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Abstract
Initial adsorption processes of halogen atoms on a Si(111)-(7 × 7) surface were
studied by means of scanning tunnelling microscopy (STM). The adsorption
sites of halogen atoms were clarified directly with STM, and the results
were compared with the partial coverage at each site, estimated previously
from surface differential reflectance and thermal desorption spectroscopic
analyses. The microscopic geometry of the atomic structure showed a good
correspondence with the optical measurements, especially in terms of the
density of the reacted sites. Bromine atoms were predominantly adsorbed
near already adsorbed bromine, while chlorine atoms were almost randomly
adsorbed. Polybromide formation occurred at coverage levels above 0.1 ML.
Bromine atoms break the back-bonds of Si adatoms at lower levels of coverage
than do chlorine atoms. The reason for the difference in adsorption behaviour
between chlorine and bromine is discussed.

1. Introduction

Precise control of surface structures on a silicon wafer at the atomic level is critical for
producing highly integrated circuits on a nanometre scale with sufficient reliability, and many
researchers have investigated atomic processes on silicon surfaces. Halogen etching is widely
used to generate nanoscale patterning with the aid of a resist layer. However, it is also
possible, by controlling the preferential adsorption/desorption of the halogen, to produce
nanostructures on a silicon surface without a resist layer [1]. Ogino et al reported patterning
at the submicron scale without using photo-resist [2, 3]. Therefore, self-organization of silicon
or silicon halide may provide a means to achieve nanoscale patterning. Such an approach
would require a detailed understanding of the bond formation/deformation of halogen atoms
on silicon surfaces during adsorption/desorption. The structure of the Si surface in the etching
process was examined in detail by Weaver and his co-workers [4], and Sakurai and Nakayama
theoretically calculated the energies of the structures that might be generated in order to
analyse the activation path [5, 6]. Wijis and Selloni calculated the energy changes associated
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Figure 1. Schematic model of Si(111)-(7×7) DAS structure. Corner adatoms, which are adjacent
to the corner holes (hatched), are shown as filled circles, while the other adatoms, called centre
adatoms, are shown as gradated circles.

with halogen adsorption on Si(001) to evaluate bond formation [7]. To analyse the process,
especially the energy, precise estimation of halogen coverage is required and an understanding
of the geometric configuration is essential for identifying the reaction path. Among silicon
surfaces, the (111) surface is the best studied because of the variety of reaction paths arising
from its complex structure, i.e., the well known 7×7 surface reconstructing to dimer–adatom–
stacking-fault (DAS) structure (figure 1) [8]. Here, we describe atomic-scale patterning on a
Si(111) surface at very low coverage of halogen adsorbates, observed with scanning tunnelling
microscopy (STM).

When chlorine atoms impact on the Si(111)-(7×7) surface, they react first with the Si-
adatom (the Si atoms in the topmost layer) dangling bonds to form monochloride at low
coverage, while higher coverage leads to the formation of dichloride and trichloride [9]. Cao
et al showed that deformation of the bonds near the Si adatom is associated with polychloride
formation [10, 11], and Boland et al confirmed that it was possible to distinguish the various
types of chlorides from the displacements in STM images [12]. We show here that bromine
adsorption can be similarly interpreted in terms of deformation in STM images.

Surface differential reflectance (SDR) is a powerful optical tool for evaluating the density
of adsorbates in real time, even during high-pressure gas exposure. This method gives
quantitative information about the averaged densities of various adsorbates at different reaction
sites. In our previous SDR studies, we found that the distribution of adsorption structures
is different between chlorine and bromine at low coverage [13, 14]. However, SDR cannot
identify the structures involved at the atomic level. In this report, we employed STM to directly
identify the adsorption sites of chlorine and bromine on a Si (111)-(7×7) surface.

2. Experimental procedure

The experiments were performed in an ultrahigh vacuum chamber with a base pressure of
1 × 10−8 Pa. The Si(111) sample (B-doped, n-type, 10 � cm) was prepared in the chamber by
repeated cycles of annealing to 1150 ◦C to obtain a well-ordered Si(111)-(7×7) surface. The
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Figure 2. STM topograph of Si(111)-(7×7) exposed to bromine gas. The size of the area is
15×15 nm2. The DAS structure can be recognized. The tunnelling current was 0.1 nA. Each
spherical dot corresponds to one adatom, as illustrated in figure 1. (a) The sample bias was +1 V.
The dark dots are bromine adsorbates, while the non-reacted sites are bright. (b) The sample bias
was +3 V. Bromine-adsorbed sites are brighter than the non-reacted sites.

halogen gases were generated from AgCl and AgBr electrochemical cells doped with CdCl and
CdBr, respectively [15]. The gases were applied to the clean Si(111)-(7×7) surface at room
temperature. The cells were maintained at ∼400 K. The halogen flux was estimated with a
quadrupole mass spectrometer and from the output of the ionization gauge. The coverage was
controlled by adjusting the electric current through the silver halide cells. The distribution of
halogen atoms on the adatom dangling bonds (ADDBs) was directly measured from the STM
images.

3. Results and discussion

In STM images of a Si(111)-7×7 surface, spherical spots appear at the positions of ADDBs in
the DAS structure (figure 1). Figure 2(a) shows that bromine adsorbed at ADDBs is imaged
as darker spots than non-reacted ADDBs at the sample bias of +1 V. In contrast, figure 2(b)
shows that these bromine adsorbates appear as brighter spots at the sample bias of +3 V. The
appearance of reacted and unreacted ADDBs in relation to bias voltage is similar to that in the
case of chlorine [12]. Boland and Villarrubia have reported that Si–Cl bond formation reduced
the density of states near the Fermi energy and darkened the STM image at chlorine adsorption
ADDBs on the silicon adatoms at the sample bias of 1 V [12]. Formation of antibonding states
by the overlap between Si ADDBs and Br 4p orbitals leads to the bright appearance of the
bromine adsorption ADDBs at the sample bias of 3 V [16, 17]. The coverage of halogen atoms
was estimated from the average number per unit cell in the STM images; an atomic monolayer
(ML) is defined as corresponding to the adsorption of 49 halogen atoms in one unit cell.

3.1. Initial adsorption (below 0.03 ML)

ADDBs of halogen adsorption on Si(111)-(7×7) were examined at coverage below 0.03 ML.
Figure 3 summarizes the average numbers of halogen atoms adsorbed at specific ADDBs per
unit cell, subdivided into those with (1) no adjacent halogen atoms, (2) one adjacent halogen
atom and (3) two or more halogen atoms. Each bar was obtained from counts of several images
containing approximately a hundred 7×7 unit cells. The counts at centre adatoms are larger
than those at corner adatoms for both halogens. Chlorine tended to be adsorbed more on the
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Figure 3. Adsorption site preference as a function of coverage. The counts per unit cell represent
Br or Cl adsorption recognized from the STM images. Each count (bar) is subdivided to indicate
adsorption at a site with no adjacent adsorbed atom, one adjacent adsorbed atom, or two or more
adjacent adsorbed atoms. The fluctuation in the counts suggests inhomogeneity of the surface.
Each bar is split to show isolated, single adjacent, and multiple adjacent adsorption. (a) Bromine
adsorption at centre adatom, (b) bromine adsorption at corner adatom, (c) chlorine adsorption at
corner adatom, and (d) chlorine adsorption at corner adatom.

centre adatoms, as compared with bromine, and chlorine atoms adsorbed at corner adatoms
were rarely found below the coverage of 0.015 ML. It should be noted that especially at the
centre adatoms, the proportion with no adjacent adsorbed atom (black bar) was larger in the
case of chlorine (c) than in that of bromine (a). Adsorbed bromine atoms were rarely isolated,
while the number of chlorine atoms with adjacent adsorbed atoms is similar to that without
such atoms, indicating that bromine atoms showed a greater tendency to be adsorbed adjacent
to the already adsorbed ADDBs. The relation was not so clear for the corner adatoms, because
the fluctuation was relatively large compared to the total number of the adsorbed ADDBs.

The halogen gases emitted thermally from the cells have an incident kinetic energy at the
surface of ∼0.034 eV, which is much smaller than the Si–Cl and Si–Br bonding energies [10].
Island formation takes place when chlorine gas is applied at the slightly higher translation
energy of 0.05–0.11 eV [18], suggesting migration on the surface at the ∼10 nm scale. This
can be interpreted as indicating that physisorbed chlorine in the metastable state can migrate on
the surface before forming stable chloride at the adatoms. A precursor state has been suggested
to be involved when the incident energy is less than 0.15 eV [19]. Our findings are consistent
with a metastable precursor state migrating on the surface and tending to nucleate, since the
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chlorine may be adsorbed at ADDBs after metastable migration where the adsorption barrier
(0.05 eV) [19] is as low as the incident energy. This idea should also be applicable to bromine.

It appears to be the migration process that results in the different tendencies for adjacent
adsorption between the two elements. If the migrating species is molecular, the tendency to
be adsorbed at sites adjacent to existing halogen-adsorbed ADDBs must be due to migration,
because direct chemisorption, e.g., at a very high translational energy such as 0.44 eV, did
not result in segregation [18]. Dissociative adsorption of a chlorine molecule may occur via
two mechanisms [20]: (i) one atom at an ADDB and the counterpart at the adjacent dangling
bond of the rest-atom; (ii) the two atoms dissociated from the molecule are adsorbed at
adjacent two ADDBs. Since the rest-atom is invisible with STM, model (i) cannot be directly
visualized [9]. However, as bromine cannot be adsorbed at the rest-atom due to its large size
and/or strong repulsive interaction [14], the two bromine atoms may be dissociatively adsorbed
at two adjacent ADDBs as in model (ii). Thus, it is possible to explain the features of bromine
adsorption in terms of the ‘molecule on DAS’ structure.

Migration on the surface requires kinetic energy until adsorption occurs at the preferred
sites, since exposure to higher energy chlorine gas results in larger growth of islands (for energy
up to 0.11 eV) [18]. We used electrochemical cells which generate molecular halogen gases
containing some atomic gases, and the atomic component, which would be more active, may
have a tendency to be adsorbed directly, or to have a shorter migration path. This may increase
the proportion of isolated adsorption. Next, the bonding energy of Si–Cl may be higher than that
of Si–Br, i.e., the interaction of chorine with the surface may be greater than that of bromine.
Thus, chlorine atoms may have a smaller diffusion length than bromine atoms, which would
therefore have a greater opportunity to reach electrically preferred ADDBs, i.e., sites adjacent to
existing halogen-adsorbed ADDBs. The dissipation of the kinetic energy during the migration
must be taken into account in considering the difference in the tendency for adjacent adsorption.

No matter whether the migration occurs in the form of molecular or atomic species, the
adsorption of halogen at ADDBs is expected to cause charge transfer to the adjacent sites, i.e.,
the neighbours of the reacted ADDBs must be positively charged [10]. This induces lowering of
the adsorption barrier near existing halogen-adsorbed ADDBs. Although quantitative analysis
of barriers against migration, bond-formation, or dissociation in the adsorption process is
difficult with STM, the results in figure 3 indicate that the barrier(s) in the case of bromine
is different from that in the case of chlorine. Once chlorine atoms are chemisorbed on the
surface, they do not migrate unless a kinetic energy of more than 0.86 eV is supplied [5].

Centre adatoms had higher reactivity than the corner adatoms, especially for chlorine. The
reactivity ratio (centre:corner) can be estimated from the data in figure 3 to be in the range
of about 2.5 to 3:1 for chlorine and 2:1 for bromine. This is consistent with the statistics of
a concerted reaction mechanism [20], where the reactivity is associated with the rest-atoms.
Recently, Tanaka et al have shown that at the initial stage (below 0.1 ML) chlorine atoms are
adsorbed on the dangling bonds at both the adatom and the rest-atom, while bromine atoms
are adsorbed at the former only [14]. The site preference may be related to the ability to
interact with the rest-atom and the adatom: chlorine may interact strongly with the dangling
bond at both the adatom and the rest-atom, and lose energy quickly, whereas weakly interacting
bromine is too large to reach the rest-atom.

3.2. Polybromide formation (over 0.1 ML)

The image of a bromine-adsorbed surface at the coverage of approximately 0.1 ML, shown in
figure 4, illustrates the polybromide formation process. We regarded adsorption at adatoms
displaced from the primary DAS position (shown as ‘adatoms’ in figure 1) as corresponding
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Figure 4. STM topograph of Br/Si(111) (sample bias = +3 V, tunnelling current = 0.1 nA). The
scan size of the main panel is 15×15 nm2. A part of the surface is zoomed into another image, in
which the positions of the adatoms are marked with crosses in a 7×7 unit cell indicated with white
lines. Polybromides are circled.
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Figure 5. Plot of polybromide formation, determined from the count of reacted sites displaced
from the primary position on Si(111)-(7×7), against coverage. Polybromide formation starts at
about 0.10 ML. The slope (grey line in the figure) is 0.6 ± 0.2, and represents the probability of
polybromide formation for a newly adsorbed bromine.

to the formation of polybromides. Although both dibromide and tribromide may be formed
at high coverage [9], they cannot be distinguished in these topographic images. The number
of polybromides can be estimated from the number of protrusions that are shifted from the
original position of the adatom sites [12]. The estimated coverage of polybromide is depicted
in figure 5. The number of ADDBs identified as polybromide fluctuated by ∼±30% among
images, and it varied by about ±20% depending on the cut-off wavelength of the FFT filter. The
formation of polybromide, which involves breaking the back-bonds beneath bromine adsorbed
on the adatom, begins at 0.1 ML. During the polybromide formation, the slope of the plot is
about 0.6 ± 0.2. This means that the probability of back-bond breaking to form polybromide is
approximately 60% at adsorbed ADDBs.

In order to understand the adsorption process, we compared the statistical results in figure 5
with the results of quantitative analysis by means of SDR in figure 6, replotted from our
previous report [14]. There are two components in the spectra, whose intensities correspond
to the density of the halogen-terminated ADDBs (circles), and to the density of the adatom
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Figure 6. The densities of missing dangling bonds (DBs) and the broken back-bonds (BBs) obtained
from previously reported SDR spectra, for chlorine (grey line) and bromine (black line). The total
coverage of halogen was determined by means of thermal desorption spectroscopy.

back-bonds (ADBBs) (squares) broken to form polyhalide [21, 22]. The total coverage of
these bromides was calibrated with TDS [9]. They roughly represent the average density of
monobromide and polybromide formed.

The data in figure 6 indicate that all the bromine atoms were adsorbed on the ADDBs
below 0.1 ML, and the bromine atoms start to break the ADBBs to form polybromides above
0.1 ML. In the range of coverage after the ADBBs start to be broken, the slope of the plot is
0.4 in the case of bromine. This means that 40% of the bromine atoms break the ADBBs to
produce dibromide or tribromide, while the rest is adsorbed on the uncovered dangling bonds
at the adatoms (40%, known from the slope of the plot for DB) and the rest-atoms (remaining
20%). As the rest-atoms are not seen in STM images, approximately half of the bromines
adsorbed on the adatoms broke the back-bond. This is in good agreement with the slope of the
line in figure 5, considering that the coverage in figure 5 was estimated from the STM image.

On the other hand, in the case of chlorine the slope changes at 0.3 ML for both the dangling
bonds and back-bonds, as shown in figure 6. All of the chlorine atoms were adsorbed either on
the ADDBs or on the rest-atom dangling bonds with equal probability below 0.3 ML [9]. At
coverage over 0.3 ML, the ADDBs are all saturated, and some of the chlorine atoms start to
break the ADBBs to form polychlorides.

At coverage from 0.1 to 0.3 ML a bromine atom breaks the ADBBs, and is likely to
terminate the broken counterpart to form polybromide. In contrast, adsorption of chlorine atoms
does not break ADBBs, although it should be noted that dangling bond termination occurs
at the rest-atom as well [9]. The chlorine can access the rest-atom between the chlorinated
adatoms with a small barrier that is comparable to that of access to the adatom. When nearly
all the dangling bonds are terminated by chlorine, the adatoms start to form polychlorides.
The different thresholds for the polyhalide formation of chlorine and bromine can be discussed
in terms of energy. The back-bond is weakened when the dangling bond of the adatom is
already terminated. In the desorption processes from halogen-adsorbed Si(001) in a geometry
with small distortion, the desorption energy of bromide was calculated to be lower than that of
chloride [23]. Thus, bromine effectively weakens the back-bond, so that it becomes more
favourable to form polybromide than for adsorption to occur at the dangling bond at the
rest-atom.
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The discrepancies at the beginning of polyhalide formation (at 0.1 and 0.3 ML for bromine
and chlorine, respectively) appear to reflect an essential difference between the two halogen
elements. Bromine does not access rest-atoms but prefers adatoms, forming polybromide. The
barrier to access at the rest-atoms may originate from the larger atomic radius of bromine
(0.115 nm for bromine, versus 0.100 nm for chlorine [24]). Deformation, induced by the
repulsive interaction, would be much larger for bromine than for chlorine when the distance
between atoms is of the order of 0.1 nm on the surface. In the case of chlorine, the deformation
is small when monochloride is formed on a Si(111) surface [6]. However, the differences
between Si–Cl and Si–Br have not been considered in detail. In the case of chlorine, the
deformation has been examined theoretically for adsorption [11], and repulsive interaction also
affects the energy of back-bond breaking through deformation [5].

The onset of back-bond breaking estimated with STM (figure 5) is consistent with the
results of SDR. The slight discrepancy of the slope for back-bond breaking between STM
and SDR can be chiefly attributed to the larger errors in the STM measurements, due to the
inhomogeneity of coverage on the same surface estimated from a limited number of STM
images. There is also difficulty in counting the reacted dangling bonds at increased coverages,
because the atomic displacement upon back-bond breaking is not constant. Nevertheless, the
densities obtained with STM coincide reasonably well with the SDR results. It is important
to note that the optical response shows the averaged properties over the macroscopic area of
the surface. On the other hand, the fluctuation of the statistical results from the STM images
indicates that the distribution of the adsorbates varies greatly at the atomic scale.

We could not identify any correlation among the sites of polybromide formation. From
a static viewpoint, homogenous pattern formation [7] or a specific distribution of sites of
polychloride formation may arise through the strong repulsive interaction of bromines adsorbed
on the surface, as seen in the case of monochloride formation (figure 3). However, the dynamic
aspect of migration (including the energy dissipation) is also important in influencing the site
selectivity. Besides the effects of higher levels of the coverage, the bonding configuration and
the ionic charge can vary fractionally when several neighbouring silicon atoms are chlorinated,
as suggested by calculation [11]. The present results indicate that the occurrence of large
statistical fluctuations in halogen adsorption processes, caused by the dynamic features, will
have to be taken into account in order to develop atomic scale fabrication.

4. Summary

The adsorption of chlorine and bromine on a silicon surface was examined by STM to
elucidate the mechanisms involved at the atomic scale. Bromine atoms tended to be adsorbed
near bromine-reacted ADDBs. On the other hand, chlorine atoms tended to be adsorbed
independently on the surface. In the case of bromine, polybromide formation was observed
with STM above 0.1 ML, at which coverage the ADBBs start to break. The corresponding
value for chlorine was 0.3 ML. The back-bonds at the already reacted adatoms are broken at
higher probability in the case of bromine than chlorine. The adsorption statistics obtained with
STM were broadly consistent with our previous SDR data. The correlation of the adsorption
sites with the bond breaking/formation, suggested by the optical findings, was confirmed at the
atomic level.
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