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Abstract

A �3�/�3-(Pb,Sn) surface was studied by means of scanning tunneling microscopy (STM) and core-level photoelectron

spectroscopy (PES) to identify its local atomic arrangement. Observed spots in STM were classified into three types, which were

white and gray (a), gray and white (b), and black and gray (g) spots in the filled- and empty-state images, respectively. The STM

images also showed a local 3�/3-(Pb,Sn) arrangement in the �3�/�3-(Pb,Sn) surface. Both Pb 5d and Sn 4d core-levels spectra

indicated that there were two components on the �3�/�3-(Pb,Sn) surface, and the peak positions and shapes of Pb 5d and Sn 4d

core-levels of the �3�/�3-(Pb,Sn) surface were almost the same as those of the �3�/�3-Pb and �3�/�3-Sn surfaces. Comparison

between the heights of the STM spots on the single and binary adsorbate surfaces and their core-levels spectra suggested that Sn and

Pb were located at a and b positions, respectively. The nominal coverage of the local 3�/3-(Pb,Sn) arrangement was determined to

be 1/9 and 2/9 ml for Sn and Pb, respectively. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The basic understanding of metal-semiconductor

interfaces is important from not only a purely scientific

point of view but also technological development. The

Pb/Si(111) and Sn/Si(111) systems are considered to be a

model system for an unreactive interface due to the

negligible mutual bulk solubility [1]. In both systems,

annealing of a Si(111) substrate deposited with 1/3 ml (1

ml for the Si(111) face�/7.8�/1014 atoms cm�2) cover-

age of Pb or Sn leads to a �3�/�3 reconstruction

surface [2,3], where both Pb and Sn are located at the T4

site [2,4]. When the coverage of Pb or Sn decreases to 1/6

ml, both the �3�/�3 phases change into �3�/�3

mosaic phases, which consist of alternating chains of Pb

(Sn) and Si adatoms in the T4 site with 1:1 Pb (Sn) to Si

ratio [2,3]. Thus, the atomic arrangement of Pb in a thin

layer on the Si(111) surface is very much similar to that

of Sn.

Recently, great attention has been focused on the

understanding of atomic arrangement and electronic

structure of binary adsorbates on the semiconductor

surface to control crystalline growth mode, such as

perfect flat interface and nano-dots [5,6]. In the case of

(Pb,Sn) binary adsorbates on the Si(111) surface, they

form unique 2�7�/3 and �7�/�3 structures at the

total coverage of 0.7�/0.8 ml [7�/9], although they are

immiscible in bulk. We have also observed that co-

adsorbates of Pb and Sn form a �3�/�3 reconstruction

at the total coverage of 1/3 ml. Therefore, it is interesting

to study local atomic arrangements and electronic

structures of (Pb,Sn) co-adsorbates at low coverage on

the Si(111) surface.

In this paper, the Si(111)�3�/�3-(Pb,Sn) surface at

single and binary adsorbates have been studied by

topographic scanning tunneling microscopy (STM)

and Pb 5d and Sn 4d core-level photoelectron spectro-

scopy (PES) in order to discriminate the adsorbate
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elements on the STM images and identify the local

atomic arrangement. It will be shown that Pb and Sn

form a local 3�/3 reconstruction and that the local

bondings of Pb and Sn for the binary adsorbate system

are almost the same as those for the single adsorbate

system.

2. Experimental

Specimens were mirror-polished n-type Si(111) wafers

with a resistivity of 3 Vcm in sizes of 15�/3�/0.5 and

15�/6�/0.5 mm3 for STM and core-level PES measure-

ments, respectively. In the STM measurement, the

specimen was placed on a manipulator under 1�/10�8

Pa base pressure in a conventional UHV chamber that

consisted of a commercial STM (UNISOKU-USM800)

vessel and a low energy electron diffraction (LEED)

optics with two evaporation sources for Pb and Sn. All

the STM images were obtained at tip biases up to 9/1.0

V and the tunneling current of 0.2 nA in a topographic

mode. Core-level PES experiments were performed at

beamline 5 A of a 0.75 GeV electron storage ring

UVSOR at the Institute for Molecular Science. In the

PES measurement, the specimen was placed on a

manipulator under 5�/10�9 Pa base pressure in the

UHV chamber equipped with a LEED optics, a hemi-

spherical electron energy analyzer (DE�/0.04 eV) with

an angular acceptance of 9/88 at the normal emission

angle, and two evaporation sources for Pb and Sn.

Excitation photon energy of 52 eV was used at the 458
incident angle in this study. The energy spread of

excitation photon was 0.04 eV. The binding energy

was determined from the Fermi edge of a Ta plate that

holds the Si wafer. The total energy resolution was

estimated to be about 0.10 eV from the Ta Fermi edge.

The substrate surface was cleaned by repeated direct

current heating for 5 min at no less than 1050 8C at

pressures below 2�/10�7 Pa. After the cleaning process,

a distinct 7�/7 LEED pattern was observed. The binary

metal adsorbates of Pb and Sn on the Si(111) surface

were prepared by their deposition and subsequent

thermal annealing in turn. Sn films of 1/6 ml were

deposited onto the Si(111)-7�/7 surface at RT and

annealed at 550 8C for 5 min to form a mixed domains

of the �3�/�3-Sn and 7�/7. Then, Pb films of 1/6 ml

were deposited onto the a mixed domains of the �3�/

�3-Sn and 7�/7 and annealed at a temperature of

300 8C for 2 min to form a Si(111)�3�/�3-(Pb,Sn)

surface, which was confirmed by LEED observation.

Since thickness of Pb and Sn deposited could not be

measured directly, they were monitored by a quartz

oscillator, which were calibrated with ex-situ Rutherford

backscattering spectrometry (RBS) measurements.

3. Results and discussion

Typical topographic STM images of the Si(111)�3�/

�3-(Pb,Sn) surface are shown in Fig. 1(a) for the filled
states and (b) for the empty states. Observed spots in the

STM images can be classified into three type of spots;

white and gray (a), gray and white (b), and black and

gray (g), in the filled- and empty-state images, respec-

tively. The arrangement of these spots are quite different

from those observed in �3�/�3 mosaic phases, which

consist of alternating chains of Pb (Sn) and Si adatoms

[2,3]. The averaged number ratio of these spots a:b:g is
42:52:6. Some atomic defects, which are seen as black

spots in both the filled- and empty-state images, are also

found on this surface. The average number ratio implies

that the spots a and b corresponds to the adsorbates Sn

and/or Pb and that the spots g is due to a Si adatom. A

local 3�/3-(Pb,Sn) arrangement is also noticed on the

�3�/�3-(Pb,Sn) surface. The number ratio a:b:g in this

3�/3 arrangement is 33:62:5. Although it is difficult to
distinguish Pb and Sn only from these STM images,

detailed comparison of corrugation pattern will give a

reasonable identification of these spots as shown later.

Corrugations along white lines in the STM images (a)

and (b) are shown in Fig. 1 (c) and (d), respectively. The

spot a is 0.03�/0.05 nm higher than b in the filled state

image and 0.02�/0.04 nm lower in the empty state

image. In order to determine the lateral position of the
bright spots on the �3�/�3-(Pb,Sn) surface relative to

the Si(111) substrate, STM images containing domain

boundaries between the �3�/�3-(Pb,Sn) and 7�/7

surfaces were obtained, as shown in Fig. 2. No steps

are included in this STM image. Referring to the STM

image of the 7�/7 domain, we find that the all spots are

located at the T4 site, which is the same position as those

of Pb and Sn in the single adsorbate �3�/�3 surface
[2,4].

The Pb 5d and Sn 4d core-level photoelectron spectra

were measured for mosaic �3�/�3-Pb, �3�/�3-Pb,

�3�/�3-(Pb,Sn), �3�/�3-Sn, and mosaic �3�/�3-Sn

surfaces to investigate the chemical states of Pb and Sn

adsorbates. Typical core-level PES spectra are shown in

Fig. 3. As is seen in Fig. 3(b) and (d), the �3�/�3-Pb

and �3�/�3-Sn surfaces show two major surface
chemical shift components in the Pb 5d and Sn 4d

core-level spectra, respectively. This is ascribable to

charge density wave [10] or dynamical fluctuation of Sn

adatoms between two different vertical positions above

T4 site [11], which are detectable on PES but not in STM

because of the z scale resolution limit and the difference

in the probing time scale [12,13]. The peak positions and

shape of Pb 5d and Sn 4d core-levels of the �3�/�3-
(Pb,Sn) surface are similar to those of the �3�/�3-Pb

and �3�/�3-Sn surfaces. This suggests that there is no

specific charge transfer between Pb and Sn at the �3�/

�3-(Pb,Sn) surface and that chemical states of Pb and
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Sn are almost the same as those of the �3�/�3-Pb and

�3�/�3-Sn surfaces. Since the minimum atomic dis-

tance between adsorbates in the �3�/�3 reconstruction

at the coverage of 1/3 ml is 0.665 nm, it may be

reasonable to have no direct interaction between Pb

and Sn adsorbates.

Fig. 1. STM images obtained from the �3�/�3-(Pb,Sn) surface at sample biases of �/1.0 V (filled state) (a) and �/1.0 V (empty state) (b). Spots are

classified into three type of spots; white and gray (a), gray and white (b), and black and gray (g) in the images (a) and (b), respectively. A �3�/�3

unit cell is indicated in the figure as well as 3�/3 unit cell. Corrugations along white lines in the images (a) and (b) are also shown below.

Fig. 2. STM images containing mixed domains of �3�/�3-(Pb,Sn)

and 7�/7 region at sample bias of �/0.5 V. The schematic illustration

of the area inside a hexagon drawn with gray solid lines is shown

below.

Fig. 3. Pb 5d and Sn 4d photoelectron spectra of mosaic �3�/�3-Pb

surface with 1/6 ml Pb coverage (a),�3�/�3-Pb with 1/3 ml Pb

coverage (b),�3�/�3-(Pb,Sn) (c),�3�/�3-Sn with 1/3 ml Sn coverage

(d), and mosaic �3�/�3-Sn with 1/6 ml Sn coverage (e) after

background subtraction. The solid lines show the components used

to fit the spectra and resulting fit. A Gaussian width of 0.42 eV, a

Lorentzian width of 0.28 eV, a spin-orbit split of 2.62 eV for Pb and

1.04 eV for Sn, a branching ratio of 0.80 for Pb and 0.67 for Sn, and a

singularity index a of 0.00 were used for all components.
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On the other hand, the Pb 5d and Sn 4d core level

spectra of the mosaic �3�/�3-Pb and mosaic �3�/�3-

Sn surfaces show one major surface chemical shift

component, respectively. The amounts of chemical shift

of Pb 5d and Sn 4d spectra of mosaic �3�/�3-Pb and

mosaic �3�/�3-Sn surfaces are similar to the compo-

nent at lower binding energy of Pb 5d and Sn 4d spectra

of �3�/�3-Pb and �3�/�3-Sn surfaces, respectively.

This result well agrees with the result reported pre-

viously [11,12,14]. These results indicate that Pb and Sn

atoms are stabilized at certain height or in one charged

state on the mosaic �3�/�3 surfaces. These results also

suggest that the Pb and Sn heights, or charged states,

stabilized at the mosaic �3�/�3 surface are similar to

those at the �3�/�3 surface.

Topographic STM images including domain bound-

ary of the 7�/7 and �3�/�3-Pb surfaces and that of the

7�/7 and �3�/�3-Sn surfaces were observed to com-

pare the height of the spots, as shown in Fig. 4. The 7�/

7 domains were included to supply a standard height for

comparison. From these images, it is found that both Pb

and Sn form only mosaic �3�/�3 phases, not �3�/�3

phases for the 1/3 ml coverage, at the regions next to the

7�/7 domain. For the mosaic �3�/�3-Pb (-Sn) surface,

it is reported that the STM images show clear different

height contrast between Si and Pb (Sn) adatoms [3,14];

both the Pb and Sn adatoms are seen as brighter spots

than Si adatom in the filled images. It is considered that

the spots height at Pb (Sn) adatoms in the mosaic �3�/

�3-Pb (-Sn) surface is similar to that in the �3�/�3-Pb

(-Sn) surface, because the amount of chemical shift of

Pb 5d (Sn 4d ) spectrum of mosaic �3�/�3-Pb (-Sn)

surface is similar to one of the two component of Pb 5d

(Sn 4d ) spectrum of �3�/�3-Pb surface, which is not

distinguishable in the STM image. Corrugations along

white lines drawn in Fig. 4 for the �3�/�3-Pb and

�3�/�3-Sn surfaces are also compared with each other

in Fig. 5. The Si adatoms in the mosaic �3�/�3

domains were 0.1�/0.15 nm lower (darker) than those

of Pb or Sn adatoms in the filled state images. The

averaged spot heights at Sn are 0.03�/0.05 nm higher

than those at Pb in the filled state image, while they are

0.05�/0.07 nm lower in the empty state image. This bias

dependence of the corrugation of Pb and Sn is closely

related to those of the spots a and b on the �3�/�3-

(Pb,Sn) surface in Fig. 1. Thus, we conclude that Sn and

Pb are located at a and b positions, respectively. Since Si

adatoms are easily replaced with Pb and Sn in �3�/�3

surface and their STM images at the Si adatom position

show black and gray spots in filled and empty state

images, respectively [15], it is considered that Si adatoms

are located at the g position. Finally, we propose the

local atomic arrangement of the 3�/3-(Pb,Sn), as shown

in Fig. 6. Then, the coverage of the local 3�/3-(Pb,Sn)

arrangement is determined to be 1/9 and 2/9 ml for Sn

and Pb, respectively.

Fig. 4. STM images of mixed domains of �3�/�3-Pb and 7�/7 at

sample biases of �/1.0 V (a) and �/1.0 V (b), and those of �3�/�3-Sn

and 7�/7 at sample biases of �/1.0 V (c) and �/1.0 V (d).

Fig. 5. Corrugations of the domains of �3�/�3-Pb (black lines) and

�3�/�3-Sn (gray lines) are shown along white lines drawn in Fig. 4,

including the 7�/7 domains for comparison. (a) the filled state image

(b) the empty state image.
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So far, Schmid et al. have firstly reported that STM

shows clear discrimination of two chemical species in a

metal alloy surface [16]. This is the first time on silicon

surface that two foreign metal adsorbates are distin-

guished by STM. Since the heights of adsorbates from

the Si first layer at the �3�/�3 surface are reported to

be 0.139/0.05 nm for Pb [17] and 0.239/0.03 nm for Sn
[18], respectively, it is interesting to examine the heights

of Sn and Pb at the �3�/�3-(Pb,Sn) surface to compare

single adsorbate with binary adsorbate. To determine

the heights of Pb and Sn at the �3�/�3-(Pb,Sn)

surface, and it will be helpful to use co-axial impact

collision ion scattering spectroscopy (CAICISS).

4. Conclusion

The �3�/�3-(Pb,Sn) surface was studied by STM

and core-level PES. The STM images at filled and empty

states were mainly classified into three types of spots

and all spots were located at the T4 site. Bias depen-

dence of local height contrasts was compared between

the �3�/�3-(Pb,Sn), the �3�/�3-Pb, and the �3�/

�3-Sn surfaces. From core-level PES, it was found that

there was no specific charge transfer between Pb and Sn

and that the chemical bonding state of Pb and Sn on the

�3�/�3-(Pb,Sn) surface was almost the same as those

on the �3�/�3-Pb and �3�/�3-Sn surfaces. Local
electronic structures (heights) at the Pb and Sn positions

were compared with each other in the STM images of a

mixed domain of the 7�/7 and �3�/�3-Pb (�3�/�3-

Sn) surfaces. From these results, atomic species on the

STM image of the �3�/�3-(Pb,Sn) surface was identi-

fied. It was also shown that the �3�/�3-(Pb,Sn) surface

had the local 3�/3 reconstruction.
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