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Abstract

By means of STM we have been able to analyze in real time the complex dynamical processes that take place at room
temperature in the interface between Pb/Si(111)-(1 x 1) and 1/3 ML a-Pb/Si(111)-(1/3 x +/3)R30° reconstructions.
We have found that the border between these reconstructions is highly mobile, showing a fluctuating character between
1 x I regions and defect free areas presenting the a-(1/3 x 1/3)R30° reconstruction. These fluctuations involve a large
number of atoms in cooperative movement as well as atom recombination in the border of the two reconstructions. The
intrinsic character of these effects versus possible STM influence has been analyzed and discussed, and a field-induced
diffusion mechanism is tentatively suggested. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pb deposition on Si(1 1 1) surfaces [1-11] can be
considered a model system for the analysis of
atomic mobility processes with STM. This is
mainly due, on one hand, to the relatively low
reactive interfaces they form (its mutual bulk sol-
ubility is negligible), and, on the other hand, to the
adequacy between the rate of atomic motion at
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room temperature (RT) and typical scanning
speeds of STM. In previous works, we have al-
ready studied the dynamical processes involved in
the first stages of Pb adsorption at RT on Si(1 1 1)-
(7 x 7) surfaces [12,13]. In the present work we
have focussed our attention on two Pb/Si(111)
phases that can coexist at RT at submonolayer
coverage on annealed samples, i.e. Pb/Si(111)-
(1 x 1) and 1/3 ML a-Pb/Si(111)(1/3 x +/3)R30°
(R3 in the following). By means of STM we have
been able to analyze in real time the complex
processes that take place at RT in the 1D interface
between both reconstructions. Our measurements
show that this interface is highly mobile at RT, in
accord with a very recent work by Slezdk et al.
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[14], and displays a fluctuating character between
1 x 1 regions and defect free areas presenting the
R3 reconstruction. The intrinsic character of these
effects versus possible STM influence is analyzed
and discussed.

2. Experimental

The experiments were carried out in an ultra-
high-vacuum (UHV) system composed of two
interconnected UHV chambers. The first one
contains a home-made beetle-type STM. The sec-
ond chamber is equipped with low energy electron
diffraction (LEED), Auger electron spectroscopy
(AES), sample and STM-tip transfer and heat-
ing capabilities, several interchangeable evapora-
tion cells, a quartz crystal microbalance and a
quadrupole mass spectrometer (QMS). The
base pressure of both chambers is below 5 x 10!
Torr.

Clean reconstructed Si(1 1 1)-7 x 7 surfaces were
prepared by flashing the samples (p-type B-doped
Si(111), resistivity = 0.01 ohmem) at 1150°C,
after carefully degassing at 600°C for several
hours. The samples were then slowly cooled down
to room temperature (RT). Samples which pre-
sented at RT a coexistence of (1 x 1) and R3
phases were prepared by depositing ~1 monolayer
(ML) of Pb on Si(111)-(7 x 7) at RT at typical
rates of 0.05 ML/min (IML is defined as the sur-
face atomic density of the Si(111) surface, i.e.
7.84 x 10" atoms/cm?), and subsequent annealing
at ~450°C during 4-5 min. Pb was evaporated
from a home-built evaporation cell consisting of a
Ta boat heated by a filament by electron bom-
bardment. During the evaporation the residual
pressure in the UHV chamber remained below
1 x 107'° Torr and the evaporation rate was
monitored by a quartz crystal microbalance and a
QMS.

STM data were acquired with a fully automated
workstation which incorporates digital feedback
control based on DSP (digital signal processor)
technology [15]. STM was operated in the constant
current mode with variable sample voltages be-
tween —2 and +2 V and typical tunnel currents in
the range of 0.1 to 1 nA.

3. Results and discussion

STM images of samples prepared by the above
mentioned procedure reveal that the surface is
composed at RT of regions which present a Pb/
Si(111)-(1 x 1) reconstruction along with others
presenting a R3 reconstruction. The coexistence of
these two phases at RT is illustrated in the large
scan STM data shown in Fig. 1(a), where the most
brilliant areas correspond to (1 x 1) and the others
to R3. It has been reported [4,5] that, for sub-
monolayer coverage, two different R3 phases exist
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Fig. 1. (a) STM image of Pb/Si(111) showing the coexistence
of (1 x 1) and R3 phases at RT. The image size is 30 x 27 nm?,
the sample voltage is —1 V and the tunnel current is 0.2 nA. (b)
8 x 8 nm’ atomic resolution STM image of the R3 phase
measured at a sample voltage of —1 V and a tunnel current of
0.5nA. (c) 4.2 x 4.2 nm?, atomic resolution image of the (1 x 1)
phase (sample voltage —0.15 V; tunnel current 0.4 nA).
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at RT. For a nominal coverage of 1/3 ML, i.e. one
Pb atom per unit cell, a R3 pure Pb phase (or o
phase) would ideally be found, composed of Pb
adatoms sitting on Ty sites on a bulk terminated
Si(111) surface. For nominal coverages of 1/6 ML
it is found a more stable R3 mosaic phase (or y
phase), consisting of a mixture in equal amounts of
Pb and Si adatoms [4,5,16] sitting both on T sites.
While the mosaic phase can be routinely obtained,
the experimental preparation of large domains of
pure Pb o-R3 phase is a formidable task. In
practice, between 1/3 ML and 1/6 ML local cov-
erage, a pure Pb R3 phase with increasing number
of defects (i.e., mainly substitutional Si adatoms,
and some vacancies) is obtained. This defective a-
R3 phase, which has also been denoted as a solid
solution Si;_yPby/Si(111) [17], is the one that is
the object of the present study in relation to the
(1 x 1)-phase. In contrast to the R3 case, the
atomic structure of the (1 x 1)-Pb reconstruction
found at RT is not very well known. It has been
observed experimentally using several techniques
as STM [5], LEED [5] and reflection high energy
electron diffraction (RHEED) [19]. STM images
display hexagonal arrays of protrusions with the
(1 x 1) periodicity of the Si substrate [5,10,17,18].
It has been proposed that those protrusions cor-
respond to Pb atoms occupying T, sites [11], i.e.
the local coverage would be one Pb atom per unit
cell. In contrast, Seehofer et al. [10] have proposed
that the STM (1 x 1) pattern do not correspond to
single Pb atoms but to the result of an averaging
process of the highly mobile adsorbates resulting
in preferential residence sites. Fig. 1 displays typ-
ical atomic resolution images of both phases (R3
in Fig. 1(b) and (1 x 1) in Fig. 1(c)). For the R3,
the difference between lead adatoms and defects
(dark in Fig. 1(b)) was realized according to
spectroscopic criteria described elsewhere [16].
According to STM images, at RT the bound-
aries separating (1 x 1) and R3 domains are rather
mobile. An indication of it can already be obtained
from careful inspection of the bottom right part of
Fig. 1(a), where some strikes can be found in the
boundary of the (1 x 1) region. A systematic in-
vestigation of these fluctuations was undertaken
by measuring long series of STM movies (i.e. se-
quential STM images) in the boundaries between

(1 x 1) and R3 domains. The same area spot could
be tracked for long times thanks to an STM-drift
compensation scheme already described [12]. Fig.
2 shows four frames extracted from one of those
STM movies measured on a boundary between a
R3 island and a (1 x 1) region at low sample bias
voltage (4+0.15 V). Atomic resolution can be vi-
sualized in both phases simultaneously. As it can
be observed, the small R3 island on the left of Fig.
2(a) enlarges in Fig. 2(b) until it reaches the two
defective regions in the right, oscillates in Fig. 2(c)
and reduces again to the original size in Fig. 2(d).
The changes mainly happen in the R3 defect free
area, while the highly defective areas remain al-
most the same. This fact, observed in most STM
movies, suggests that the defects (Si adatoms and
vacancies) can act as pinning centers for these
fluctuations. Nevertheless, in some cases, the de-
fects found on the boundaries can change its lo-
cation relative to the R3 layer. This is illustrated in
Fig. 3, where some selected frames of another
STM movie, measured also at low bias voltage
(+0.15 V), are shown. The circles in the figure
outline the same spot in the R3 region. As the
boundary fluctuates, the disappearance ((b) and
(d)) and the change of location (c) of one R3 defect
(a) can be observed. This means that fluctuations
in the boundaries do not correspond to an over-
layer of extra Pb adatoms which grows over the
R3 regions, but that a complex rearrangement of
the atomic positions of both phases must be ac-
complished.

A crucial issue that must be addressed is the
nature of such complex processes that may involve
a large amount of atom displacements at RT.
Similar oscillations as those presented here have
been reported very recently by Slezak et al. [14]
and they were interpreted as the result of thermal
fluctuations of the complex 1D interface. STM
influence was only detected for temperatures
above 210°C when Pb atoms can be desorbed from
the surface. No effect was reported, however, for
temperatures below this threshold. In the present
work, we have undertaken a thorough study of
STM influence on such fluctuations. As a first test,
STM images were measured on the same areas
under different sample bias voltages. Fig. 4 shows
the result of one of those measurements. The same
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Fig. 2. Frames extracted from an STM movie showing fluctuations between a R3 island and the surrounding (1 x 1) region. The image
size is 11 x 11 nm?, and the tunneling conditions are +0.15 V and 0.1 nA. The starting time for each frame is (a) 0's, (b) 64 s, (c) 96 s,
(d) 192 s. The contrast in the images has been enhanced by merging the topography with its derivative in order to visualize the atomic

resolution in both phases.

region was imaged first at +1 V (a), then at —1 V
(b), back again at +1 V (c) and afterwards at —2 V
(d). As it is clearly observed in this figure, the
fluctuations are strongly influenced by the bias
voltage. At negative sample voltages, the (1 x 1)
region expands by diminishing the area of the R3
island seen in the middle of the figure. This reflects
a tendency that was very often observed while
scanning at relatively high voltages at negative
sample polarity. At positive sample polarity a
much slighter tendency in the opposite direction
was observed.

In order to verify this point, other experiments
were carried out where the STM tip was placed on

R3 regions close to boundaries with the (1 x 1)
and held statically without scanning (at typically
20-30 A distance from the boundary) while the
sample voltage was changed to higher absolute
values (maintaining the feedback loop closed)
during some seconds. Fig. 5 shows the result of
one of those voltage pulses at negative sample bias.
The region in the figure was first scanned at low
bias (+0.15 V) (a), then a negative sample pulse of
—3 V was applied for 25 s on the R3 spot marked
with a cross and scanned again at low bias voltage
(b). As deduced from the figure, the (1 x 1) region
has expanded to the location where the volt-
age pulse was applied. In order to have reliable
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Fig. 3. Frames extracted from an STM movie measured on a boundary between (1 x 1) and R3 regions. The circles indicate the same
spot in the surface (see main text). The starting time for each frame is: (a) 0's, (b) 352s, (¢c) 1376 s, (d) 1504 s. Image size: 11 x 11 nm?.

Tunneling conditions: ¥ = +0.15 V, I = 0.2 nA.

statistics, more than a hundred pulses (of different
voltage magnitude) were applied on different
samples with different tips. Fig. 6 summarizes the
results of these pulses at negative sample polarity.
The percentage of successful pulses (i.e., leading to
a R3 into (1 x 1) transformation) is displayed
versus the magnitude of the pulse. For negative
voltages lower in absolute value than a threshold
that, although it was slightly tip dependent, lay
around —1.5 V no significant influence was de-
tected (at 20-30 A distance from the boundaries).
In contrast, for voltages in the range of —2 V to
—4.5 V more than 50% of the pulses lead to in-
duced transformations. For negative voltages

higher in absolute value than —4.5 V, desorption
processes from the surface started to be apparent.
On the contrary, when positive sample voltages
were applied, no significant STM induced varia-
tions on the boundaries were detected.

The transformation of a R3 into a (1 x 1) region
implies that some extra Pb atoms are needed since
the density of the (1 x 1) phase is higher than the
atomic density in the R3. An important question
to discuss is the origin of these atoms. One possi-
bility could be that some Pb could come from
some Pb hanging from the tip apex. A negative
sample voltage pulse would induce the transfer of
Pb atoms from the tip to the sample. This expla-
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Fig. 4. 30 x 19 nm? STM images measured sequentially on the
same area at different sample bias voltages ((a) +1 V, (b) =1 V,
(¢) +1 V, (d) —2 V). The tunnel current for all images is 0.1 nA.
The contrast in the images has been enhanced by merging the
topography with its derivative.

nation, however, has to be rejected mainly based
on two types of observations. On one hand, the
detachment of atoms from the tip would in most
cases imply a change in the STM resolution in

Fig. 5. STM images showing the effect of a —3 V sample
voltage pulse of 25 s applied on the R3 spot marked by a cross
in (a). The same area (15 x 15 nm?) was scanned before (a) and
after the pulse (b) at a sample voltage of +0.15 V and 0.2 nA.

subsequent imaging. As it is illustrated in Fig. 5
this is not the case in most of the voltage pulses in
the range from —2 to —4.5 V. On the other hand,
atom transfers between tip and sample can indeed
be observed for voltage pulses higher in absolute
value than ~4.5-5 V. At negative sample polarity,
however, this high voltage pulses results in the
detachment of Pb atoms from the surface and not
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Fig. 6. Histogram showing the percentage of pulses applied on
the R3 region leading to (1 x 1) transformation (successful
pulses) versus the magnitude of the sample voltage pulse.

in R3 to 1 x 1 transformations. These observa-
tions rule out an explanation based on tip-sample
atom transfer. This means that the extra Pb atoms
must be the result of in-plane motion. In fact, it
has been observed in the course of the present
experiments that transformations of R3 regions
into (1 x 1) as a consequence of a voltage pulse
is accompanied by reciprocal transformations of
(1 x 1) areas into R3 far away from the tip posi-
tion.

All the results shown above suggest that the
electrical field between the tip and the sample may
certainly have an influence on the boundary fluc-
tuations. STM field-induced surface diffusion was
reported for the first time for Cs atoms on GaAs
(110) surfaces by Whitman et al. [20] and has
since then been reported for other adsorbates on
semiconductor and metal substrates (see, for in-
stance, Refs. [21-23]). This effect is explained [20]
as the result of the modification of the effective
potential energy distribution on the surface due to
the presence of the inhomogeneous electric field
(E) by an amount:

Ua(r) = —RE(r) — 5 oLE (1)) (1)

where p is the static dipole moment and o is the
atom polarizability. The electric field potential
energy gradient (in the radial direction under the
tip) will result in a driving force:

dUeff/dr ~ —(,u + O(E)dE/dV (2)
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For the present experiments, the advancement of
(1 x 1) regions towards the area under the tip
when negative sample voltages are applied, while a
much slighter effect and in the opposite sense when
positive sample voltages are applied, could suggest
that an effective static dipole moment exist in
(1 x 1) regions. Thus, when negative sample volt-
ages are applied, atoms from the high coverage
(1 x 1) phase, which could be very mobile as
mentioned above, would feel an effective driving
force towards the area under the tip, increasing in
that way the local coverage, and enhancing the
probability to transform from the R3 to the
(I x 1) phase. At high positive sample voltages no
driving force, or a very small one, would be pre-
sent. In the context of such a simple model, a very
rough estimate of the permanent atomic dipole
moment necessary to compensate the induced di-
pole at positive voltages would yield an upper limit
for the dipole moment of 0.2 e~ A. ! This is not in
accord with the dipole charge of opposite sign and
lower limit (0.05 e~ per surface atom) estimated
from photoemission experiments on a different
Si(111)(7 x 7)-Pb surface phase [6]. Nevertheless,
charge transfer from Si adatoms to Pb adatoms in
the R3 mosaic phase has been deduced from
photoemission [8] and STM experiments [16].
The present data suggest that STM influence is
not negligible at high negative bias voltages but
cannot ascertain the intrinsic character of the
fluctuations at low voltages. Further investigations
are needed to clarify such complex behavior of the
interface between (1 x 1) and R3 phases.

4. Conclusions

Complex dynamical processes take place at the
interface between Pb/Si(111)-(1 x 1) and R3
phases. By means of STM we have been able to
visualize fluctuations at the boundaries between
domains of different reconstructed regions; these

! This order of magnitude rough estimation is based on an
effective polarizability of the Pb atom, o~ 7 A3 [24] and a
strength for the electric field of 0.5 V/A, typical in STM
experiments.
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fluctuations have been resolved with atomic reso-
lution for the first time. We have analyzed whether
the fluctuations are intrinsic or STM induced and
shown that at high bias voltages the STM electric
field influence is not negligible. For high negative
sample polarity Pb atoms from the (1 x 1) phase
are driven towards the region under the tip when
high voltages are applied, enhancing the proba-
bility to transform from the R3 to the (1 x 1)
phase.
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