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Scanning tunnelling microscopy observations at initial
stage of Cs adsorption on Si(111)-
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The growth and ordering behaviour of Cs adatoms at the initial stage of adsorption on the Si(111)-
p

3 ×
p

3-
Ag surface have been investigated using low-temperature scanning tunnelling microscopy (STM). It was
revealed that the Cs overlayer conducts two-dimensional gas–liquid–solid phase transitions by changing
the Cs coverage below 0.143 monolayer. The STM images show that the Cs adatoms adsorb on a specific
site in the unit cell of Si(111)-

p
3 ×

p
3-Ag structure and move around by hopping among the equivalent

sites in the liquid state. As the coverage increases, the Cs adatoms condense into the solid state, forming
the surface superstructure Si(111)-

p
21 ×

p
21-(Ag + Cs). Its atomic structure model was proposed based

on STM observations. Copyright  2005 John Wiley & Sons, Ltd.

KEYWORDS: gas; liquid; solid; scanning tunnelling microscopy; Si(111); two-dimensional

INTRODUCTION

Matter exists in three thermodynamic states—gas, liquid
and solid—depending on the temperature and pressure. In
the gas state, matter has no order in atomic arrangement
and the constituent atoms move around with high mobility;
in the liquid state, matter possesses short-range order and
the mobility of atoms becomes relatively much lower; in
the solid state, a crystal displays long-range order in atomic
arrangement and its constituent atoms have no mobility.
Phase transitions among the three states have been long
debated in physics,1 especially for two-dimensional systems
where the restricted degree of freedom brings about various
exotic phenomena.2

Atomic overlayers on solid surfaces usually qualify as
two-dimensional matter and have been utilized for studying
two-dimensional phase transitions. Among them, alkali-
metal atomic layers absorbed on metal and semiconductor
surfaces have been studied intensively and have provided
good test grounds for theoretical predictions. It was found
that K atomic layers on Cu(111)3 and Cu(001) surfaces4

induce a two-dimensional liquid–solid phase transition,
discovered in reciprocal space by low-energy electron diffrac-
tion (LEED). However, although the diffraction method
provides short- and long-range orders of average atomic
arrangements, it is necessary to obtain the local structure
and inhomogeneity in atomic arrangement in real space by
atomic resolution microscopy.

In the present study, by using scanning tunnelling
microscopy (STM), we find that Cs adatoms adsorbed on
the Si(111)-

p
3 ð p

3-Ag (
p

3-Ag in short hereafter) surface
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exhibit two-dimensional gas–liquid–solid phase transitions
by changing the Cs coverage in the submonolayer range.
The STM observations provide direct images of local
atomic arrangements in real space and also the mobility
of individual atoms.

The
p

3-Ag surface is used as the substrate in this study
because it is atomically smooth without any dangling bonds,
so the interaction between adatoms and substrate is known to
be very weak.5,6 This is an important requirement to prepare
two-dimensional matter. Foreign atom adsorptions on thep

3-Ag surface have been investigated quite widely so far.6 In
particular, the

p
21 ð p

21 surface superstructures are known
to appear by submonolayer adsorption of novel metals and
alkali metals. For Cs adsorption on this surface, the Si(111)-
6 ð 6-�Ag C Cs� superstructure and the Si(111)-

p
21 ð p

21-
�Ag C Cs� (

p
21-Cs in short hereafter) superstructure are

known to appear at around half a monolayer coverage.7

The present study, on the other hand, focuses on much
smaller amounts of Cs adsorption on the

p
3-Ag surface.

Such a dilute overlayer of Cs adatoms has been found
to be two-dimensional matter exhibiting two-dimensional
gas–liquid–solid phase transitions by changing the Cs
coverage, i.e. by changing the ‘pressure’.

EXPERIMENTAL

All experiments, including sample preparation by Ag and Cs
depositions on an Si crystal with the aid of reflection high-
energy electron diffraction (RHEED) and STM observations
(UNISOKU USM501), were carried out in an ultrahigh
vacuum chamber. The base pressure was 5 ð 10�11 Torr
and the pressure was kept below 3 ð 10�10 Torr during Cs
and Ag evaporations. The Si(111) crystal was a B-doped
p-type wafer with a resistivity of 2–10 � Ð cm at room
temperature and a size of 15 ð 3 ð 0.4 mm3. It was flashed

Copyright  2005 John Wiley & Sons, Ltd.



102 C. Liu, I. Matsuda and S. Hasegawa

up to ¾1200 °C by direct current flowing through the wafer
after sufficient prolonged degassing at ¾400 °C, resulting in a
clean Si(111)7 ð 7 surface. The

p
3-Ag surface was prepared

by evaporating Ag atoms of one monolayer (ML) from a
basket onto this clean surface at a substrate temperature of
¾520 °C. One ML here equals 7.8 ð 1014cm�2, the density of
the topmost Si atoms on the ideal Si(111)1 ð 1 surface. Both
surface structures were confirmed by RHEED observations.
After the crystal was cooled down to room temperature, very
small but controlled amounts of Cs atoms were evaporated
from a thoroughly outgassed commercial dispenser (SAES
Getters Inc.) onto the

p
3-Ag surface. Then the sample was

cooled down to 65 K by transferring it to a cold stage
for low-temperature STM observations. The Cs coverage
was determined directly from the STM images obtained, as
explained in detail later.

RESULTS AND DISCUSSION

Figure 1 shows STM images of the Cs-adsorbed
p

3-Ag
surface at various Cs coverages, displaying the Cs overlayers
in two-dimensional gas (a, b), liquid (c, d, e) and solid
phases (f), respectively. Figures 1(a) and 1(b) are for the gas
phase at a coverage of 0.01 ML, taken successively at an
interval of ¾100 s on an identical area. There are many bright

protrusions randomly distributed on a terrace. Most of them
display completely different positions in the two successive
STM images. By continuing the STM scanning on the same
area after these two images, we found that the positions of
the bright protrusions kept changing, which indicates high
mobility of the atoms. Because the protrusions were never
observed on the pristine

p
3-Ag surface before Cs deposition,

it is reasonable to assign the bright protrusions as Cs atoms.
This is proved later. Thus, from Figs 1(a) and 1(b) we see
that the Cs atoms (bright protrusions) exhibit high mobility
and are arranged randomly. These facts indicate that the
interaction between the Cs adatoms and the substrate is
very weak and the overlayer of Cs atoms is qualified as
two-dimensional matter in the gas state.

Increasing the Cs coverage makes the Cs overlayer
condense into a two-dimensional liquid state from the gas
state. Figures 1(c), 1(d) and 1(e) are STM images taken at the
Cs coverage of 0.09 ML, successively imaged on an identical
area at an interval of 150 s. As with those in Figs 1(a) and 1(b),
the bright protrusions in Figs 1(c)–1(e) are all Cs adatoms.
The density becomes much higher because the Cs coverage
is increased by ¾10 times from that in Figs 1(a) and 1(b).
The increase in Cs density makes the interactions among
Cs atoms grow much stronger, so that they are arranged in
short-range order. This is evidenced in the STM images by the

Figure 1. Topographic STM images taken at 65 K for Cs adsorptions on the
p

3-Ag surface with various coverages. The size of each
image is 30 nm ð 30 nm. (a,b) The gas-phase image at a Cs coverage of 0.01 ML and the image taken in the same area at an interval
of 100 s; Vtip D �0.75 V, It D 0.75 nA. (c—e) The liquid phase at 0.09 ML coverage with a scanning interval of 150 s; Vtip D 2.00 V,
It D 1.00 nA. (f) The solid phase at 0.14 ML; Vtip D 2.00 V, It D 0.75 nA. (g) The RHEED pattern after the STM image (f) was taken;
incident azimuth is [112] and the primary electron energy is 14.5 keV.
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fact that most of the nearest-neighbour atoms are separated
from each other by similar spacing. This is more evident
with a Fourier-transformed pattern (not shown here), which
shows short-range order in atomic arrangement (details will
be published elsewhere). Furthermore, some of the Cs atoms
denoted by black circles in Figs 1(c)–1(e) obviously change
their positions in successive images. We found three kinds
of movement of the atoms in these STM images, as indicated
by arrows A, B and C, respectively. Atom A hops back and
forth between very close sites; atom B hops to a close site
(from (c) to (d)) and then stops moving (from (d) to (e));
atom C stays at a site from (c) to (d) and then hops to a fairly
distant site (from (d) to (e)). By continuing to image, other
atoms were observed to move too. Thus we consider that
the movable atoms should not be limited to those denoted
by black circles here; rather, most of the atoms move in a
long time scale. But their mobility is so low that most of
them seem to be at a standstill in a few successive STM
images. The hopping rate of Cs atoms is estimated from
these STM images to be ¾0.02 hops min�1 and it increases
as the Cs coverage decreases. This is a very low hopping
rate because of the temperature of 65 K. It is reasonable to
believe that at a higher temperature the hopping rate should
be much larger. Actually at room temperature we could not
obtain STM images like Figs. 1(c)–1(e) because the Cs atoms
move around very rapidly on the surface (so it should be
a gas phase at room temperature). Thus, because the Cs
overlayer exhibits short-range order in atomic arrangement
and possesses a low mobility at 65 K, we conclude that it is
in a two-dimensional liquid state.

As the Cs coverage is increased to 0.14 ML, the Cs
overlayer condenses further into a two-dimensional solid
phase, forming the

p
21-Cs surface superstructure whose

STM image is shown in Fig. 1(f). There are two domains
rotated by 21.78° with respect to each other and separated
by a domain boundary in the image. Two unit cells of thep

21-Cs surface in the respective domains are denoted by

quadrangles. The unit cell contains three bright protrusions,
i.e. three Cs atoms, therefore we make a conclusion that the
saturation coverage for the two-dimensional solid phase of
the Cs overlayer is 3/21 D 0.143 ML.

This
p

21-Cs surface structure exists only at low tem-
perature. After Cs atoms of 0.14 ML were deposited on thep

3-Ag surface at room temperature, the RHEED pattern dis-
played no change; it shows diffraction spots of the

p
3-Ag

structure only and no existence of the
p

21-Cs structure. But,
by cooling the sample down to 65 K, the

p
21-Cs structure

is formed. Figure 1(f) is for the sample made in this way.
After this STM observation at 65 K, the RHEED pattern dis-
played sharp diffraction spots of the

p
21-Cs structure as

shown in Fig. 1(g), therefore this ‘two-dimensional solid’ is
formed at 65 K by ‘freezing’ the two-dimensional gas phase
at room temperature. It should be noticed here that this

p
21-

Cs surface structure formed at low temperature is not the
same as that formed at room temperature with a much higher
coverage.7 They are different not only in the preparation tem-
perature but also in Cs coverage by more than three times.

A question left here is whether the bright protrusions
in Fig. 1 are individual Cs atoms or clusters. Figure 2(a) is
an enlarged high-resolution STM image where, in addition
to bright and round protrusions, the

p
3-Ag substrate is

imaged; a unit cell (denoted by a quadrangle) and domain
boundary of the substrate of

p
3-Ag surface are also identified

clearly. We believe that the protrusions in the STM images
show mainly the topographical shape because even at high
Cs coverage where the

p
21-Cs structure is formed the

positions of protrusions stay unchanged when we change the
polarization of the tip bias. Figure 2(b) shows cross-sections
along lines AB and CD in Fig. 2(a), from which the diameter
of the round protrusions is estimated to be ¾0.63 nm.
Figure 2(b) also shows that they have approximately the
same vertical height. A line profile along line EF across a
step edge in Fig. 2(c) is shown in Fig. 2(d), from which, by
comparing the monatomic step height, we estimate the height
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Figure 2. Topographic STM images taken at 65 K at a Cs coverage of 0.09 ML for calibrating the size of the bright protrusions:
(a) enlarged STM image of size 9 nm ð 6 nm �Vtip D 1.50 V, I D 1.00 nA�; (b) profiles along lines AB and CD in (a); (c) STM image of
size 42 nm ð 42 nm, taken on an area containing a step edge �Vtip D 2.50 V, I D 1.00 nA�; (d) profile along line EF in (c).
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Figure 3. (a) Topographic STM image at a Cs coverage of 0.12 ML with a
p

3 ð p
3 grid superimposed �20 nm ð 20 nm, Vtip D 1.5 V,

I D 1.00 nA�. (b) Schematic of Cs adsorption sites on a
p

3 ð p
3 grid. (c) Statistics of the Cs adsorption sites.

of the protrusions on terraces to be ¾0.41 nm. Because the
lateral diameter and height are generally imaged in STM to be
larger and smaller, respectively, than the real sizes of objects
due to a finite size of the very end of an STM tip, the real
lateral size of the protrusion is <0.63 nm and the real height is
>0.41 nm. Because, on the other hand, the ionic and covalent
diameters of Cs atoms are 0.34 nm and 0.52 nm, respectively,
it is hard to think that one protrusion contains two or more
Cs atoms or ions. Considering the fact that the substrate
of the

p
3-Ag surface does not appear to be destroyed (as

shown in Fig. 2(a)), no Ag or Si atoms are released from
the substrate to aggregate into such protrusions, therefore
we believe that each protrusion corresponds to a single
Cs atom. Based on this conclusion, we determined the Cs
coverage by counting the densities of protrusions in the
STM images.

The short-range order in the atomic arrangement of the
Cs overlayer in the liquid state and the long-range order
in the solid state suggest that the Cs atoms may have
preferred adsorption sites. To find it, we superimpose ap

3 ð p
3 grid on the STM image shown in Fig. 3(a), where

the substrate of the
p

3-Ag structure can be recognized.
The vertexes of the grid are located on the centre of Si
trimers in a so-called ‘honeycomb-chained-triangle’ (HCT)
model13 or an ‘inequivalent triangle’ (IET) model17 for thep

3-Ag structure. With the reference of the
p

3 ð p
3 grid,

the adsorption sites of Cs atoms are classed into three types
as schematized by A, B and C in Fig. 3(b). Three Cs atoms
denoted as A, B and C in Fig. 3(a) are selected as examples.

We count the numbers of each adsorption type, finding
that they appear in nearly equal probabilities as shown in
Fig. 3(c). To understand this result, two other atoms D and
E are illustrated in Fig. 3(b). They occupy the same positions
as atom B and atom C with respect to the superimposedp

3 ð p
3 grid, respectively. By regarding atom D with respect

to the equivalent
p

3 ð p
3 unit cell denoted by the white

quadrangle, we find that it is equivalent to atom A. Using
atom E, atom C is also found to be equivalent to atom
A. Thus, these three types of adsorption sites A, B and C
are essentially the same, and all the atoms adsorb on an
identical site in the

p
3 ð p

3 unit cell. It is worth mentioning
that the STM image in Fig. 3(a) contains not only an area of
liquid phase but also an area of solid phase (local surface
structure of

p
21-Cs), and so this finding can be used for

constructing the atomic structure of the
p

21-Cs surface as
discussed below.

In past research on Au and Ag adsorptions on the
p

3-Ag
surface, Au and Ag atoms were thought to adsorb on the
centre of Ag triangles8 – 11 or on Si trimers12 in the HCT or
IET models. However, by analysis of Fig. 3 it is revealed that
Cs adsorption is evidently a different case in which the Cs
atoms sit on a site above the H3 sites of the second Si layer,
as illustrated in Fig. 4(a). We tentatively call it the ‘above
H3’ site.

Although the HCT model was used widely in demon-
strating foreign atom adsorption on the

p
3-Ag surface, recent

research5,14 – 16 has found that another model, the IET model,17

is more reasonable for the atomic structure of the
p

3-Ag
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Figure 4. Schematics illustrating the Cs adsorption site based
on the two atomic structure models of the

p
3-Ag surface:

(a) on the HCT model; (b) on the IET model; (c) an atomic
structure model of the

p
21-Cs surface based on the

IET model.

surface. We show a schematic in Fig. 4(b) for the Cs atom
adsorbing at the ‘above H3’ site in the IET model. Based on
the STM image in Fig. 3 with the finding that Cs atoms sit
upon the ‘above H3’ sites only, we propose an atomic struc-
ture model for the

p
21-Cs surface in Fig. 4(c) by assuming

that the framework of the
p

3-Ag substrate is not severely
destroyed by the Cs adsorption. The relative positions of
Cs atoms in the

p
21 ð p

21 unit cell are naturally consistent
with those of the three bright protrusions in STM images of
the

p
21-Cs surface.

The above model of the Cs adsorption site is based
mainly on STM observations but we have to mention
that with only STM images definite positions of Cs atoms
cannot be decided precisely, and we cannot deny the
possibility that with Cs adsorption the Ag atoms may change
their positions slightly from the original ones in the

p
3-

Ag structure. Further research, such as x-ray or electron

diffraction, is needed to determine definite positions of the
Cs atoms.

SUMMARY

The initial stage of Cs adsorption on the
p

3-Ag surface has
been investigated by STM at 65 K. The Cs overlayer can
be viewed as two-dimensional matter and conducts two-
dimensional gas–liquid–solid phase transitions when the
density of Cs atoms is increased. In the two-dimensional
gas and liquid phases the Cs atoms are movable. The two-
dimensional solid phase is the

p
21-Cs surface superstructure

that existed only at low temperatures. By estimating the
size of bright protrusions in STM images, we find that each
protrusion corresponds to a single Cs atom. It is revealed that
there are three Cs atoms in a unit cell of the

p
21-Cs structure,

so that the saturation coverage of Cs for the two-dimensional
solid phase is calculated to be 0.143 ML. The Cs atoms on
the surface of

p
3-Ag are observed to prefer adsorbing on

the ‘above H3’ sites. Based on this conclusion, we propose an
atomic structure model for the

p
21-Cs structure with the Cs

coverage of 0.143 ML.
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