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Atomic depth distribution and effects of surfactants in growth of Ag and Au
on Si„111…-A3ÃA3-Ga„1ML …, À4Ã1-In and À2A3Ã2A3-Sn surfaces at room temperature
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The atomic depth distribution and growth modes in six growth processes, the growth of Ag and Au on
A33A3-Ga~1 ML!, 431-In, and 2A332A3-Sn surfaces, were studied at room temperature by using reflec-
tion high-energy electron diffraction and characteristic x-ray measurements as functions of glancing angleug

of the incident electron beam. In all growth processes, intermixing between a preadsorbed metal@metalA, ~Ga,
In, Sn!# and a grown metal@metal B ~Ag, Au!# was observed after deposition of 1 ML of metalB. During
further deposition of metal B, three growth modes were observed:~i! further intermixing between metalA and
metal B ~Ag/In and Ag/Sn!, ~ii ! segregation of metalA to the uppermost layers~Ag/Ga, Au/Ga!, and ~iii !
segregation of a part of metalA to the uppermost layers and intermixing of the other part of metalA with metal
B ~Au/In, and Au/Sn!. In all processes, metalA acted as a surfactant, i.e., the surface roughness was suppressed
by preadsorption of metalA, resulting in a layer-by-layer growth mode of metalB.

DOI: 10.1103/PhysRevB.66.085316 PACS number~s!: 81.15.2z, 61.14.Hg, 68.55.2a
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I. INTRODUCTION

Much interest has recently been shown in the contro
the growth of metals on semiconductors and in a charac
ization of the resultant structures, since these subjects
related to the fabrication of nanomaterials with interest
functions. In the future, devices with high performance w
be designed on a nanometer scale, and techniques for g
ing high-quality metal films with thicknesses of seve
atomic layers will be required.

Surfactant-mediated epitaxy~SME! has been extensivel
used for altering the growth mode to fabricate uniform-lay
structures with few defects. By using this technique,
growth mode changes from a Stranski-Krastanov mode
layer-by-layer mode by preadsorption of surfactant atoms
the substrate. During these growth processes, the surfa
always moves to the uppermost layer. Although the te
nique of SME has been used in many growth processes
semiconductor on a semiconductor and a metal on
metal,1–3 there have been only a few reports on the appli
tion of SME to growth processes of metals on semicondu
surfaces,4–6 despite the importance of metal/semiconduc
systems for technical reasons.

In this paper, growth modes in six growth processes
growth of Ag and Au on Si~111!-A33A3-Ga ~1 ML!,
431-In, and 2A332A3-Sn surfaces—are described. T
morphology of grown films was analyzed by reflection hig
energy x-ray diffraction~RHEED!, and the atomic depth dis
tribution of elements was determined by measuring cha
teristic x rays excited by a RHEED beam, both as functio
of incident glancing angleug . In all growth processes, inter
mixing between a preadsorbed metal@metalA ~Ga, In, Sn!#
and a grown metal@metalB ~Ag, Au!# occurred after depo
sition of 1 ML of metalB. For further deposition of metalB,
growth modes were classified into three types:~i! further
0163-1829/2002/66~8!/085316~7!/$20.00 66 0853
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intermixing ~Ag/In and Ag/Sn!, ~ii ! segregation of metalA to
the uppermost layers~Ag/Ga, Au/Ga!, and ~iii ! segregation
of a part of metalA to the uppermost layers and mixing o
the other part of metalA with metalB ~Au/In, and Au/Sn!. In
all processes, metalA acted as a surfactant, resulting in
layer-by-layer growth mode and formation of flat films
metalB.

II. EXPERIMENT

In this study, surface structures during growth proces
were monitored by RHEED observation. Simultaneous
atomic depth distribution was analyzed from theug depen-
dence of intensities of characteristic x rays emitted from
surfaces excited by the RHEED beam.7 The resolution of
depth in this method is 1 ML for the uppermost layers a
several ML’s for deeper regions. In addition, this method
useful for analyzing the growth processes of films, ev
films that consist of fine particles and liquid or amorpho
structures, as well as the growth processes of single crys
In general, x-ray spectroscopy is not surface sensitive sin
significant amount of x rays from deep regions is detect
However, signals from deep regions can be reduced,
x-ray spectroscopy becomes a surface-sensitive me
when the x-ray detector is placed at an angle near the cri
angle for total reflection,8,9 a technique called total reflectio
angle x-ray spectroscopy-~TRAXS!.9 This technique was
used in the present study. The details of the apparatus us
the present work was described in a previous paper.10 To
optimize u t smoothly, an x-ray detector with a slit wa
mounted on a stage on a fulcrum, which is 40 cm away fr
the sample.u t was changed by tilting the stage to shift th
detector up and down. The width of the take-off angle w
0.4°, and it was set in the range of 0.5–0.9°. A small elect
gun on a turntable was then rotated around an axis lying
the sample surface in the ultrahigh-vacuum~UHV! chamber,
©2002 The American Physical Society16-1
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FIG. 1. RHEED patterns taken during growt
processes of Ag and Au on Si~111!-A33A3-Ga
~1 ML!, 431-In, and 2A332A3-Sn surfaces at
room temperature.~a! Ag~15 ML!/A33A3-Ga~1
ML !. ~b! Ag ~6 ML!/431-In. ~c! Ag ~5 ML!/
2A332A3-Sn. ~d! Au~3 ML!/A33A3-Ga ~1
ML !. ~e! Au ~10 ML!/431-In. ~f! Au ~5 ML!/
2A332A3-Sn. All patterns show streaks, ind
cating that grown films were flat.
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and the positions of the sample and the detector were fi
The glancing angleug could be changed from 0 to 180°
with an angular resolution of 0.036°, by using a stepp
motor. The electron gun was operated at an acceleration
age of 10 keV for the growth of Ag and Au on 431-In and
2A332A3-Sn, while a voltage of 15 keV was used for th
growth of Ag and Au onA33A3-Ga ~1 ML!, since excita-
tion of GaK characteristic x-rays requires a higher elect
energy. The x rays emitted from the sample surface pro
gated successively, through the first beryllium window
the UHV seal, 5 mm of air, and the second beryllium w
dow of the vacuum seal of solid state detector, finally rea
ing the Si ~Li ! detector. The base pressure in the cham
was 1310210 Torr, and the working pressure was alwa
around 5310210 Torr. The sample was cut in a circula
shape of 12 mm in diameter from a mirror-polished Si~111!
wafer. Cleaning of the Si~111! surface was performed b
heating above 1200° C by electron bombardment unt
clear 737 RHEED pattern was observed. Si~111!-
A33A3-Ga ~1 ML!, 431-In, and 2A332A3-Sn structures
were prepared by deposition of metals from coiled tungs
filaments.

III. RESULTS

A. RHEED observation

The following three kinds of metal-precovered Si~111!
surface were prepared.~i! Si~111!-A33A3-Ga ~1 ML!:
Si~111!-A33A3-Ga was formed by a 1/3 ML of Ga depos
tion on an Si~111!-737 clean surface at 500° C.11 This sur-
face was cooled to room temperature, and 2/3 ML of Ga w
08531
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then deposited. At this stage, the total coverage of Ga wa
ML. The RHEED pattern of this surface showed streaks o
A33A3 structure.4 ~ii ! Si~111!-431-In surface: 1 ML of In
was deposited on an Si~111!-737 surface at 500° C,12 and
the surface was cooled to room temperature.~iii ! Si~111!-
2A332A3-Sn surface: 1 ML of Sn was deposited on
Si~111!-737 surface at 500° C,13 and then the surface wa
cooled to room temperature.

Ag or Au was then deposited on these surfaces at ro
temperature, and morphology of films during growth w
studied by RHEED observation. Figures 1~a!–1~f! show
RHEED patterns during these six growth processes:~a!–~f!
are results for Ag~15 ML!/A33A3-Ga ~1 ML!, Ag ~6 ML!/
431-In, Ag~5 ML!/2A332A3-Sn, Au~3 ML!/A33A3-Ga
~1 ML!, Au~10 ML!/431-In and Au~5 ML!/2A332A3-Sn,
respectively. Each pattern showed nearly vertical streaks
dicating that the grown film was flat.

B. ug dependencies of x-ray emission

1. Growth of Ag on a Si„111…-A3ÃA3-Ga„1 ML … surface

ug dependencies of GaK, AgL and SiK characteristic
rays measured during growth of Ag on an Si~111!-
A33A3-Ga ~1 ML! surface are shown in Fig. 2. Since th
diameters of the incident electron beam and the sample w
about 0.15 and 12 mm, respectively, the entire beam fell
the sample atug above 0.7°. The rapid decreases in x-r
yields below 0.7° are due to the finite size of the sample

At an Ag coverage of 1 ML (QAg51), ug dependencies
of GaK and AgL had maxima at 1°, and decreased ab
ug51° with increases inug , as shown in Fig. 2~a!. The
x
f

-
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h

FIG. 2. ug dependencies of characteristic
rays, SiK, AgL, and GaK, taken during growth o
Ag on an Si~111!-A33A3-Ga ~1 ML! surface at
room temperature.~a!, ~b!, and~c! show results at
QAg51,QAg53, and QAg515, respectively.
Peak positions of theug dependencies are indi
cated by arrows. Solid and dashed curves areug

dependencies calculated by Monte Carlo simu
tion, assuming depth distribution of metals wit
model ~a! in Fig. 6. Detailed distribution of met-
als is described in the text.
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FIG. 3. ~a! and ~b! show ug dependencies of
characteristic x rays, SiK, AgL, and InL, take
during growth of Ag on an Si~111!-431-In sur-
face at room temperature, atQAg51 and QAg

56, respectively.~c! ug dependencies of charac
teristic x rays SiK, AgL, and SnL, taken durin
growth of Ag on an Si~111!-2A332A3-Sn sur-
face at room temperature atQAg55. Peak posi-
tions of theug dependencies are indicated by a
rows.
e
a

at

K
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L
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e-
shapes of these twoug dependencies are very similar. On th
other hand,ug dependence of SiK had a broad maximum
9°. At QAg53, the maximum of GaK was still observed
1°, while that of AgL shifted to 2° as shown in Fig. 2~b!. At
QAg515, the peaks of AgL shifted to 3°, but, that of Ga
still existed at 1°, as shown in Fig. 2~c!. The peak of SiK
also shifted to higherug with increases inQAg from 9° @Fig.
2~a!# to 14° @Fig. 2~c!#.

2. Growth of Ag on Si„111…-4Ã1-In
and 2A3Ã2A3-Sn surfaces

Figure 3~a! showsug dependencies of InL, AgL and SiK
emissions after 1 ML of Ag deposition on an Si~111!-431-In
surface. Behaviors of InL and AgL were very similar, sho
ing peaks at 1° and rapid decreases above 1°. After fur
deposition of 5 ML of Ag (QAg56), the maxima of InL and
AgL shifted to 2.5°, andug dependencies of InL and AgL
08531
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were still very similar, as shown in Fig. 3~b!. The peak of
SiK shifted from 13° to 17° asQAg increased from 1 to 6 as
shown in Figs. 3~a! and 3~b!.

Similar ug dependencies were observed during growth
Ag on an Si~111!-2A332A3-Sn surface. Figure 3~c! shows
the results atQAg55. Theug dependencies of SnL and Ag
were similar, although the peak of SnL (1.5°) was found
lower ug than that of AgL(3°). Theug dependence of SiK
showed a broad peak at 15°.

3. Growth of Au on Si„111…-A3ÃA3-Ga „1 ML …, 4Ã1-In,
and 2A3Ã2A3-Sn surfaces

Figures 4~a! and 4~b!, 4~c! and 4~d!, and 4~e! and 4~f!
showug dependencies of characteristic x-ray emissions m
sured during growth of Au on Si~111!-A33A3-Ga ~1 ML!,
431-In, and 2A332A3-Sn surfaces, respectively. These r
sults are similar to those of growth of Ag on the Si~111!-
-

c-

d
-
.

a

n

FIG. 4. ~a! and~b!, ~c! and~d!,
and~e! and~f! showug dependen-
cies of characteristic x-ray emis
sion during growth of Au on
Si~111!-A33A3-Ga ~1 ML!, 4
31-In and 2A332A3-Sn sur-
faces at room temperature, respe
tively. Values ofQAu are indicated
in the figures. Solid and dashe
curves areug dependencies calcu
lated by Monte Carlo simulation
In the calculation, model~a! in
Fig. 6 was assumed for the Au/G
system, while model~b! in Fig. 6
was assumed for Au/In and Au/S
systems.
6-3
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A33A3-Ga ~1 ML! shown in Figs. 2~a! and 2~b!. That is,
after deposition of 1 ML of Au, shapes ofug dependencies o
AuM and those of GaK, InL, and SnL were very similar,
shown in Figs. 4~a!, 4~c!, and 4~e!, respectively. After further
deposition of Au, the peak positions of AuM shifted to high
ug compared with those of GaK, InL, and SnL, as shown
Figs. 4~b!, 4~d!, and 4~f!, respectively. In all of the three
growth processes, broad peaks of SiK also sifted to higheug
with increases inQAu .

IV. DISCUSSION

A. Growth morphology

It is well known that Ag is adsorbed at the initial stage
growth of Ag on an Si~111!-737 surface at room tempera
ture, resulting in the formation of clusters at the faulted p
of 737 unit cells,14,15 and that larger islands are formed
higher coverages of Ag.16,17 The formation of islands is
clearly indicated by transmitted spots in RHEE
patterns.16,17 Growth of Au on an Si~111!-737 surface was
studied extensively.18–38 Although the grown Au film is
rather flat at high Au coverage,38 at the initial stage of this
growth the formation of fine particles was observed by sc
ning tunneling microscopy~STM! images,18 and RHEED
patterns showed weak transmitted spots characteristic o
land formation.39

On the other hand, during the growth of Ag and Au
A33A3-Ga ~1 ML!, 2A332A3-Sn, and 431-In surfaces,
RHEED patterns showed streaks but transmitted spots w
not observed as shown in Figs. 1~a!–1~f!. This means that
the grown films were smooth, and that the growth mode w
altered from an island growth mode to a layer-by-layer mo
by preadsorption of Ga, In, and Sn. This is similar
surfactant-mediated epitaxy, where in the growth of a se
conductor on a semiconductor surface such as Si/Ge
Ge/Si,1,2 the growth mode is altered from an island grow
mode to a layer-by-layer growth mode by preadsorption
small amounts of various elements. In the present stud
was expected that segregation of preadsorbed metals to
uppermost layers or intermixing between preadsorbed me
and grown metals would occur during growth if preadsorb
metals act as surfactants.

B. Atomic depth distribution

In the present study,ug dependencies of characteristic
rays from adsorbed metals and SiK showed different beh
iors. In addition, these dependencies changed as the cove
of grown metals increased. This is because theug depen-
dence changes according to the depths of elements. By u
these phenomena, atomic depth distribution can be anal
from ug dependence of characteristic x rays. Figure 5 sho
ug dependencies of characteristic x-ray emissions from v
ous layers in a 15-ML Ag film on an Si surface calculated
the Monte Carlo method40,41 for an incident electron energ
of 15 keV. The details of calculation were described in
previous paper.7 Theug dependence calculated for each lay
has a maximum, and the position of the maximum shifts
higherug as the depth of the layer increases. The experim
08531
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tal results ofug dependence can be explained as a summa
of contributions from specific layers.

In the present study, RHEED patterns showed streaks
can be seen in Fig. 1, indicating the formation of flat film
Therefore, atomic depth distributions were analyzed ass
ing that the films were flat. In the growth of Ag on aA3
3A3-Ga~1 ML! surface, both GaK and AgL had peaks at 1
at QAg51, as shown in Fig. 2~a!. This means that intermix-
ing between Ga and Ag occurred. AtQAg53, GaK showed a
peak at 1° but the peak of AgL had shifted to 2°, as sho
in Fig. 2~b!. This means that segregation of Ga to the upp
most layer had started. AtQAg515, GaK still showed a peak
at 1°, while the peak of AgL had shifted to 3°, and theug
dependence for GaK decreased more quickly than that
AgL, indicating the segregation of Ga to uppermost laye
Based on these results, the growth model of either~a! or ~b!
shown in Fig. 6 is proposed. Results of more detailed an
ses in order to distinguish these two models are shown
Sec. IV C.

In the growth of Ag on a 134-In surface, theug depen-
dencies of AgL and InL were very similar atQAg51 and
QAg56, as shown in Figs. 3~a! and 3~b!, indicating inter-
mixing between Ag and In. Thus, growth model~c! in Fig. 6
is proposed. Similarly, in the growth of Ag on a 2A3
32A3-Sn surface, the shapes ofug dependencies of SnL an
AgL at QAg55 were very similar, as shown in Fig. 3~c!, and
therefore growth model~c! in Fig. 6 is proposed for this
growth. A similar alloying growth mode was previously ob
served in the growth of Ga on a Si~111!-2A332A3-Sn sur-
face at room temperature.42

Similarly, theug dependencies of x-ray emission for th
growth of Au on A33A3-Ga ~1 ML!, 431-In, and 2A3
32A3-Sn surfaces shown in Figs. 4~a!–4~f! indicate the seg-
regation of Ga, In and Sn to the uppermost layers, and ei
growth model~a! or ~b! in Fig. 6 is proposed.

FIG. 5. ug dependencies of characteristic x-ray emissions fr
various layers in a 15-ML Ag film on an Si surface calculated by
Monte Carlo method for an incident electron energy of 15 keV. T
position of maximum shifts to higherug as the depth of layer in-
creases.
6-4
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ATOMIC DEPTH DISTRIBUTION AND EFFECTS OF . . . PHYSICAL REVIEW B 66, 085316 ~2002!
The growth mode of Ag observed in the present wo
differed from that of Ag on Si~111!-A33A3-Au, where Ag
grows on an Au layer. The latter may be due to the bond
energy of Au-Si,43 which is higher than the energy of Ag-S
bonding.43 However, it seems difficult to explain the mech
nism of site exchange only from the binding energy. F
example, in the present study, dissociation of Ga occu
when Ag was deposited on a Si~111!-A33A3-Ga ~1 ML!
surface, but in previous studies dissociation of Ag was
duced by Ga deposition on an Si~111!-A33A3-Ag
surface.42,44

During growth of Au on a Si~111!-737 surface, forma-
tion of particles was observed aroundQAu53 in an STM
study,18 and RHEED patterns during this growth show
weak transmitted spots characteristic of particles.39 However,
at highQAu , some Si atoms segregate to the uppermost
ers resulting in the formation of Au-Si silicide layers,36 and
the resultant Au film is flat.38 Thus, at highQAu , floating Si
may act as a surfactant. In the growth of Au on the th
metal-covered Si~111! surfaces, the possibility of existenc
of surface silicide layers could not be ruled out by analysis
RHEED patterns andug dependencies, and Si may exist
the uppermost layers at highQAu and act as a surfactan
However, the Au films grown on the three metal-cover
surfaces are flatter than is a Au film directly grown on
Si~111!-737 surface, since RHEED patterns during grow
of Au on the three metal-covered surfaces did not show
transmitted spots, as can be seen in Figs. 1~d!–1~f!. Thus the
surfactant effects of Ga, In, and Sn are also significant.

FIG. 6. Growth models of Ag and Au on Si~111!-A33A3-Ga~1
ML !, 431-In, and 2A332A3-Sn surfaces at room temperatur
Three kinds of growth modes are proposed depending on the de
of segregation of preadsorbed metals to the uppermost layers.~a! is
proposed for Ag/Ga and Au/Ga systems.~b! is proposed for Au/In
and Au/Sn systems.~c! is proposed for Ag/In and Ag/Sn systems
08531
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results of the present study indicate that the surfactant ef
in the growth of metals on metal-covered semiconductor s
faces is a general phenomenon.

Many different growth modes have been observed
other metal/metal/Si~111! systems at room temperature.
the growth of In on Si~111!-A33A3-Ga~1 ML!,4–6 Ga acts
as a surfactant and always exists at the third layer.4 In the
growth of Au onA33A3-Ag, substitution between Ag an
Au occurs after 1 ML of Au deposition, resulting in the fo
mation of Ag particles on a Au layer.7 With further deposi-
tion of Au, Ag clusters still exist in the upper parts of th
grown film. In the growth of Ga onA33A3-Ag,42,44 site
exchange between Ga and Ag occurs after 1 ML of Ga de
sition, resulting in the formation of Ag particles and a G
underlayer. During further Ga deposition, Ga surrounds
Ag particles. These results indicate that there are vari
possibilities for controlling the morphology of grown film
by preadsorption of other atoms, and control of the morph
ogy would be useful for fabricating and studying nanostru
tures with new functions. However, a high degree of therm
stability of grown films is required for the actual applicatio
of such films to device technology, and it may not be easy
obtain a high degree of thermal stability of such films.

C. Analysis by the Monte Carlo method

In the growth processes of Ag/A33A3-Ga ~1 ML!, Au/
A33A3-Ga ~1 ML!, Au/431-In, and Au/2A332A3-Sn
systems, segregation of preadsorbed metals to the upper
layers was observed, and growth modes in these proce
are thought to be either~a! or ~b! in Fig. 6. To distinguish
these two models, we tried to fit the experimental resu
with theoretical curves calculated by Monte Carlo simu
tion.

There are two kinds of fitting parameters. One is distrib
tion of elements. For Ag/A33A3-Ga ~1 ML!, it was as-
sumed that 0.25 ML of Ga is uniformly distributed in each
the first to the fourth layers atQAg515 ML, resulting in
total Ga coverage of 1 ML@growth model~a! in Fig. 6#. The
other is the detection probability of x rays as a function
depth, which decreases when the position of x-ray emiss
becomes deeper due to absorption and refraction. Unde
TRAXS condition, x rays emitted from shallow region
where evanescent waves exist in total reflection, are detec
However, in the present measurements, the window of
detection angle contained the total reflection angle and
angles slightly higher than the total reflection angle to o
serve x rays from deeper regions. In this case, as the en
of the x rays increases, the depth of the evanescent w
from the surface decreases, but the penetration length o
x rays increases. In this analysis, it was assumed that x
intensities decrease by a factor of 0.95 as the depth of
layer increases by 1 ML, independent of the x-ray ener
This value induces increment of the ratio of AgL relative
SiK by 25 times when the Ag coverage increases from 1
15 ML at highug , assuming the above depth distribution
Ag and Ga. This is roughly consistent with the experimen
results shown in Figs. 2~a! and 2~c!, where the relative ratio
increases by 28 times at 20°. The value of 0.95 correspo

ree
6-5
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to the depth of depletion length~23 Å! of evanescent waves
of x rays with an energy of about 0.55 keV. This depletio
length is longer than those of evanescent waves of SiK~7.1
Å, 1.74 keV!, AgL ~4.1 Å, 3 keV! and GaK~1.3 Å, 9.2 keV!,
and it is therefore thought that the detection angle of the
ray was higher than the total reflection angle. One poss
fitting is shown by solid and dashed curves in Fig. 2~c!. Both
experimental results for GaK and AgL are explained well
the simulated curves.

A growth model similar to that of growth model~a! in
Fig. 6 was proposed for the growth of Au on aA33A3-Ga
~1 ML! surface. It was assumed that 2/3 ML and 1/3 ML
Ga exist in the first and second layers, respectively. In t
analysis, the depletion factor of x-ray was assumed to
0.79. This value is smaller than the value of 0.95 used
Ag/A33A3-Ga ~1 ML!, which may result from differences
in detection angles, penetration lengths and refractive indi
of x rays in Ag and Au. The value of 0.79 corresponds to t
depth of depletion length~5.16 Å! of evanescent waves of x
rays with energy of about 2.4 keV, which is in the same ord
as the energy of characteristic x rays detected in the pre
work @1.74 keV ~SiK!, 2.2 keV ~AuM!, 3.2 keV ~InL!, 3.3
keV ~SnL! and 9.2 keV~GaK!#. This value should induce an
increment of the ratio of AuM relative to SiK by 3.5 time
when the Au coverage increases from 1 to 3 ML at highug ,
assuming the above depth distribution of Au and Ga. This
roughly consistent with the experimental results shown
Figs. 4~a! and 4~b!, where the relative ratio increases by 2
times at 30°. One possible fitting is shown by solid a
dashed curves in Fig. 4~b!. Experimental results for both
GaK and AuM are explained well by the simulated curve

For the growth processes of Au on 431-In and 2A3
32A3-Sn surfaces, both segregation of preadsorbed me
to the uppermost layers and intermixing between pre
sorbed and grown metals had to be assumed to obtain g
fitting results, and growth model~b! in Fig. 6 was proposed.
The results are shown by solid and dashed curves in F
4~d! and 4~f!. For Au/431-In, it was assumed that 0.22 ML
of In exists in the first layer and that each of the second
eleventh layers contains 0.078 ML of In, resulting in 1 ML o
total amount of In atoms, and the depletion factor was 0.
This value should induce increment of the ratio of AuM rel
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tive to that of SiK by about 12 times when Au covera
increases from 2 ML to 10 ML, which is close to the o
served increment, about ten times, as shown in Figs. 4~c! and
4~d!, at 30°. For a Au/2A332A3-Sn surface, it was assum
that 0.4 ML of Sn exists in the first layer and that each of
second to sixth layers contains 0.12 ML of Sn, resulting
ML of total amount of Sn atoms, and the depletion facto
x rays was assumed to be 0.79. This value should ind
increment of the ratio of AuM relative to SiK by eight tim
when the Au coverage increases from 1 to 5 ML at highug ,
assuming the above depth distribution of Au and Sn, whic
consistent with the experimental results shown in Figs.~e!
and 4~f!, where the relative ratio increases by nine time
30°.

From the results of the above fitting, growth model~a! in
Fig. 6 was proposed for Ag onA33A3-Ga ~1 ML! and Au
on A33A3-Ga ~1 ML!, and model~b! in Fig. 6 was pro-
posed for Au on 431-In and Au on 2A332A3-Sn. Since
only simple distributions of elements were assumed in
present fitting, the fitting may improve if more detailed d
tributions of elements are assumed.

V. SUMMARY

Growth modes of Ag and Au on three surfaces, Si~111!-
A33A3-Ga ~1 ML!, 431-In, and 2A332A3-Sn surfaces
at room temperature were studied by RHHED and chara
istic x-ray measurements as functions of incident glanc
angle of the electron beam. In all growth processes, inter
ing between preadsorbed metals~Ga, In, In, metalA) and
grown metals~Au, Ag, metalB) occurred after deposition o
1 ML of metal B. During further deposition, segregation
metalA to the uppermost layers occurred in the Ag/Ga
Au/Ga systems, while further intermixing between metalA
andB was observed in the Ag/In and Ag/Sn systems. In
Au/In and Au/Sn systems, partial segregation of metalA and
partial intermixing between metalsA and B were observed
The roughness of Ag and Au films was suppressed by pr
sorbed metals, resulting in the formation of flat films. Th
results suggest that the surfactant effect of a preadso
metal on metal growth on Si surfaces is a general phen
enon.
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