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Reconstruction of Br-chemisorbed Si„111… surfaces under electron-stimulated desorption
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We present atomic structural changes of the rest-atom layer under the electron-stimulated desorption of
bromine-chemisorbed Si~111! surfaces. We used a scanning tunneling microscope as an electron-beam source,
as well as for structural analysis. By the desorption of bromine atoms and adatoms, underlying rest atoms were
imaged in a 737 structure along with corner holes and dimer walls. These rest atoms are adsorbate-free. The
structure was uniquely observed by electron-stimulated desorption. Furthermore, we removed many adatoms
by thermal etching in Br2 gas in order to observe the rest-atom layer more clearly. By etching at 400 °C, the
rest atoms were imaged in the 737 structure and are terminated with Br atoms. After the desorption of the Br
atoms by electron irradiation, the rest atoms maintained the 737 structure, similar to the case in which
adatoms are removed by electron irradiation. In contrast, etching at 450 °C produced a wide area of Br-
terminated 131 structure such as that of a bulk, quenching the corner holes and dimer walls. Electron
irradiation changed this surface into a 231 structure through Br desorption. We discussed the above results
from the viewpoint of reconstruction behavior of the local structure produced by the electron-stimulated
desorption.

DOI: 10.1103/PhysRevB.67.113314 PACS number~s!: 68.43.Mn, 68.35.Bs, 79.20.Kz, 78.45.1h
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Electron-stimulated desorption~ESD! has been inten-
sively studied through the analysis of desorbed particles1–3

However, little study has been done on atomic structu
changes that occur under desorption. Earlier, we develop
technique for irradiating a sample surface with field-emiss
~FE! electrons from a scanning tunneling microscope~STM!
tip that is distantly removed from the sample.4 This tech-
nique enables us to observe the atomic structures of an
irradiated area by using the STM tip. Using this techniq
we have studied electron-stimulated desorption of brom
chemisorbed Si~111! surfaces. We previously reported th
desorption behavior of Br atoms and adatoms that depe
on the initial Br coverage and electron energy.5,6 In this pa-
per, we report on atomic structural changes of the underly
rest-atom layer by the desorption of adatoms. The rest at
clearly appeared after the ESD of Br atoms and adato
from a Br-chemisorbed Si(111)-737 surface. The array o
the rest atoms shows a 737 structure outlined by dime
walls. These rest atoms are found to be free from any ad
bates including Br atoms. As far as we know, this is the fi
observation of a clean rest-atom layer in a 737 structure,
and this structure is not self-evident. It is well known th
chlorine- or Br-chemisorbed rest atoms are arranged in
37 structure.7–10 However, no one knows the manner
which the resultant Si surface undergoes a structural cha
if the Cl or Br atoms are removed at room temperature.
further report on the structural changes that occur under
ESD of Br atoms from a Br-chemisorbed rest-atom la
prepared by thermal etching of adatoms from Si(111)-737
surfaces in Br2 gas.

The current study was conducted using an STM~USM-
501, Unisoku Limited! mounted in an ultrahigh-vacuum
chamber with a base pressure of about 531029 Pa. The
sample was ann-type ~0.01 V cm! Si~111! wafer outgassed
for 8 h at 650 °C andflashed to 1200 °C. In order to observ
the rest-atom layer, the adatom layer of the Si(111)-737
0163-1829/2003/67~11!/113314~4!/$20.00 67 1133
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surface was removed by both ESD and thermal etching
the ESD experiments, the Si(111)-737 surface was expose
to Br2 at room temperature by dosing Br2 gas through a
variable leak valve. The Br2 gas was the vapor from pur
liquid Br2 ~99.9%, TRI Chemical Incorporated! in a glass
cylinder. The FE irradiations over the sample surface w
performed at room temperature in the following way. Aft
positioning the tip on the place in an STM image to be ir
diated, the feedback loop was inactivated to move the
away from the surface. The tip-to-sample distance was
ied between 1 and 130 nm by applying a driving voltage t
Z-piezo device. Then a voltage was applied to the sampl
extract FE electrons and the extraction voltage was va
between 10 and 150 V. An FE current was detected dur
the irradiation. Under these conditions for FE, the value
the FE current~in nA! multiplied by the irradiation time
~seconds! over the square of the tip-sample separation~nm2!
is regarded as the relative dose density of electrons irradi
on the sample. The kinetic energy of the FE electrons sho
be corrected for the contact potential difference of the em
ting and receiving surfaces. If we assume that most electr
are emitted at the Fermi level of the tip surface11 and that the
work function of a Br-chemisorbed Si~111! surface is similar
to that for a clean Si surface, i.e., about 5 eV,12 the kinetic
energy Ek is approximately given byEk5Ex25 (eV),
whereEx is the extraction voltage applied to the sample (V).
As reported before,5,6 the ESD behavior depends on the in
tial Br coverage and electron energy. When the initial cov
age is low, Br atoms desorb but Si adatoms hardly desor
all. When the initial coverage is increased up to the satu
tion level (Br2 dosage.100 L!, the adatom desorption in
creases greatly because the number of multiple bromin
adatoms increases. The cross section of Br-atom desorp
increases more rapidly with electron energy of 20–150
than that of adatom desorption. This fact indicates that
irradiation of the FE electrons with low energy is preferab
©2003 The American Physical Society14-1
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for removing many adatoms. In this study, therefore, the
radiations of FE electrons were carried out at the energy
30 eV.

For the thermal etching of the adatom layer, t
Si(111)-737 surface was exposed to Br2 gas at 400 °C–
450 °C. Most adatoms were selectively etched and
terminated rest atoms appeared. Next, the Br-terminated
face was irradiated with FE electrons at room temperatu

Tunneling current-bias voltage characteristics (I -V
curves! over sample surfaces were measured by using a
ventional sample-and-hold technique. The feedback loop
inactivated at a given position of the STM image andI -V
curves for fixed separations were obtained by measuring
variation of the tunneling current as a function of bias vo
age at a constant tip-sample separation.

Figure 1~a! shows an STM image of a Si~111! surface
dosed with 400 L of Br2 after FE irradiation at an extractio
voltage of 30 V. The irradiated area~enclosed by a circle!

FIG. 1. ~a! STM image after FE irradiation of a Si(111)-737
surface dosed with 400 L of Br2 . The energy and the dose densi
of electrons were 30 eV and 0.1 nA s/nm2, respectively. The image
was taken at a sample bias of12.0 V and a tunneling current of 0.
nA. ~b! Magnified image of the irradiated area in~a!. The image
was taken at a sample bias of11.0 V and a tunneling current of 0.
nA. The areas shown are~a! 1703170 and~b! 9.539.5 nm.
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FIG. 2. Tunneling current-sample bias (I -V) curves measured
over nonirradiated and FE-irradiated areas of the sample sur
shown in Fig. 1~a!. The feedback loop was inactivated at a sam
bias of11.0 V and a tunneling current of 0.7 nA.

FIG. 3. STM images~a! before and~b! after Fe irradiation~50
eV! to Si(111)-737 surfaces dosed with 100 L of Br2 at 450 °C.
~a! was taken at a sample bias of12.0 V and a tunneling current o
0.8 nA. ~b! was taken at a sample bias of11.0 V and a tunneling
current of 0.8 nA. The areas shown are 7.837.8 nm.
4-2



T

in
ag
m

re

B
p
e
s

in

f S
th

are
in a
l
le

ti-
tom

and
he
are
ner
and
al
er
ace

-

Br

d
-

vert-
-

8

BRIEF REPORTS PHYSICAL REVIEW B67, 113314 ~2003!
appears to be slightly darker than the nonirradiated area.
magnified image of this irradiated area is shown in Fig. 1~b!.
A number of the adatoms are removed and the underly
rest-atom layer is imaged. The tunneling current-bias volt
(I -V) curve measured over this FE-irradiated area is co
pared with that of the nonirradiated area in Fig. 2. In theI -V
curve of the nonirradiated area, a gap in the tunneling cur
appears at the biases between21.3 and10.6 V. The gap is
due to the saturation of dangling bonds of adatoms by
bonding. In theI -V curve of the FE-irradiated area, the ga
is lost and theI -V curve resembles that of a clean surfac
This result indicates that the remaining adatoms and expo
rest atoms were almost completely Br-free. The difference
the I -V curves between the rest atoms and the remain
adatoms was hardly observed. The twoI -V curves should be
different because the density of states for the two kinds o
atoms are different. However, the spatial resolution in
present STM was not enough to measure theI -V curves with
atomic specificity. A more careful inspection of Fig. 1~b!

FIG. 4. STM images~a! before and~b! after FE irradiation~50
eV! to Si(111)-737 surfaces dosed with 50 L of Br2 at 400 °C.~a!
was taken at a sample bias of12.0 V and a tunneling current of 0.
nA. ~b! was taken at a sample bias of11.0 V and a tunneling
current of 0.8 nA. The areas shown are 7.837.8 nm.
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reveals that corner holes and dimer domain boundaries
maintained and the rest atoms are apparently arranged
737 structure rather than a 231 structure. This is unusua
because the Si~111! surface reconstructs to form a metastab
231 structure at room temperature.

To clarify the reason for this phenomenon, we inves
gated the structural changes of a Br-terminated rest-a
layer under ESD. Figure 3~a! shows an STM image of the
Si~111! surface dosed with 100 L of Br2 at 450 °C. From the
figure, it can be seen that most adatoms are etched away
that the underlying rest-atom layer is clearly exposed. T
results of I -V measurements show that the rest atoms
terminated with the presence of Br atoms. Hardly any cor
holes or dimer walls are observed in this rest-atom layer,
a bulklike 131 structure is frequently produced. Therm
reaction with Br2 may quench the dimer walls and corn
holes. The FE irradiation desorbed Br atoms from the surf
whose structure changed from a 131 to a 231 structure, as
shown in Fig. 3~b!. This is explained as follows: Before de
sorption of Br atoms, dangling bonds of the Si(111)-131
surface are terminated with Br atoms and the 131 structure
is energetically stabilized. When the critical density of the
atoms are desorbed, the resultant Si~111! surface lowers its
free energy through a spontaneous transition to the 231
structure. Beckeret al. produced a hydrogen-terminate
Si(111)-131 structure by a modified hydrofluoric-acid so
lution wet chemical method.13 They reported that electron
bombardment to the surface desorbs the hydrogen, con
ing the 131 structure to a 231 structure. Their results cor
respond to our present results.

Figure 4~a! shows an STM image of a Si~111! surface

FIG. 5. Three-dimensional illustration of~a! the ideal Si~111!
surface and~b! the Si(111)-231 p-bonded chain reconstruction.
4-3
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dosed with 50 L of Br2 at 400 °C. Removing most adatom
clearly images the rest-atom layer, and the rest atoms
found to be terminated with Br atoms as can be seen f
the results ofI -V measurements. In this case, 737 structure
corner holes and dimer walls exist, probably due to the c
trolled thermal reaction with Br2 . By irradiation of FE elec-
trons, the Br atoms were desorbed but the array of the
atoms was retained in the 737 structure as shown in Fig
4~b!. This result is similar to the case in which the adato
layer was removed by ESD as shown in Fig. 1~b!.

The experimental results obtained in this study lead to
conclusion that the rest-atom layer of a 737 structure is not
reconstructed to a 231 structure, while that of a 131 struc-
ture is reconstructed to a 231 structure. If all the Br atoms
were desorbed away from the rest atoms in the 737 struc-
ture, the resultant surface would contain 21 dangling bo
in a half unit cell, which could increase the surface fr
energy by a considerable amount. Nevertheless, the re
struction to the 231 structure does not occur at all. In th
p-bonded chain model shown schematically in Fig. 5~a!,14

half of the bonds linking second-layer atoms to third-lay
atoms are broken@such as the bonds between the atoms
beled ‘‘2’’ and ‘‘5’’ in Fig. 5 ~a!#, allowing the second-laye
atoms@such as the atoms labeled ‘‘2’’ in Fig. 5~a!# to rise to
the surface to formp-bonded chains@such as the atoms la
beled ‘‘2’’ and ‘‘4’’ in Fig. 5 ~b!#. Consequently, half of the
surface atoms are lowered and shifted parallel to the surf
rebonding with the broken bonds of the third-layer ato
@such as the bond formed between atoms ‘‘1’’ and ‘‘5’’
Fig. 5~b!#. The driving force for this reconstruction is rehy
ci
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bridization of the dangling bonds on the ideal surface to fo
p bonds, thereby saturating the surface valences. When
ideal surface spreads in a relatively wide area, such rec
struction can occur coherently in the area. On the other ha
the rest-atom layer exposed by the removal of adatoms
be regarded as a local 131 structure outlined by dime
walls. Most of the rest atoms are bound to dimer atoms@such
as the atoms labeled ‘‘3’’ in Figs. 5~a! and 5~b!#. Therefore,
the transformation of the rest atoms to thep-bonded chains
is pinned by these dimer atoms. As a result, the 737 rest-
atom structure may be maintained.

In summary, we have examined the atomic structu
changes of Br-chemisorbed Si~111! surfaces under ESD by
using the FE electrons from an STM tip. The desorption
Br atoms from the Br-chemisorbed 131 surface changes th
surface into a 231 structure. On the other hand, by th
desorption of adatoms or Br atoms from the Br-chemisorb
737 surfaces, the surface structure is maintained in a
37 structure. The transformation of the rest atoms to th
31 structure is pinned by the bonds with the dimer atom
So far, to our best knowledge no bare rest atoms arrange
a 737 structure have ever been observed. Such a structu
uniquely obtained by the removal of halogen atoms at ro
temperature under ESD and the structure is observed firs
an in situ STM technique connected with FE-electron bom
bardment.

The authors would like to thank Professor Masaka
Ichikawa of the University of Tokyo for useful discussion
throughout the course of this work.
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