calculated as
0.92 ML is plotted in Fig. &) for various deposition tem- 516 A, which is clearly incommensurate with the substrate.
peratures. The LEED pattern at 1 ML is that of th )  However, the first nucleation of the second layer occurs at
surface rotated 30° relative to theB11) substrate, in agree- 1.0 ML. Possibly, in the coverage range from 0.92 to 1.0
ment with earlier work® The transition from the (B6)-Au ML, additional Pb adatoms form a 2D gas or are incorpo-
to the Pb(111)-(X 1)R30° structure may be envisaged asrated into the first monolayer, which is thus compressed from
follows. Adsorption of Pb disorders the ¥&)-Au super- the lattice constant 5.16 A to the bulk value 4.95 A .
structure of the (3% 3)R30°-Au structure, perhaps in a  The second row in Fig. 9 shows the growth of the second
manner similar to the corresponding thermal disordering oPb layer. Due to reflectivity differences the first layer appears
the (6X6)-Au structure. Ideally the process could be butdark, the second layer bright. The islands of the second layer
must not be completed at 1/3 ML Fim Si(111) units], for  nucleate first at the lower edge of the substrate st&3
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al ] (bi TrTTTTTTTT be dgterr_nined accurately. This covgrage_dependence of the
] o] -0-270K | maxima is nearly the same in the investigated temperature
‘-“.'g 3 ‘*.'23_ -A-280K | range, as can be seen in Fig(l)Q except for a lower density
£ IES -O-38k | at higher temperature. The temperature dependence of the
= 5 .| 4 _ maximum island densities at 1 ML and those at 3 ML, which
-%‘ 1 g’ g 1 represents th_e quasiho_moepitaxial growth of1Rh) will be
g 1 g14 o ig:o\_%_o- shown and discussed in Sec. IV A.
s
0 0

T T E. P/Si(11D)-(1/3X /3)-Au

coverage (ML) coverage (ML) In the investigated lower temperature range300 K)

FIG. 10. 2D island density during the growth of Pb on the (6 .Pb grows on the AU“‘@ surface in the FM mode. The growth

% 6)-Au surface at 270 Ka) and the coverage dependence of the is very similar to that on the (86)-Au surface. The island

maxima at different temperaturégb). The solid curve in(a) is a density_ is Compzf'trable to_ that Qn thex(6)-Au Surface._ The
guide for the eye. main difference is the orientation of the closed PH) film;

it is oriented parallel to the substrate, whereas thelPbH
film on the (6X 6)-Au surface is rotated 30° with respect to
he substrate. This difference must have its origin in the spe-

1.46 ML the average distance of nuclei 1S about. 60 nm andiiy) structure of the submonolayer, which unfortunately was
many of them have already coalesced, in particular at thfln10t determined

steps, where agglomeration is nearly completed. At 1.69 ML yqitional experiments were carried out at higher tem-

?Illislqnd; on the surfa(I:e stepz ha\ée ?rpwn tlogetﬂer. TT eratures £400 K), where Pb grows in the SK mode. The
oles in between are elongated and of irregular shape. I, ,yimum density of 3D islands that start to nucleate at about
particular the upper side of the substrate steps is not cover I5 ML will be shown an discussed in Sec. IV. In between
EZ\ tth?e(sjegor}?]epg;aggﬁénglcﬁtén?oth:rt S"’.‘gepgf ?g:tggs Athe 3D islands the Pb layer has a\{@x23)R30° struc-

ptu y ' wer si P- Alure. The same structure appears when a closed, about 5 ML

1.92 ML the second layer is nearly completely filled. A few _, . : .
. . ) hick Pb film deposited at low temperature on the &8i-or
nuclei of the third layer and small holes in the second Iaye}On the (6x6)-Au surface is annealed a¢500 K so that

can be seeffbright- and dark-gray dots in the 1.92 ML im- .
age in Fig. 9. Due to this quasiperfect FM growth, the step most of the Pb contracts into a few large 3D crystals.

structure of the substrate is reproduced in the Pb layer, which
is clearly seen by comparing the 0.0 ML image with the 1.92 IV. DISCUSSION
ML image in Fig. 9. During the growth of the second and the
following layers the LEED pattern is always a Pb(111)-(1 . o .
X 1)R30°. This means that the orientation and the lattice 1N€ 3D island density in the SK growth, and the 2D is-
constant do not change within the limits of error. land density of the secone.g., at 1 ML) and the fourth
Even at higher coverages Pb grows nearly in an ideal FM@Yer (@t 3 ML) in the FM growth, are plotted in Fig. 11 as
mode (bottom row in Fig. 9. At 4.0 ML the first islands of ~closéd and open symbols, respectively. We will now analyze
the fifth layer are visible. Fresnel diffraction due to slight the five Arrhenius lines in the usual manner in terms of the
defocusing makes these small islands appear brighter. It @tom|st|c02rl1ucleat|on theory in the form given by
possible to recognize the step structure of the substratdenables” ~ for complete condensation, that is negligible
(dashed line, compare with the upper rows in Fig.vhich re-evaporation. In this approximation the maximum island
indicates the perfection of the growth. At 4.23 ML the nucle-density is given by
ation process of the fifth layer is completed. Reproduced
substrate steps are no longer preferred nucleation sites. The Nx~Np(R)exp(E, /KT) @)
islands grow together, leaving some elongated holes at 4.7gjth N, andE, given by
ML (dark areas in the imageAt 5.0 ML the nucleation of

ML) and afterwards on the substrate terra@ded6 ML). At

A. Island density

the sixth layer has already starté@atight island$ before the Np(R) = f(Zo,i)(4R/Ngrg)PNo, 2
fifth layer is completely close@dark hole$. This slight de-
viation from the ideal FM growth generally causes the damp- E,=(E+iEy/(i+2) ©)

ing of RHEED oscillations. When the fifth monolayer is
closed the step structure of the substrate is nearly recoveredith Ny being the substrate atomic densi®/the deposition
The density of 2D Pb islands during the growth of Pb onrate,f a function of the fractiorZ, of the surface covered by
the (6x6)-Au at 270 K is plotted in Fig. 1@). The first islands at their maximum density, anthe size of the criti-
second Pb monolayer islands appear at 1.0 ML and nuclesal cluster.E; is the binding energy of the critical clustery
ation continues up to 1.3 ML. Afterwards the island densityand E4 the attempt frequency and the activation energy for
decreases because of coalescence. In principle this processsigface diffusion. The exponent is given pyi/(i +2).
repeated in the following layers, but nucleation starts at A least-square fit to the temperature dependence of Eq.
about 0.2 ML before completion of the monolayer and the(1) results in the five straight lines in Fig. X%olid for SK,
maximum density occurs at the full monolayer. Clearly thedashed for FM growth The two resulting fit parametens,
nucleation rate at 1 ML is the highest, followed by that at 2andE,, are listed in Table | for the different substrates. They
ML. At 0.5 ML the nucleation rate is so high, that it cannot differ clearly in the two growth modes. THg, values in the
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20 2.5 163(')00/T 3;.1 4.0 4.5 FIG. 12. Dependence afy on the critical nucleus sizebased
( ) on the experimental fit paramethl, .

FIG. 11. Arrhenius plot of the maximum island density on the
first Pb monolayer in the Gi11-(7x7) , Ag-/3 , Au-/3 , and the binding energyE; of the critical cluster. In a simple
(6%x6)-Au systems and on Phl1) [= closed 3 ML thick Pb film  pairwise bonding model a rough number can be obtained
on (6x6)-Au]. Open symbols for FM growth, full symbols for SK  from the heat of sublimatiodH=2.02 eV/atom® of Pb,
growth. which corresponds to the binding energy of a kink site. On a
hexagonal surface the kink site atom has six nearest neigh-

SK growth are three to four times larger than those of the FM:)ors so that the energy of the Pb-Pb bond A#i/6
growth. Becaus&, /k is the slope of the Arrhenius line this —0.34 eV/bond. For very small clusters, e.g=2,3 the
can be seen as steep and flat increase in Fig. 11. On the other ', ] N

hand, theN., values in the FM growth are about eight ordersrl%nd is somewhat stronger because the bonding electrons

. . have to be shared with fewer neighbors. Also, the bonding to
of magnitude larger than those in the SK growth. Teand the various substrates will be different from that to the

E, values in the SK growth mode are similar to those re- : . : .
ported for quite different systems, Ag on(830), Si(111), _Pb(lll) surface_ causing differences in t_hg intracluster bond-
ing. For the estimate it is, however, sufficient to use the same

W(110), and W100).2° -
From N, the critical cluster size can be estimated by re-valueE;=0.34 eV/bond for ali and substrates, keeping in

quiring v4 to have a physically acceptable value Y40 mind that the resulting4 value is an upper limit for smail
— 10" s 1) and by assuming a realistic value for the func- The results are given in Table Il for relevantalues, which

tion f(Zy,i) which is usuallf®?* not far from 1, the value arei > 20 for the SK growth andl=2—4 for the FM growth.
chosen here so that the expression #grsimplifies to Fortunately thei dependence in the acceptableanges is
negligible within the error bars, so that the diffusion energies
R [Ng\*P for the adatoms on the first Pb layer of the different systems
Vd%4N_O(N_p) : @ in the temperature ranges shown in Table | are 0.61
. _ . _ . *0.04 eV for (7x7), 0.67:0.03 eV (Ag-y3), 0.86
Figure 12 shows they yalue; obtained with .th|s expression . o5 ey (Au-\3) in the SK growth mode region, 0.29
for the five systems. It is obvious that the critical clusters are, 0.10 eV ((6x6)-Au), and 0.14-0.08 eV for P111) in

very large on the $111)-(7x7), Ag-y3, and Auy3 sur- e EM growth mode.
face (>20), whereas~2—4 fulfills the conditions for the

Ph(111) and the (6<6)-Au systems.
From E,, the activation energy for surface diffusidfy _
can be estimated by making reasonable assumptions abdil

TABLE II. Diffusion energy of adatoms on the first Pb layer at
{ferent substrates, calculated for the acceptabénges.

TABLE I. Growth parameter of the nucleation data of Fig. 11 Eq(eV) at
(SK = Stranski—Krastanov, FM= Frank—van der Merwe Substrate i range i=20 i=40 i =00
=

Substrate T range(K) Mode lodNy(cm ?)] E.(eV) '(A;X\/%) 20 gsosiggg 82;882 ggi 882
(7X7) 273-375 SK —1.40+0.65 0.59-0.04 Au-\/§ 0.90+0.06 0.86:0.05 0.83-0.03
Ag-\/§ 300-356 SK —1.15+0.45 0.65-0.03 i—o i—3 i—a
Au-\3 400-478  SK —1.86+0.44 0.83-0.05 ' ' '
(6X6)-Au 270-310 FM 6.080.61 0.24-0.03 (6X6)-Au 2-4 0.31-0.06 0.29-0.10 0.28:0.05

Ph(111) 270-310 FM 6.960.88 0.15-0.05 Ph(111) 0.13+0.10 0.14-0.08 0.14r0.08
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) reliable more directly determined experimental d&tét. is
quasi-FM ﬁ SK difficult to reconcile at least two of the present results with
the assumptions on which the conventional atomistic nucle-

Z?OK L 3?°K i *4(,""( i ation theory is baseda) the strong increase of the diffusion
y —— Y - Y energy in the transition from FM to SK growth with increas-
(7X7) - 1 . . . .
Pb \/5) B : ing temperature an¢b) the earlier onset of nucleation with
. increasing critical cluster size and temperature on the/&g-
! surface. Observatiofb) can also not be explained by the
Ag-\/5 — ! classical phenomenological nucleation therywhich

should be realistic for critical cluster sizes of the order of 100
Au-\3 atoms. Therefore, we will stay within the framework of the

1
I |
Au-(6x6) —:l atomistic nucleation theory and examine its applicability to

} } } } } SK growth, in particular to the systems studied in this

300K 400K paper.

LEEM range The basic assumptions of most approximations of the ato-
mistic nucleation theory, including the one used here (iare

FIG. 13. Temperature ranges for Stranski-Krastanov andhat only atoms diffuse but not dimers and larger clusters,
Frank-van der Merwe growth of Pb on the cleal$l) surface 5 (jj) ‘that no nuclei and larger clusters are lost before
and on different superstructures of &1 due to prec_:leposutuon of coalescence sets in, that is before the number of islands seen
Pb, Ag, or Au. Data for Agy3 and (5x2)-Au from this paper, the by electron microscopy decreases again. In addition, it is
other data from Refs. 3 and 6. . - . . .

usually implicitly assumed that the position at which the is-
land is observed is the nucleation site. All three assumptions
have been refuted long ago in the VW growth mdtié’

The Ag and Au adsorption layers on(8l1) strongly  The results of these earlier studies have been attributed to
modify the growth of Pb compared to the growth on the purediffusion of clusters as large as 40 atoms via interfacial
Si(111)-(7x7) surface. Figure 13 shows the temperatureglide3® which needs little activation energy when the misfit
ranges of the growth modes on the various surfaces. All syss large®® Pd and Ni clusters of more than 30 atoms have
tems have in common that at low deposition temperatures Pheen reported to float like rafts on the(¥0) surface® The
grows in the quasi-FM mode, at higher temperatures alwaygiffusion of dimers® is well established by field ion micros-
in the SK mode. Only the transition temperatdigbetween  copy, with dimer diffusion comparable or even faster than
these growth modes depends strongly on the nature of thgffusion of single atoms on densely packed surfd@eRe-
substrate. On the clean (811-(7x7) and on the Ph3  cent experimentat and theoretical wofé*3supports the old
surfaceTy~200 K(Ref. 6. Predeposition of Au shiftsto  gstydies.
higher temperatures, —the more, the higher the Au cover-  zinsmeistet and other®* have considered the influ-
age: on the low coverage superstructure&X@-Au Tois just  once of dime¥—46 and trimef® diffusion and were able to
below 270 K, on the higher coverage A structureT explain at least qualitatively the discrepancies between
~350 K, and on the highest coverageX(6)-Au structure oy herimert” and theory that takes only single atom diffusion
To=~400 K (Ref. 3. On the Ag+3 the growth mode it account, Obviously, at sufficiently low temperatures and
changes at 300 K. At high temperatures the systems are ngfq g fficiently high fluxes, the effects just discussed are
far from 2D thgrmpdynammgl eqwhbpum, Wh'(.’h SUQQests aygqq likely. Diffusion of dimers has negligible influence on
thermodynamical interpretation as discussed in Sec. |. As Rucleation and growth when the diffusion constabtsand

result the energy balance of the surface free energies has 512 of monomers and dimers, respectively, obey the condi-

all cases the same sighioc<<0 for the first layerAc>0 at . 3,2
higher coverages; the absolute values can differ but the ifion D5/D1<F (Ref. 46. In some recent low-temperature

terfactant does not change the sign. As a consequence, th&§¢anning tunnel microscopySTM) studie$’ of strongly
modynamics cannot explain the change of the growth moggound adsorb.ates this gond|§|on was gctually fulfilled. In th(=T
in the way suggested in the Introduction. systems studied here in which bonding to the substrate is
Therefore the growth kinetics must be responsible for thaveak and the temperature is high, this is not the case. Al-
effect of the interfactant. The analysis of the experiment inthough approximate solutions that take dimer and trimer dif-
terms of the atomistic nucleation theory shows that thefusion into account are availabfe they contain too many
nucleation of the SK islands is characterized by a very largeinknown parameters. Furthermore, larger clusters very likely
size of the critical clusteri¢>20) and a very high diffusion diffuse in our experiments too. An expression similar to Eq.
energy E4=0.6 eV) of the adatom on the first closed layer (1) still is expected to be valid but the quantities in this
(Table 1). Very large cluster sizes seem to be typical for SKequation no longer have their original meanikg.cannot be
growth systems when analyzed in terms of conventionateparated any more in individual binding and diffusion ener-
nucleation theory. They have been reported previously fogies but is more properly assigned to a cluster size and
several other systenj#g/W(110, Ag/W(100, Ag/Si(100,  mobility-dependent average of these quantitiésnow also
Ag/Si(111)].2° Although some of these data are on goodincludes some average of the entropies of the interfacial con-
agreement with effective-medium theory calculatiSrthe figurations.
energies predicted by this theory differ considerably from SK growth of a material may be envisaged as VW growth

L
200K

Y Y

B. Growth mode
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on the initial two-dimensional layer of an electronically and the temperature is low enough for high nucleation rate and
structurally modified form of this material. The material in negligible cluster mobility as in the case of the growth on the
excess of the initial layer does not wet it, which means thaSi(111)-(7 X 7) surface. An interfactant only shifts the tran-
the bonding to the initial layer is weaker than that to thesition temperature to higher values by increasing the nucle-
surface of the bulk material. Activation energies for surfaceation rate and decreasing the cluster mobility. The mecha-
diffusion of atomsEy, are usually proportional to the bind- nisms by which these effects are achieved may vary from
ing energyE,, typically E,/10 (Ref. 48, also for dimers and  system to system: unstable first monolayer that causes a sud-
clusters. Therefore, increasing cluster migration can occufien nucleation once the necessary coverage is reached as in
with increasing temperature causing the formation of fewekhe case of the Ag-covered surface, strong bonding to the
and larger islands from single atoms, dimers, and supercritisypstrate that reduces cluster mobility as in the case of the

cal clusters. This leads to the lower maximum island density,_.covered surface. or some mechanisms not encountered or
and the larger island size aifg; on the (7<7) surface cov-  qied in our experiments.

ered with the"(1 X1)" Pb monolayer than on the Fbl1) For quasi-FM growth of a system, which in equilibrium is

surface above 270 K. As far as dimers are concerned, thg SK s o —_— .

) vy ystem, two conditions must be fulfilled) the island
weaker bonding to thél(1 >_<l) layer thar_1 to the_F(ﬂl]) . _Size at the stage of monolayer completion must be small
isnu:l;]aéce;iavr?;sg]?]fstg)gmgﬁlcheanrgrg W';?'g ég;;'tw:tr’ﬂ\:\éh'c%nough so that the misfit stress-induced 2D-3D transition

, gas p o g energy y cannot take place y&tor this transition must be hindered by
dissociation probability of the dimer should be smaller. If diffusion barri o th | island, aiio |
dimers would determine the maximum island density seen "Ztiolnu;rll(zingrg\r/\?tflrc())l‘nn?onc()ela?gp?slagneés,lso?\ntc;p 2 ¢ t?]L(jaCuer; der-

the experiment, then it should be larger on the X1)” | introd h local .
layer than on the Ri11) surface, in disagreement with our '2Y€F May not introduce enough local strain energy to cause

observations. a strain-induced 2D-3D transition. Conditi@i) is fulfilled

In the SK growth mode region of the (SL1-(y3x \3) when thel nucleation rate is very high and the misfit. stress
R30°-Ag surface the maximum island density in the secon&ma”* W_h|ch can be achieved with a high _s_Llpersatura_ltlon and
layer is by a factor of 1@at 400 K) to 20 (at 290 K) larger @ compliant substrate. At _constant deposition rate this means
than on the SIL11)-(7x 7) surface. This can be attributed to low temperatures and an interfactant that reduces the rigidity
a h|gher nucleation rate and/or a lower cluster m0b|||ty F|g_0f the substrate. This rlgldlty reduction by the interfactant is
ure 3b) shows that the coverage at which the first islands2/so necessary in order to fulfill conditiofi) because—
appear decreases strongly with increasing temperature. Thégcept for the strain—the growth of the second and follow-
atoms of the first Pb layer increasingly participate in theing monolayers is basically homoepitaxy. Thus, high density
nucleation process of the subsequent Pb growth with increa®f small islands, limited surface diffusion—phenomena
ing temperature. This suggests—as does the incomplete satwhich require strong deviation from thermodynamic
ration coverage of 5/6—that the Pb atoms of the first layeequilibrium—and strain relaxation by an interfactant, are re-
are weakly bound to the Ag-covered surface while the bondsponsible for the transition from SK growth at high to FM
ing between the second and first Pb layer is stronger than afrowth at low temperatures. Purely thermodynamic argu-
the S(111)-(7Xx7) surface. Therefore, the nucleation ratements cannot explain this 2D-3D transition as already
and cluster stability is also higher than on the Pl pointed out earliet®
X1)" layer. The difference in the temperature dependence Tq a first approximation an interfactant may be consid-
between the various surfaces seen in Fig. 3 may also bgreq as the 2D counterpart to the 3D prenucleation material
correlated with the absence of heavy domain walls in thqnat has been used already 50 years ago in order to grow thin
saturated monolayer structure of g*?in contrast to the Pb  continuous layers from materials that otherwise would form

and Au systems, which have heavy domain el **%}  igjated crystals in the VW growth mod®.

Au™¥, in part with large corrugatior, impeding surface
mobility.

The SK growth on the Au/Si surfaces was studied only on
the a-Au-\/3 surface. Pb interacts very strongly with the
surfaces of bulk Atf and is expected to do so also with the ~We have studied the influence of interfactants on the
Au monolayer on $il11). This strong interaction brings the growth of thin Pb films on the §i11) surface using low-
Si(11D)-Au system probably close to SK growth with two energy electron microscopy and diffraction. Pb, which grows
stable Pb monolayers. The much higher nucleation rate abn the S{111)-(7X7) surface above 200 K in the Stranski—
the second Pb layer compared to that of the following layer&Krastanovn mode, can be induced by suitable
is a hint in this direction. Strong bonding to the substrateinterfactants—as exemplified by Au in this paper—to grow
reduces surface mobility and cluster formation, leading to an a Frank—van der Merwe-like mode up to 400 K. Within
large island density. the thickness range studied no critical upper thickness was

The question posed at the beginning of the paper: howobserved at which the flat film breaks up into 3D crystals as
does an interfactant transform the SK growth mode into as usually the case with surfactants due to the buildup of
quasi-FM growth mode, can now be answered. Obviouslystress. Thus, an interfactant apparently not only leads to
thermodynamics cannot explain the transition because it camonolayer-by-monolayer growth but at the same time also
describe only(quasjequilibrium phenomena. It is kinetics relieves misfit stress. The mechanism by which interfactants
that drives the transition. In principle, no interfactant is nec-achieve the desired goal is attributed to enhancement of the
essary for quasi-FM growth of an equilibrium SK system if nucleation rate and suppression of cluster diffusion.

V. SUMMARY
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