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Reactivity of halogens on a Si„111… surface studied by surface differential reflectivity

M. Tanaka,* E. Yamakawa,† T. Shirao,‡ and K. Shudo
Department of Physics, Faculty of Engineering, Yokohama National University, 79-5 Tokiwadai, Hodogaya-ku,

Yokohama 240-8501, Japan
~Received 15 April 2003; revised manuscript received 15 August 2003; published 20 October 2003!

The adsorption of Br on a Si(111)737 surface at room temperature and the isothermal desorption of silicon
bromides from a Br-terminated Si~111! rest atom surface at about 900 K have been investigated by means of
in situ real-time surface differential reflectivity~SDR! spectroscopy in order to elucidate the fundamental
processes of Br-etching. The present results are compared with those of previous SDR studies on chlorine
adsorption and chloride desorption. In the adsorption process, both the sticking probability on adatom dangling
bonds and the breaking probability of adatom back bonds are larger than those for Cl adsorption. In the
desorption process, the activation energy for bromide desorption~1.8 eV! is smaller than that for chloride
desorption. The experimental results can be well interpreted in terms of larger repulsive interaction between Br
adsorbates. The activation energy for the formation of the dimer-adatom-stacking fault structure~3.5 eV! is
larger than that for the surface after chloride desorption.

DOI: 10.1103/PhysRevB.68.165411 PACS number~s!: 68.43.Mn, 68.47.Fg, 78.68.1m, 68.43.Vx
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I. INTRODUCTION

Etching with halogen gases is widely used in semicond
tor technology, and is a promising candidate method
layer-by-layer etching, which is one of the basic techniqu
to fabricate nanometer-scale structures. Halogen etching
sists of several stages: adsorption of halogen atoms on
surface, desorption of silicon halides, and reconstruction
the clean surface. An understanding of the atomic sc
mechanisms of these fundamental processes will be usef
optimize etching conditions. Etching of the Si~100! surface is
preferentially studied in connection with industrial applic
tions, but etching of the Si~111! surface is also of interest
because the dimer-adatom-stacking fault~DAS! structure has
a variety of sites with different chemical reactivities.1 Differ-
ent halogens will react with a semiconductor surface in d
ferent ways, because they have different ionic radii and
ferent electron affinities. Understanding the chemical tre
of halogen reactivity is crucial to optimize etching cond
tions. On Si~100!, several studies have proved the existen
of a repulsive interaction between adsorbates for larger h
gens~Br and I!, in terms of the presence of stablec(432)
structure and lower desorption energy.2–6 However, there is
no such study on Si~111!, and in fact, similarity among Cl-
Br-, and I- terminated 131 structures was reported.7 Are the
fundamental processes of Br etching of Si~111! similar to
those of Cl etching? That is the question we would like
answer in this study.

The static properties at each stage in the fundamental
cesses of halogen etching have been revealed by a varie
methods. It is known that chlorine atoms first react with a
tom sites to form monochlorides and remove dangling bo
states near low coverage,8,9 while further exposure produce
SiCl2 and SiCl3 species.10,11On the other hand, there is littl
direct evidence for the presence of polybromide species
though their presence is generally accepted. Annealing
about 700 K for a Cl-covered surface and at 500–650 K
a Br-covered surface removes Si adatoms, and the rest
surface covered with Br atoms takes a 131 structure.9,12
0163-1829/2003/68~16!/165411~7!/$20.00 68 1654
-
r
s
n-
he
f

le
to

-
f-
d

e
o-

o-
of
-
d

l-
at
r
om

Many bilayer islands and clusters are found on the 131
Br-terminated rest atom surface.12,13Polybromide species ar
desorbed at about 600 K, and monobromide species are
sorbed above 900 K as SiBr2.14 As for the desorption mecha
nism, a scanning tunneling microscope study indicated
spontaneous Br etching of Si~111! at 700–900 K results in
step retreat.12 A surface differential reflectivity spectroscop
~SDR! study on chloride desorption suggested that the
sorption from clusters proceeds together with the desorp
from steps.15 Thus, the dynamic process at each stage
bromine-etching of Si~111! has not yet been fully under
stood, and needs to be established before the relative r
tivity of halogens on the Si~111! surface can be discussed.

Real-time observation is essential to investigate kinet
Optical methods are superior to others, because they are
invasive, nondestructive, and capable of very rapid respo
SDR is a powerful tool to study adsorption processes in r
time.16 Differential reflectivity is defined asDR/R5(Ra
2Rc)/Rc , whereRa andRc are the reflectivities of the ad
sorbed and the clean surfaces, respectively. Spectral fea
of adsorption on adatom dangling bonds and breaking
adatom back bonds were identified from the calculation
the DR/R spectrum for the hydrogenated 737 surface.17

The adsorption process of chlorine on Si(111)737 was elu-
cidated by the same method.18 SDR is also a powerful tool to
investigate the desorption process by monitoring the rec
ery of dangling bonds and back bonds during chloride
sorption from a Cl-terminated Si~111! rest atom surface.15

In the present study, the adsorption process of bromine
a Si(111)737 surface and the desorption process of silic
bromide from a Br-terminated Si~111! rest atom surface were
investigated in real time by means of SDR. One should n
that the structure of the rest atom surface on which the
sorption takes place is different from the 737 DAS structure
on which the adsorption takes place. The Br adsorption p
cess has been investigated at room temperature, while
bromide desorption process and subsequent restoration o
DAS structure have been investigated between 873 and
K. The time courses of the disappearance of the dang
©2003 The American Physical Society11-1
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bonds and the back bonds yield the rate constants in
adsorption process, whereas the time courses of their re
ery yield the rate constants, the order of reaction, and
activation energies in the desorption process. The kinetic
the adsorption and desorption and restoration processe
evaluated here from the bond density data. They are c
pared with the results of previous SDR studies on Cl adso
tion and chloride desorption on Si~111!,15,18 and the differ-
ence in the reactivity of bromine and chlorine on Si~111! is
discussed in terms of the interaction between adsorbate

II. EXPERIMENT

Measurements were performed in an ultrahigh vacu
chamber at a base pressure of 231028 Pa. A specimen of
531830.38 mm3 was cut from a B-dopedp-type Si~111!
wafer (10–15V cm). The specimen was ohmically heated
1470 K for several seconds and slowly cooled to obtain
737 DAS structure. The 737 structure was confirmed b
low-energy electron diffraction. Br gas was generated wit
AgBr electrochemical cell doped with CdBr2 ~5 wt %!.19 The
electrochemical cell produces more atoms than molecule20

Actually, any trace of Br2 species was not observed with
quadrupole mass spectrometer during the Br gas expos
The cell outlet was directed to the surface of the specim
so that incident flux of Br atoms onto the surface was mu
larger than that in the case of back filling. This flux w
estimated from the output of the vacuum gauge, using
pumping speed and the area of the specimen.

In the isothermal desorption measurement, the
saturated surface was annealed at 673 K for 3 min in orde

FIG. 1. Variation ofp-polarized reflectance spectra during B
adsorption at 313 K.Ni is the number of atoms impinging on th
area of the 131 unit cell. The featureA originating from the dan-
gling bonds develops first, the featureB from the back bonds ap
pears later.
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desorb polybromide species and to form the rest atom
face. Otherwise the desorption of both polybromide a
monobromide species would proceed at the same time
isothermal desorption at higher temperatures. After the
nealing at 673 K, isothermal desorption of silicon bromid
from the rest atom surface was observed by SDR betw
873 and 923 K.

The temperature was monitored with an electronic pyro
eter. The experimental setup for SDR has been describe
detail elsewhere.18 Light from a halogen tungsten lamp or
deuterium lamp was polarized horizontally and separa
into a probe beam~90%! and a reference beam~10%!. The
p-polarized probe beam was introduced into the vacu
chamber and was incident on the surface at an angle of
from the surface normal. The specularly reflected pro
beam and the reference beam were introduced via op
fibers to a grating spectrograph. The spectra of both be
were detected by a dual photodiode array, and the inten
of the reflected spectrum was normalized with respect to
reference spectrum. Photoinduced electrons in the diode
ray were accumulated at each pixel for 20 s to improve
signal-to-noise ratio. At each temperature, spectrum o
clean surfaceRc and that of a Br-covered surfaceRa were
measured in that order to obtain a differential reflectiv
spectrumDR/R5(Ra2Rc)/Rc .

III. RESULTS AND DISCUSSION

A. Adsorption of halogen gas

Figure 1 shows the SDR spectra in the visible and ult
violet ranges for several Br exposures at 313 K. The ex
sure is represented byNi which is the number of atoms im
pinging on the area of the 131 unit cell. The DR/R
spectrum atNi50.5 has a negative peakA located at 1.8 eV.
At Ni53.0, a shoulderB at 2.4 eV is apparent. As in the cas
of H adsorption,17 these features arise from the disappe
ance of electronic states of the clean 737 DAS structure.
The featureA is ascribed to missing transitions between s
face states involving adatom dangling bond states andB to
missing transitions from adatom back bond states to b
states. The peak energies of the features in the higher-en
range agree with those ofE1 andE2 edges in the reflectanc
spectrum, and these features were ascribed to bulk s
modulated due to the adsorption. The featureA is almost
saturated atNi53.0, whereasB is saturated aboveNi58.0.
The appearance of the featureB means that adatom bac
bonds are broken and polybromide species are formed.
is the first direct evidence for polybromide species format
on the Br-covered Si(111)737 surface. Meanwhile, adsorp
tion on the dangling bonds of rest atoms of the DAS str
ture does not contribute to the SDR features, because
filled dangling bond states of rest atoms are clearly below
filled dangling bond states of adatoms.21,22This was demon-
strated by the experiment that showed that the sticking pr
ability determined from SDR is nearly equal to that det
mined from surface second-harmonic generation~SHG!.18 It
is well known that SHG does not detect the dangling bo
states of rest atoms.23

The overall features of the SDR spectra in Fig. 1 a
similar to those for Cl adsorption on Si(111)737, and the
procedure for analysis ofDR/R is described in detail in Ref
1-2
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18. EachDR/R spectrum in Fig. 1 is reproduced by a line
combination (aASA1bASB) of two-component spectraSA
andSB , representing the featuresA andB, respectively. The
magnitudes ofSA andSB are determined so as to reprodu
the saturatedDR/R spectra atNi520.0 with aA51 andbA
51. As shown in Fig. 2, thus obtainedaA ~solid circles! and
bA ~solid squares! reveal the development of adsorption o
the adatom dangling bonds and the development of brea
of the adatom back bonds, respectively. The horizontal a
corresponds toNi .

The adsorption on adatom dangling bonds is analyze
follows. In the case of direct adsorption of Br atoms witho
migration, the rate equation is as follows:

dnA

dt
5ani~12nA!. ~1!

Here,nA is the normalized density of adatoms bonded to
least one Br atom,a is the sticking probability of Br atoms
on the adatom dangling bond, andni is the number of atoms
impinging on the area of the 131 unit cell per second. In the
case of dissociative adsorption of Br molecules which p
duces two adsorbates from one molecule, the rate equati
as follows:

dnA

dt
5a8ni8~12nA!2, ~2!

wherea8 is the sticking probability of Br molecules on th
adatom dangling bond andni8 is the number of Br molecule
impinging on the area of the 131 unit cell per second. So
lutions of Eqs.~1! and~2! fitted toaA are shown by solid and
dashed lines in Fig. 2, respectively. The solution of Eq.~1!
fits much better than that of Eq.~2!. Consequently, atoms ar
found to play an essential role in the adsorption on the a
tom dangling bond. Solutions of rate equations including

FIG. 2. CoefficientsaA ~solid circles! andbA ~solid squares! vs
exposure at 313 K. This reveals the development of the adsorp
on the adatom dangling bonds and that of the breaking of the
tom back bonds. Solid lines are best-fit curves for direct adsorp
of atoms, whereas dashed lines are for dissociative adsorptio
molecules.
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migration of atoms were also calculated. However, they
not agree with the data as well as the solution of Eq.~1!.

On the other hand, the breaking of the adatom back b
is analyzed as follows. The adatom back bond is assume
be broken only when the adatom dangling bond is termina
by at least one Br atom. In the case of direct adsorption
atoms without migration, the rate equation is as follows:

dnB

dt
5bni~NBnA2nB!, ~3!

whereb is the breaking probability of adatom back bond
nB is the normalized density of broken adatom back bon
andNB is the saturated number ofnB . NB should be smaller
than 2 because adatoms are not removed by the Br expo
In the case of dissociative adsorption of Br molecules wh
produces two adsorbates from one molecule, the rate e
tion is as follows:

dnB

dt
5b8ni8~NBnA2nB!2, ~4!

whereb8 is the breaking probability of adatom back bond
Br molecules. Solutions of Eqs.~3! and ~4! fitted to bA are
shown by solid and dashed lines in Fig. 2, respectively. T
solution of Eq. ~3! fits much better than that of Eq.~4!.
Consequently, atoms are also found to play an essential
in the breaking of the adatom back bond.

Figure 3 compares Fig. 2 with the results for Cl adso
tion. Open circles and open squares representaA andbA for
Cl adsorption on Si(111)737 at room temperature, respe
tively, and are well fitted by dashed lines calculated us
Eqs.~1! and ~3!.18 The present SDR study provides a dire
evidence for back bond breaking with Br and polybromi
species formation. The dynamic process of Br adsorptio
also revealed. Several measurements at 313 K yield the s
ing probability a51.2060.2, and the breaking probabilit
b50.4960.04, on the adatom. A valuea larger than 1 is

on
a-
n
of

FIG. 3. Development of the coefficientsaA andbA vs Ni at 313
K. Solid circles and squares are for Br adsorption, whereas o
circles and squares are for Cl adsorption~Ref. 18!. Solid and dashed
lines are best-fit curves for the experimental plots of direct adso
tion of atoms.
1-3
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seemingly strange. However, this is reasonable if Br ato
incident outside the area of the 131 unit cell centered on the
adatom are absorbed preferentially on the adatom. This
ation is very likely because the electronic charge density
adatom dangling bonds extends widely into the vacuum24

On the other hand,a50.7 andb50.2 were reported for C
adsorption.18 These results are summarized in Table I. T
sticking probabilitya for Br adsorption is 1.7 times as larg
asa for Cl adsorption. Largera for Br adsorption can be a
least partially explained by the larger atomic radius of the
atom ~0.115 nm for Br and 0.100 nm for Cl!,25 because the
cross section of the collision to the adatom dangling bon
larger for larger impinging atoms. However, the ratio of t
atomic radius, 1.15, is smaller than the ratio ofa, 1.7, so that
this explanation seems insufficient. Another possibility
considered later.

The breaking probabilityb for Br adsorption is 2.5 times
as large asb for Cl adsorption. This means that the ba
bond is broken more easily by Br than by Cl. In other wor
polybromide species are produced more easily than p
chloride species. The same chemical trend was observe
an electron-stimulated ion desorption study, which impl
that the desorption of SiBr2

1 ions, suggesting polybromid
formation, is apparent even at coverage as low as 0.1 m
layer ~ML ! for the Br-covered Si~111!, though no ion con-
taining Si is detected from Cl-covered Si~111! at such low
coverage.26 At 0.1 ML, only a quarter of the dangling bond
of adatoms and rest atoms adsorb Br atoms. These re
therefore suggest that a Br atom impinging close to a

TABLE I. Summary of SDR results for the adsorption and d
sorption processes of halogens on Si(111)737.

Br Cl

~1! Adsorption at room
temperature

Initial sticking probability 1.260.2 0.7a

on the adatom dangling
bonds~featureA)

Initial breaking probability
of the adatom back bonds
~featureB)

0.4960.04 0.2a

~2! Desorption
~a! Recovery of the dangling

bonds~featureA8)
Order 1st 1stb

Rate constant at 903 K 0.01 s21 0.008 s21 b

Activation energy for the
desorption

1.860.4 eV 2.360.3 eVb

~b! Recovery of the back
bonds~featureB8)

Order 1st 1stb

Rate constant at 903 K 0.003 s21 0.004 s21 b

Activation energy for the
reconstruction

3.560.6 eV 2.860.5 eVb

aReference 18.
bReference 15.
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adsorbed adatom tends to break the back bond rather tha
adsorbed on the rest atom, even at a low coverage. This
be caused by the large repulsive interaction between Br
sorbates which is evident on Si~100!.2–6 The repulsive inter-
action between Br adsorbates may also produce a la
sticking probability for Br adsorption, because an impingi
Br atom will tend to be adsorbed on an adatom rather tha
rest atom due to the interaction.

B. Desorption of silicon halides

Figure 4 shows the SDR spectra in the visible and infra
ranges during isothermal desorption at 903 K. Here,DR/R
5(Ra2Rc)/Rc , and bothRa andRc were measured at 90
K. The spectra were measured in the range from 1.18 to
eV, because the featureA8 spreads over the infrared range
903 K and the main part of the featureB8 appears below 3.0
eV. The spectrum at 20 s has seemingly a single nega
peak at around 2.3 eV. However, the band shape chan
with time, and only a negative peak at 2.5 eV remains at 4
s. Therefore, the spectrum at 20 s should be considered a
combination of negative peaksA8 at around 1.7 eV andB8 at
around 2.4 eV. The featureA8 is depressed faster thanB8,
and almost disappears at 460 s, whereasB8 remains even at
700 s. These spectral features are quite similar to those
served for adsorption at room temperature~Fig. 1! except for
broadening of spectral features due to high temperature.

-

FIG. 4. Variation ofp-polarized reflectance spectra during is
thermal desorption at 903 K. The featureA originating from the
adatom dangling bonds decays first, and the featureB from the back
bonds remains even at 700 s. Note that the energy scale o
horizontal axis is enlarged from Fig. 1.
1-4
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REACTIVITY OF HALOGENS ON A Si~111! SURFACE . . . PHYSICAL REVIEW B 68, 165411 ~2003!
decay of these features therefore corresponds to the res
tion of the structure of the clean surface.

The overall features of the SDR spectra in Fig. 4 a
similar to those for chloride desorption from the Si~111! rest
atom surface, and the procedure for analysis ofDR/R is
described in detail in Ref. 15. EachDR/R spectrum in Fig. 4
is reproduced by a linear combination (aDSA1bDSB) of the
two-component spectraSA and SB representing the feature
A8 and B8, respectively. The valuesaD and bD at several
temperatures are plotted in Figs. 5~a! and 5~b!, respectively,
which illustrate the recovery of the dangling bonds and
back bonds. They are normalized so that the value fitted
Eq. ~5! described below is unity at 0 s. When the first-ord
process is dominant, the decay is expressed with a rate
stantk,

x~ t !5e2kt, ~5!

wherex stands foraD or bD . The solid lines in Fig. 5 are
best-fit curves obtained by using Eq.~5!. These curves wel
reproduce the overall features of the decay ofaD and bD .
The fit with higher order was worse than the fit with fir

FIG. 5. Time courses of the coefficients~a! aD and~b! bD at 873
K ~solid circles!, 903 K ~solid triangles!, and 933 K~solid squares!.
This reveals the recovery of the dangling bonds~a! and the adatom
back bonds~b!. Solid lines are best-fit curves obtained by usi
first-order kinetics.
16541
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order, indicating that these processes are dominated by
order kinetics. The decay constantk for the recovery rate of
the dangling bond,ka , and that for the recovery rate of th
back bond,kb , are determined by these fits at each tempe
ture. In the case of a thermally activated process, the t
perature dependence ofk is expressed with an activatio
energyEd :

k5k0expF2
Ed

kBTG . ~6!

The temperature dependences of the obtainedka andkb are
shown in Fig. 6 with solid and open circles, respectively. T
solid lines are the best linear fits to the plots. The activat
energies in the recovery process of the dangling bonds
the back bonds are determined asEa51.860.4 eV andEb
53.560.6 eV, respectively. These results are summarize
Table I and compared with the results for chloride desorpt
from Si~111!.15 The order of the process, the rate constan
903 K and the activation energy are listed.

1. Recovery of the dangling bond

After the annealing at 673 K for 3 min, all polybromide
including Si adatoms are desorbed14 and the adatom laye
disappears.12,13 Instead, the Br-terminated rest atom surfa
appears together with clusters including bromina
adatoms.12,13Thus, at about 900 K, silicon bromides are co
sidered to be desorbed from two sources. One is mono
mides on the rest atom surface and the other is mono
mides or polybromides on the culster surface.

The result for the featureA8 agrees well with that in the
case of chloride desorption, except for the activation en
gies, indicating that the desorption mechanism of silicon b
mide is similar to that of the chloride15 as summarized below
The faster recovery of the dangling bonds~featureA8) com-
pared with the recovery of the back bonds~featureB8) is
interpreted as indicating that the featureA8 can decay before
the adatom is restored. This is because a dangling bon

FIG. 6. Logarithmic plots of the decay rateska ~solid circles!
and kb ~open circles!. Solid lines are best linear fits to the plot
giving the activation energiesEa51.860.4 eV and Eb53.5
60.6 eV.
1-5
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the rest atom surface makes nearly the same contributio
the DR/R spectrum as that of the adatom on the DAS s
face. Actually, the energy of the dangling bond states on
rest atom surface was calculated to beEF60.5 eV.28 In
comparison with the dangling bond states of adatoms on
737 DAS surface,29 the difference in the peak energy of th
feature A is estimated to be much smaller than
bandwidth.16 Thus, the peak energy difference between
rest atom surface and the DAS surface affects the featuA
only slightly. On the other hand, contribution from the da
gling bond on the cluster can be negligible for the followi
two reasons. The area of the cluster surface is much sm
than that of the rest atom surface and the dangling b
states on the cluster can be well separated from those on
DAS surface. Consequently, the decay of the featureA8 is
considered to represent the desorption of silicon bromi
from the Br-terminated rest atom surface, and the activa
energy for the featureA8 corresponds to the desorption e
ergy. The thermal desorption specrotoscopy~TDS! study of
bromide desorption from Si~111! ~Ref. 14! indicates that
SiBr2 is the main desorption species at around 900 K. Ju
ing from the first-order kinetics and the activation energy
Table I, the recombinative desorption of SiBr2 from the ideal
terrace of the Br-terminated rest atom surface is unlikely,
defects such as steps and craters are thought to play an
portant role in the desorption process.12 The desorption from
these defects can follow first-order kinetics because of
one dimensionality. In the case that the Br density at
defect is proportional to the Br density on the rest at
surface, which is established under thermal equilibrium,
dangling bond density detected by SDR seems to incre
following first-order kinetics. This desorption model is sch
matically illustrated in Fig. 7. Other surface-sensitive me
ods to detect the dangling bond density~SHG! ~Ref. 27! and
the Cl density ~ultraviolet photoelectron spectroscopy!,30

which are insensitive to the desorption from the cluster, a
see first-order kinetics for the chloride desorption. On
other hand, methods detecting species desorbed from
the rest atom layer and the cluster, such as tempera
programmed desorption,14,31 laser-induced therma
desorption,32 and steady-state etching,33 see second-order ki
netics. This discrepancy has been explained by the m
that the desorption from the cluster with larger activati
energy lasts longer than that from the defect.15

According to the above desorption model, the activat
energy of 1.8 eV is ascribed to the energy required to form

FIG. 7. Schematic view of the proposed desorption mechan
There are two types of desorption: desorption from defects on
rest atom surface, such as steps and craters, and desorption
clusters.
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volatile SiBr2 molecule at the defects, because the ene
barrier for Br and SiBrx diffusion is presumed to be low. Th
present activation energy is smaller than that for the chlor
desorption, 2.3 eV.15 The local structure of the dimer at th
step edge on Si~111! is similar to that of the dimer on
Si~100!.12 The energy for bromide and chloride desorpti
on Si~100! can therefore be taken into consideration in d
cussing the desorption energy on Si~111!. According toab
initio electronic structure calculation on Si~100!,2 the desorp-
tion energy for SiBr2 ~2.31 eV! is smaller than that for SiCl2
~3.11 eV!. The smaller desorption energy of SiBr2 was as-
signed mainly to the larger strain due to the repulsive int
action between monobromide species and not due to a
crease in the bond charge. On the other hand, TDS studie
bromide and chloride desorption from Si~100! showed that
the activation energy for SiBr2 is 1.9 eV and that for SiCl2 is
2.4 eV.34,35The activation energies on Si~100! are quite simi-
lar to our results on Si~111!, so that the smaller activation
energy for SiBr2 on Si~111! can also be assigned to the larg
strain due to the repulsive interaction between Br adsorba

2. Recovery of the adatom back bond

The result for the featureB8 in Table I agrees well with
that in the case of chloride desorption, except for the acti
tion energies, indicating that the DAS formation mechani
is similar to that of the surface after chloride desorption15

Dangling bonds appear on the rest atom surface as S2
molecules are desorbed, and adatom back bonds su
quently recover. Since the energy required for the diffus
of Si clusters is estimated to be lower than 1.5 eV,36,37 the
activation energy for the featureB8 corresponds to the struc
tural change. The featureB8 does not decay when the ad
tom only sits on theT4 site, but it decays later when th
stacking fault structure is formed. Variousn3n DAS struc-
tures have been found during reconstruction from
quenched 131 phase, and the 737 DAS structure is formed
through a size change process.38,39 However, SDR cannot
distinguish the 737 DAS structure from othern3n DAS
structures (n53,5,9,11, and so on! because of the large
bandwidth of spectral features.15

The activation energy for recovery of the back bond w
found to be 3.560.6 eV. Although the DAS structure con
sists of several elements, such as dimers, a corner hole,
stacking faults, these elements are inherently inseparab38

Accordingly, the obtained activation energy should be co
pared with the formation energy for a faulted half unit ce
which is reported as 2.6 eV.36 This value is close to the
activation energy for the surface after chloride desorption15

but meaningfully smaller than that for the surface after b
mide desorption. Accordingly, additional mechanisms givi
higher activation energy should be taken into account for
surface after bromide desorption. Although the nature
such a mechanism cannot be determined from the SDR
sults, surface morphology could affect the process of D
structure formation, as pointed out in Ref. 40.

IV. SUMMARY

Three fundamental processes of Br etching of the Si~111!
surface have been investigated by means ofin situ real-time
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REACTIVITY OF HALOGENS ON A Si~111! SURFACE . . . PHYSICAL REVIEW B 68, 165411 ~2003!
SDR spectroscopy. They are adsorption of bromine o
Si(111)737 surface, isothermal desorption of silicon br
mides from a Br-teminated Si~111! rest atom surface, an
subsequent restoration of the DAS structure. The spec
featuresA (A8) andB (B8) arise mainly from missing ada
tom dangling bonds and missing adatom back bonds of
DAS structure, respectively. Time courses of the disapp
ance of the dangling bonds and the back bonds in the ads
tion process and those of their recovery in the desorp
process are determined from the magnitudes of the co
sponding spectral features. From the time courses, the
constants of the adsorption process, and the rate const
the order of reaction and the activation energies of the
sorption process are obtained.

The present results were compared with the previous S
studies on Cl adsorption and chloride desorption
Si~111!.15,18 The mechanisms of the adsorption and deso
tion and restoration processes were found to be qualitati
the same for Br and Cl, but quantitatively different. In t

*Electronic address: mtanaka@ynu.ac.jp
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