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The dissociative chemisorption of Br, on Si(111)-7X 7 and the effects of spontaneous etching have been
studied with scanning tunneling microscopy as a function of temperature, flux, and fluence. At room
temperature, the Si surface retains the 7 X7 reconstruction, and bias-dependent imaging reveals Br bond-
ing to adatom and rest-atom dangling-bond sites. For 700 < T <900 K, terrace etching involves Si remo-
val from adatom sites and conversion to a 1 X1 periodicity that is stabilized by Br. In this temperature
range, bilayer step flow etching dominates and Si removal is fastest along { 110). Regrowth structures
derived from six-membered Si rings terminated by Br appear near the bilayer steps. They are more com-
mon near steps that descend along [112] than those that descend along [121] or [211], a distribution
that reflects differences in the atomic scale bonding at the steps. Step flow continues at 1000 K but ter-
race pitting is also activated. This produces triangular bilayer pits bounded by (110) edges. Analysis
yields the ratio of the rates of formation of terrace pits and step kink formation, giving a difference in ac-
tivation energies for these processes of 0.8 eV. Flux-dependent studies at 1000 K show that pit sizes and
densities vary dramatically, an effect related to the mean Br content on the terrace. No such dependence
was observed at 900 K because pits could not be formed and the terraces were inactive once converted to
1X1. At 1100 K, etching produces disordered vacancy clusters in the adatom layer. The presence of
small ordered domains amidst randomly distributed adatoms is attributed to facile local removal. In all
cases removal proceeds in a layer-by-layer fashion because of the striking anisotropy in etching energet-
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ics.

I. INTRODUCTION

Investigations of the spontaneous etching of semicon-
ductor surfaces by molecular halogen beams have provid-
ed important insights into surface chemical processes. In
turn, those insights have been helpful in modeling the
more complicated environments prevalent in halogen
plasma etching.! In particular, they offer an understand-
ing of the mechanisms and energetics of etching with
respect to the formation and evolution of volatile species.
Recent studies of etched surfaces using atomic resolution
scanning tunneling microscopy (STM) have contributed
to the overall understanding of etching by revealing the
morphology of the surface before and after
modification.?”> For example, investigations of Si(100)-
2X 1 have demonstrated that spontaneous etching occurs
via Si removal at steps and the creation of single-layer-
deep etch pits on terraces. For Si(100)-2X1, distinct
etching pathways have been identified from analysis of
STM images, and it has been possible to deduce etching
energetics and kinetics.®

The bonding configurations of Si(111)-7X7 are more
varied than those of Si(100). Etching of this surface with
oxygen”® has been characterized by material removal
from steps and the formation of bilayer pits on terraces.
Also observed were metastable 5X5 and 9X9 domains
when the exposed layer could reconstruct. STM studies
of wet-etched Si(111) (Refs. 9—11) showed directional an-
isotropies as well as terrace pitting and step retreat. STM
investigations of the interaction of beams of Cl, with
Si(111)-7X7 (Refs. 4 and 12—14) have emphasized chem-
isorption dynamics leading to preferred bonding sites and
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the initial formation of volatile species.

Here, we have used STM to examine the interaction of
molecular bromine with Si(111)-7X7 at 300=7 <1100
K. We discuss chemisorption at 300 K to identify the ad-
sorption sites. Temperature-, flux-, and fluence-
dependent studies indicate etching from the Si adatom
layer and transformation from the 7X7 reconstruction
into a Br-stabilized 1X1 structure. We also found step
retreat characterized by directional anisotropies, re-
growth structures involving six-membered Si rings, and
terrace roughening due to flux-dependent pitting. From
quantitative analysis of bilayer pit distributions near
steps, we determined the difference in activation energies
for pit formation and step kink formation.

II. EXPERIMENT

The experiments were performed in an ultrahigh vacu-
um chamber equipped with a Park Scientific Instruments
Autoprobe VP AFM/STM. The base pressure of the sys-
tem was 5X 10~ !! Torr. Silicon wafers oriented to within
0.3° of (111) and miscut along [112] were rinsed in etha-
nol prior to introduction into the vacuum chamber. The
wafers were degassed at 875 K for several hours and
flashed to 1475 K for 1-2 min. This procedure produced
clean, well-ordered Si(111)-7X7 with defect densities
=<1%. Sample temperatures were monitored with an op-
tical pyrometer and were typically controlled to +10 K.
Electrochemically etched tungsten tips were cleaned us-
ing electron bombardment. Scan dimensions were cali-
brated against the size of the Si(111)-7X7 unit cell and
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the height of bilayer steps. The STM micrographs shown
here were acquired in a constant current mode at room
temperature with sample bias between —4 V and +3.5
V. The images were not corrected for thermal drift.

An electrochemical cell made by doping a AgBr pellet
with CdBr, was used as a Br, source. An applied voltage
caused diffusion of halogen ions to a Pt mesh electrode
where they combined and desorbed as Br,. During expo-
sure the sample was ~3 cm from the mesh electrode.
During operation of the cell, the chamber pressure
remained below 1X 107 !° Torr. Stable cell currents of 2
to 120 uA were used, releasing ~6.2X102 to
~7.5X10" molecules/sec. Bromine exposures were
done under conditions of constant flux, with fluences ex-
pressed in units of mA s. In most cases, the samples were
cooled rapidly to room temperature immediately upon
terminating the flux. For high-temperature studies, it is
likely that Br was lost during sample cooling after expo-
sure via etching and measurements of absolute Br con-
centrations at specific conditions of etching were not vi-
able. Under our experimental conditions, fluences of 1.0
mAs corresponded to approximately 1X10'> mole-
cules/cm? (dangling bond density for the 7X7 recon-
struction is 3.04 X 10'* cm™2). Note, however, the stick-
ing coefficient will depend on surface conditions and tem-
perature, and the etching of Si(111)-7 X7 produces a 1 X1
unit cell with a higher number of surface bonds
(7.83X 10" cm ™).

III. CHEMISORPTION AT 300 K

In this section, we focus on the dissociative chemisorp-
tion of Br, at 300 K and compare to results for H- and
Cl1-Si(111)-7X7. For reference, Fig. 1 shows top and side
views of the 7X7 unit cell of Si(111) according to the

(a) corner hole 5
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restatom
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FIG. 1. Schematic of Si(111)-7X 7 unit cell showing (a) top
and (b) side views. The side view in (b) follows the long axis of
the unit cell. The faulted half of the unit cell is on the left and
the unfaulted on the right. The 19 dangling bonds per unit cell
are derived from adatoms in the top layer (12), exposed rest
atoms in the next layer (6), and exposed bulk atoms at corner
holes (1). The dashed lines denote unit-cell boundaries defined
by dimer rows. Nucleation of the 7 X7 reconstruction at a step
edge exposes these dimer rows.
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model of Takayanagi et al.'> Each of the 12 Si atoms in
the adatom layer (large solid circles) is a dangling-bond
site. These adatoms can be distinguished as corner and
center adatoms according to their proximity to the
corner holes, as labeled. There are 42 rest atoms in the
next layer, six of which are dangling-bond sites (shaded
circles). There is also a dangling bond in the highest bulk
layer at each corner hole, giving a total of 19 dangling
bonds per unit cell. The dashed lines outlining the unit
cell locate the dimer-chain walls of the reconstruction.
These walls give rise to stacking faults in alternate halves
of the unit cell.

Figure 2 shows occupied state micrographs acquired at
different sample bias voltages after 0.1-mA s exposure at
room temperature, corresponding to ~1.0X10" Br
atoms/cm?. The same 7X 7 unit cell is outlined in each
image to show that the reconstruction is not disturbed by
chemisorption. At the highest bias (—3.5 V on the sam-
ple), the image is speckled with bright features that we
associate with Br adsorption at Si adatom positions. The
number of such features increases with exposure. Their
presence as single spots indicates dissociative chemisorp-
tion. This is consistent with on-top reaction of Br with
Si(111)-7 X7 deduced from x-ray standing wave measure-
ments.'® At lower sample bias, the bright spots tend to
disappear and darker regions emerge. As discussed by
Boland and Villarrubia'>'? for C1-Si(111)-7X 7, the occu-
pation of Si dangling bonds reduces the electron density
near E, so that adsorption sites appear dark relative to
unreacted sites when imaged at low magnitude bias. At
higher magnitude biases, bonding states (negative sample
bias) or antibonding states (positive sample bias) formed
by the interaction of the Br 4p orbitals and the Si adatom
dangling bonds can be accessed and the sites appear
bright.

Coverage-dependent adsorption studies were undertak-
en to determine whether there were preferential adsorp-

FIG. 2. 135X 135-A? images after 0.1-mA s exposure to Br,
at 300 K showing the same area with sample bias voltages
recorded in the insets. The same unit cell is outlined in each.
Br is observed to adsorb at adatom and rest-atom dangling-bond
sites. Most dark areas seen at low magnitude bias were bright at
high magnitude bias. The arrow indicates a dark area that did
not become bright at higher bias.
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tion sites within the 7X7 unit cell. This was motivated
by the observation by Avouris and Wolkow!” that corner
adatoms tend to be less reactive than center adatoms.
Such preferred bonding could be due to the different
coordination of corner and center adatoms with respect
to rest-atom dangling bonds and to dimers that induce
strain (Fig. 1). With images like those in Fig. 2, we were
able to quantify Br adsorption with site specificity as a
function of exposure. It should be noted that although
tip-induced effects were rare (such as displacement of a
Br atom from one site to another during scanning), we
took special care to exclude such events in our analysis.
The statistical distributions indicated equal occupancy of
corner and center adatoms and an overall scaling with ex-
posure. We found no preference for adsorption near
missing adatoms or steps. Hence, thermally activated
diffusion of Br is insufficient to allow sampling sites of
higher chemical activity. Processes associated with
molecular dissociation, Si-Br bond formation, and motion
driven by the release of the condensation energy need not
yield equilibrium structures (thermochemical data give
1.9 eV for a Br-Br bond and 3.6 eV for a Si-Br bond).

The distribution of Cl on Si(111)-7 X7 has been used by
Yan, Jensen, and Kummel* to distinguish between
precursor-mediated reaction and direct-activated reac-
tion. After exposing Si(111)-7X7 to Cl, beams having
energies of 0.05-0.44 eV, they deduced that beams with
energies of <0.11 eV produced islands of Cl-terminated
Si and a background of Cl bound to Si adatoms. Island
formation was attributed to a physisorbed precursor state
that allowed Cl, to diffuse sufficiently to reach the grow-
ing islands where dissociation would occur. Island struc-
tures were not observed for beams with an energy of
~0.44 eV but dissociative chemisorption led to center
adatom occupation twice that of the corner adatom occu-
pation. In our experiments, we find equal occupancy of
corner and center adatoms with no indication of island
formation after impingement of Br, at near-normal in-
cidence from a thermal source (temperature ~400 K).
Our results indicate direct dissociative chemisorption on
Si(111)-7X7 with no mobile precursor state. This could
be due to a lower barrier to dissociation of Br, relative to
Cl, (CI-Cl bond strength 2.5 eV compared to 1.9 eV for
Br-Br). Boland and Villarrubia!? found that Cl adsorbed
at center and corner adatoms with equal probability.
They noted that their source produced a significant
amount of atomic Cl, which they expect to react without
ample site sampling, though again the chemisorption en-
ergy itself would activate hopping until thermalization
was achieved.

Inspection of Fig. 2 shows dark areas at low bias that
do not become bright at high bias. An example is indi-
cated by the arrow. These features show no site selectivi-
ty, although the total area of the dark features scaled
with exposure. It may be that they reflect adsorption in
the rest-atom layer. Avouris and Wolkow!” found that
the rest atoms were more reactive than the adatoms be-
cause the special coordination of the adatoms hinders
dangling-bond saturation. Halogen adsorption in this
rest layer would reduce the local electron density near the
Fermi level and would affect tunneling conditions. This
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could account for the dark patches at low bias. However,
bright spots at higher bias would not be seen since the tip
cannot directly probe these next-layer atoms. Bonding to
rest atoms of Si(111)-7X7 has been suggested for Cl
based on electron energy loss spectroscopy,'® for H based
on infrared spectroscopy,'” and for NH; from STM
analysis.!” Adsorption at rest atoms was not discussed
for STM studies of Cl-Si(111)-7X7 (Refs. 12 and 13) or
H-Si(111)-7X7.%

Saturation coverage for Si(111)-7 X7 was achieved with
~1.5-mAs fluence at 300 K. This corresponds to
3X 10" Br atoms/cm?, assuming that all dangling bonds
in adatom, rest-atom, and corner hole sites are satisfied
(19 per unit cell). Under these conditions, I-V curves
showed a gap approximately between —3 V and +1 V so
that atomic resolution imaging was not possible in this
bias range. Images obtained outside of this range resem-
bled those for the clean surface since Br saturated the
adatom dangling bonds. This surface was sufficiently
passivated that atomic resolution was possible after al-
lowing the sample to reside in the chamber for over 12 h
(clean surfaces degrade after ~6 h at 6X10™!! Torr).
Heating to 1100 K for 10 min restored a clean surface.

IV. SPONTANEOUS ETCHING

Heating to 500-650 K during Br, exposure leads to a
conversion to a 1 X1 structure after =3 mA s fluence and
suitable annealing (15-20 min) with minimal etching, as
confirmed by temperature programmed desorption re-
sults on Si surfaces.?! During this process, bilayer islands
are formed that have a characteristic dimension of
10-30 A. They reflect the accumulation of atoms that
had originally constituted the adatom layer. Adatoms
not contributing to island formation are consumed by
healing dimer chain walls of the reconstruction. After
exposures in this temperature range, we observed no evi-
dence for etching such as terrace pit formation or step
edge roughening. Equivalent results have been discussed
by Boland and Villarrubia'>!3® and by Owman and
Martensson?? for Cl- and H-Si(111)-7X7, respectively.
As noted, the driving force for the 7X 7 reconstruction is
lost when the Si dangling bonds are saturated by halogens
or hydrogen. Conversion to the Br stabilized (111)-1X1
structure is accomplished by thermally activated trans-
port and this requires the long anneals reported above.

Spontaneous etching of Si(111) can be observed during
exposure at 700=7 <1100 K. As discussed below, dis-
tinct pathways were identified that resulted in step retreat
(dominant for 700-900 K), terrace pitting (1000 K), and
surface disordering (1100 K). Each temperature regime
is characterized by different sensitivities to Br, flux and
fluence.

A. Fluence dependence and step retreat at 900 K

Figure 3(a) shows a surface etched using a flux of 20-
uA Br, at 900 K. The fluence, 0.6 mA s, was about one-
tenth that needed to reach steady-state terrace morpholo-
gy. Crossing the image is a bilayer step descending along
[112] due to wafer miscut (by convention, we refer to bi-
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layer steps by their descending direction). After etching,
such steps were characterized by irregularities that aver-
aged ~200 A in length, in contrast to the straight steps
observed for clean surfaces. The irregularities tend_to-
ward triangular shapes defined by [121], [211], and [112]
step segments with those of [121] and [211] nature ac-
counting for more than 90% of the total step length.
Also evident is an island on the lower terrace, labeled I,
that represents a terrace remnant. Such islands were
formed when a peninsula was isolated by etching. Their
average separation along the steps was ~2 um. Their
distance from the parent step, no more than 1500 A, es-
tablished a lower limit to the amount of step retreat. The
islands were subject to etching from their edges and even-
tually were consumed. It is likely that the peninsula that
produced the island of Fig. 3(a) was quite large. The be-
ginning of island formation is indicated by the bold arrow

(a) 3500x3500 A2, 0.6 mA-s, 900 K

FIG. 3. Etching at 900 K proceeds via step retreat and Si
adatom removal (flux 20 uA; fluence about 10% of that needed
to achieve steady-state terrace appearance). (a) Step profiles are
defined by triangular peninsulas with step-down directions indi-
cated. The island I represents the remnant of a back-cut penin-
sula. The bold arrow indicates where Br etching has exposed a
[112] step so that a small island may develop. (b) Terrace image
for an area far from a step showing changes in the original sur-
face layer. Dark areas are missing adatoms. Four intact corner
holes are connected and shown in the inset. Features denoted X
probably represent SiBr, moieties that did not desorb. All ex-
posed dangling bonds are terminated by Br.
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of Fig. 3(a), though the resultant island would be small
and short lived.

The image of Fig. 3(b) shows that the terraces of Fig.
3(a) were irregular with a large number of randomly dis-
tributed adatom vacancies. (This image was obtained for
an area that was far from a step so that it represents
changes in the original surface.) Despite the vacancies,
the 7X7 reconstruction persisted (a unit cell is drawn
connecting four intact corner hole sites). Bias-dependent
imaging revealed that the dark patches were missing Si
adatoms, not Br adsorption sites, in contrast to what was
observed after room-temperature chemisorption. The
remaining Si adatoms were Br terminated and appeared
as bright spots. The dark areas never represented more
than a few adatom vacancies, and no defects were found
in the exposed rest-atom layer. From the surface of Fig.
3, we estimate that 0.9 X 10'* adatoms/cm? (~45% of
the adatom layer) were removoed under conditions where
steps have retreated > 1500 A (>7.8X 10" atoms/cm?
removed from bilayer steps). This indicates that removal
at bilayer steps is at least 8 times that of terrace adatom
removal. Occasionally, bright objects were found on the
terraces, labeled X in Fig. 3(b). They could be due to
SiBr, species that were unable to desorb when the sample
was quenched. Similar features for Si(100) exposed to Br,
and I, were attributed to residual silicon halides.»** For
I-Si(100), photoemission confirmed the emergence of a
Si2* oxidation state after suitable exposure.?®

Figure 4 shows the effects of higher fluence on terrace
etching at 900 K. The bright spots represent residual Si
adatoms, labeled 4. The exposed rest-atom layer is
atomically resolved as a local 1X1 structure, saturated
by Br. About twice as many adatoms have been removed
in Fig. 4(a) relative to Fig. 3(b), scaling well with expo-
sure. The outlined unit cell shows the persistence of the
7 X7 periodicity. The dark lines in the image correspond
to cell boundaries defined by dimer rows of the recon-
struction. Atomic resolution images of the Br-bonded
rest atoms are similar to those for CI-Si(111),'* H-
Si(111),22 and NaOH wet-etched Si(111).2* Also evident
are sites where Si atoms are missing from the rest-atom
layer, labeled V for vacancy. These vacancies are almost
exclusively located near unit-cell edges where, from Fig.
1, there are dimer rows in the next layer. This indicates
that Br weakens Si back bonds and that removal near di-
mer rows is easiest where Si-Si bonds are strained.

Figure 4(b) shows a surface exposed to five times the
fluence of Fig. 4(a) when the number of remaining ad-
atoms is ~50% of that of Fig. 4(a). The fact that the
adatom removal did not scale with fluence reflects a
reduction in halogen sticking coefficient on the Br-rich
1X1 terrace. Moreover, the conversion from 7X7 to
1X1 requires consumption of atoms from the adatom
layer. Most of the surface of Fig. 4(b) has converted to
1X 1, and only a few stacking faults (S) remain, as ob-
served for a Cl-covered Si(111)-7X7 surface that had
been annealed.!?> For Fig. 4(b) the residual halogen cover-
age is nearly 7.8 X 10" cm ™2 while the saturated surface
of Fig. 4(a) has 6.4X 10 Br/cm? While Si atoms are
also removed from the 1X 1 layer, the resulting vacancies
remain isolated, indicating insufficient mobility at 900 K
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(a) 137x137 A2, 1.2 mA-s, 900 K

FIG. 4. Images of terrace areas far from steps after etching at
900 K with greater fluence than in Fig. 3 (flux 20 uA). (a) After
1.2-mA s exposure most of the adatoms ( 4) are gone, leaving
the rest-atom layer with Br bonding that stabilizes the local
1X 1-like structure. The dark lines provide evidence of the
presence of the dimer rows of the original 7X7 cell. Vacancies
in the rest-atom layer are denoted V. (b) After 6 mAs, the ter-
race has transformed increasingly to a Br-terminated 1X1
structure although some dimer rows persist and give rise to
stacking faults (S). The Br concentration is close to saturation
on the terraces since only the steps act as sites where Br is lost.

in the presence of Br to form larger pits. Occasionally,
vacancies are found in pairs, as indicated by the V in Fig.
4(b). The atomic scale morphology represented in Fig.
4(b) is unchanged for longer exposures. Hence, continu-
ous etching at 900 K is characterized by terraces that
have Br-terminated 1X 1 character with a few vacancies
and residual adatoms. The dominant pathway for Si re-
moval is via step retreat. Despite the abundance of Br,
the barrier against pit formation is too great to allow pits
to form. As discussed below, this ceases to be the case at
1000 K.

B. Regrowth structures and step profiles

For Si(100)-2 X 1, etching is accompanied by the forma-
tion of regrowth islands that nucleate from liberated,
mobile Si atoms.”3 These islands exhibit dimer rows
analogous to those observed during Si homoepitaxial
growth on Si(100)-2X1.2° Here, we report the develop-
ment of ring-shaped clusters during etching at 900 K.
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They are concentrated near steps where 1X 1 regions are
expesed. Such regrowth structures have not been ob-
served previously for Si(111). As shown in Fig. 5(a), the
ring structures, denoted R, appear as atomically resolved
six-membered rings on the upper and lower (1X1) ter-
races.

Regrowth structures should reflect the tendency to
minimize the number of dangling bonds. Of the possible
geometric arrangements, six-membered rings represent
the smallest structures that allow fourfold coordination
of each Si atom when terminated with Br. Figure 5(b) de-
picts the proposed ring structure. Image analysis shows
that each ring atom is situated above a Si atom on a 1 X1
area. The height of these rings above the Br-terminated
terrace is ~2.6 A while bilayer steps are 3.2 A (measured
for two Br-terminated terraces or for two clean terraces).
Hence, the rings are not consistent with bilayer struc-
tures that would extend the Si bulk lattice. These rings
are rarely seen on upper and lower terraces more than
100 A from steps, indicating that they are etched away as
steps retreat.

Analysis shows that regrowth rings form ~35 times
more frequently near steps descending toward [112] than
those that descend toward [211] or [121]. Figure 5(c)
demonstrates that bonding at these two steps is quite
different. One type has two dangling bonds and dimer-
izes along the edge, denoted S, while the other has one
dangling bond extended from the step, denoted Sy. The
extra row of atomic features along both steps in Fig. 5(a)
is due to Br adsorption, and the position of the Br atoms
relative to the 1X 1 positions of the upper terrace indi-
cates the step type. The fact that both step types show
one Br per Si atom confirms the Si dimerization depicted
in Fig. 5(c).

Since the terraces near the two step types are
equivalent, the greater density of rings near S, steps indi-
cates greater release of Si from those steps. Anisotropic
etching with easier removal at S, steps relative to Sy
steps can be rationalized in terms of bond strength argu-
ments. Br adsorption on the dimers of S, steps is analo-
gous to adsorption on Si(100)-2X 1 dimers where the di-
mer 7 bond is broken and the o bond and backbonds are
weakened. Above ~850 K the dominant etch product is
SiBr,.2% We propose that one Si atom of an S), step-edge
dimer escapes into the gas phase upon SiBr, formation
while the other can be released onto the surface, analo-
gously to Si(100).3 Volatile products can be formed more
readily at S, edges since there are only two back bonds
and SiBr,-like bonding is achieved when the o bond is
broken. Such dimer etching is observed at steps at 900
K. Volatile species formation at Sy steps has a higher
activation energy since it requires attack of the three
back bonds. Hence, kink formation limits the etching of
Sy steps. However, once an atom is removed from an Sy
step, that kink is readily etched because atoms on both
sides of the kink have two dangling bonds.

The step profiles for the surfaces shown in Figs. 4 and
5, and for those obtained after >6-mAs exposure, re-
vealed the same distribution and average size of peninsu-
las evident in Fig. 3. More than 90% of the step length is
comprised of Sy steps although the sample miscut would
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FIG. 5. (a) Etching near steps at 900 K produces regrowth
structures (R) that consist of Sig rings to which Br is bonded.
The inset shows the ring structure. Rings are more abundant
near S, steps than near Sy steps. Br termination at step sites
indicates rebonding characteristics of the steps. (b) Schematic
of rings as six Si atoms back bonded to the surface and bonded
to neighbors. Fourfold coordination is achieved by Br termina-
tion. (c) Schematic of the two types of close-packed steps on
Si(111)-1X 1. Sp steps descend along [112], [121], or [211]
while Sy steps descend toward [112], [121], or [211]. Each Si
atom has one dangling bond at Sy steps. Atoms at S, steps
dimerize and the dangling bonds are saturated with Br. The
steps of clean Si(111)-7X7 are defined by linear structures that
are locally analogous to the S, step due to dimer chain walls.
Kink formation at an Sy step involves removal of an atom that
had three back bonds. This kink can then flow along the step as
atoms with only two back bonds are removed. Etching of an Sp
step is more facile and involves breaking the dimer bond to
form a SiBr, unit with two back bonds.
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yield S, steps. This again indicates Sy steps are more
stable upon Br adsorption than S steps. Significantly,
the mechanisms for step etching remain similar even
though the surface converts from 7X7 to 1X1. For
Si(111)-7 X7, bilayer steps are bounded by unit-cell edges
with the dimer chains atoms each contributing one dan-
gling bond at the step. These dimer chains create seg-
ments that are like S, steps except for the presence of
adatoms on the terraces. As adatoms are removed, the
bonding in the exposed areas is like that of the 1X1
areas, differing only by the influence of the dimer chain
walls that create stacking faults. There is no evidence of
preferred removal of the faulted half of unit cells at steps
edges. Rather, stacking faults are healed easiest at step
edges so that the S, -like dimer chains are removed so
that etching exposes Sy steps. The further removal of
adatoms and conversion to 1X 1 facilitates step flow, but
the atomic considerations regarding kink formation, Sp
etching, and Sy stability remain the same.

C. Pit morphologies at 1000 K and etching energetics

Etching at 1000 K continues to involve adatom remo-
val, terrace conversion to a 1X1 structure, and step re-
treat, as at 900 K. It differs from etching at 900 K, how-
ever, in that bilayer pits with distinctive shapes are also
formed and these pits grow laterally. The pit sizes and
densities depend on the flux because the flux determines
the mean Br concentration achieved under conditions
where there is Br loss via etching. At 900 K, Br loss was
less profound, the mean concentration could reach satu-
ration, and there was a weak dependence on flux.
Analysis of the STM images makes it possible to assess
the energetics of pit formation, step kink formation, and
kink flow at 1000 K.

Figure 6 shows images of a surface exposed at 1000 K
to a flux of 20 pA for a fluence of 1.6 mA s. This image is
representative of intermediate-state etching in that fur-
ther exposure increased the pit density somewhat.
(Steady-state etching at 1000 K as a function of flux will
be discussed in Sec. D.) The surface is characterized by
macroscopically irregular steps and bilayer terrace pits P.
The step irregularities are triangular, as at 900 K, but the
mean separation is smaller and the deviation from lineari-
ty is larger. Pit boundaries are defined locally by three
equivalent Sy steps, as indicated in Fig. 6(b) and shown
schematically in Fig. 6(c). The average pit has a charac-
teristic dimension of 1250 A (distance from pit apex to
base). Remnants of upper terraces are often observed,
having been created during terrace retreat and the possi-
ble breakthrough of a pit with a retreating step.

Pit formation is observed only after there has been lo-
cal transformation to the 1 X1 structure. Hence, the first
stages of terrace etching are like those at 900 K with ad-
atom removal and stabilization by Br of the 1X1 struc-
ture. We propose that pits are initiated when two neigh-
boring vacancies are created in the top layer as, for exam-
ple, atoms numbered 1 and 2 in Fig. 6(c). This produces
an atom with two dangling bonds on the second layer
[atom 3 in Fig. 6(c)] so that a volatile SiBr, unit can form.
Subsequently, another top-layer atom is vulnerable [atom
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4 in Fig. 6(c)]. This series of events would produce a bi-
layer pit with four vacancies bounded by six second-layer
atoms each having one dangling bond. The span of such
a pit is indicated by the dashed boundaries. Further

(a) 2.5 x 2.5 pm?, 1.6 mA-s, 1000 K

FIG. 6. Etching at 1000 K produces peninsulas at steps and
bilayer pits (P) on terraces. (a) Denuded zones (DZ) are regions
of reduced pit density near steps. Their width indicates how far
the steps have retreated in the time necessary to form a terrace
pit. Analysis reveals the energy difference for the rate-limiting
step (see text). (b) Pits are triangular and are bounded by Sy
steps. Etching occurs along the step by kink formation and
kink flow. (c) Schematic showing a triangular bilayer pit bound-
ed by Sy steps. The lengths of the three step edges are less than
10 A on Si(111) whereas those in the images are much larger.
Numbers 1-4 indicate a sequence of removal events that would
lead to the initiation of a bilayer pit bounded by the dashed
lines. We propose that this represents the rate-limiting step for
pit formation.
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growth requires removal of a boundary atom from the
top layer or the second layer. Doing so would create a
kink that exposes two dangling bonds on neighboring Si
atoms. Removal of these kink site atoms is then relative-
ly facile and the kink flows until the pit again assumes a
triangular shape bordered by second-layer atoms, each
with one dangling bond. The formation of a new kink al-
lows the pit to grow again. At this stage, the pit resem-
bles the one depicted in Fig. 6(c) with boundaries defined
by Sy edges. We propose that the rate limiting step for
terrace etching is the creation of two neighboring vacan-
cies on the locally 1X 1 surface followed by the creation
of kinks so that the pit can grow. Each step involves re-
moving a Si atom that had three back bonds. The energy
barrier associated with such events is reflected by the low
density of bilayer pits. The competing channel that re-
moves Si and Br is associated with step flow.

Once a triangular pit is formed, etching at the Sy steps
is limited by kink formation. Indeed, the same process
limits step etching since this initial removal of a Si atom
with three back bonds exposes neighboring atoms with
only two back bonds. High-resolution images of large pit
boundaries and terrace steps show that kinks are separat-
ed by an average of ~150 A. Thus, the Sy steps that
define large pits are multiply kinked. We expect that pits
smaller than ~ 150 A will be etched at a slower rate since
the number of sites available for kink formation (and thus
the probability of forming a kink) is smaller. For larger
pits, size considerations would be minimal since their
bounds are indistinguishable from step edges. Since most
pits were significantly larger than 150 A, the result that
pits grow and steps retreat at nearly the same rate is un-
derstandable.

Examination of Fig. 6(a) indicates that denuded zones
(DZ) develop on terraces near ascending steps, as charac-
terized by the small number of pits within a distance wp,
of a step. This distance is defined by the point at which
the linear density of pits (along the step direction) is 90%
of the maximum linear density. Since a retreating step
exposes new areas of the surface where pits can form, the
denuded zone width is related to the ratio of the rates of
step retreat to pit formation. For the surface of Fig. 6,
the denuded zone width wp, was ~ 1300 A. Etching un-
der different conditions gives the same value, as discussed
below.

The rate limiting step for pit creation involves the for-
mation of neighboring vacancies followed by an edge
kink [Fig. 6(c)]. The growth of established pits and steps
requires removal of one step atom with three back bonds
(kink creation), followed by atom removal along the step
(kink flow). The rate of step flow is then measured as the
number of kink events per unit step length per unit time
and the rate of pit initiation is measured as the number of
pits created per unit step length per unit time. Since
wpz ~ 1300 A and the distance between rows is 3.2 A,
then at least 400 kink formation events must have oc-
curred before pit initiation could form in that area. How-
ever, step “irregularities,” such as kinks and peninsula
vertices, interrupt the linear continuity of edges, and kink
flow is terminated when such features are encountered.
Thus, the number of “irregularities” per unit step length
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must be taken into account. Similarly, the linear density
of pits at the edge of the denuded zone must be taken into
account. From STM analysis we found that there are
~ 120 step ““irregularities” within the average spacing be-
tween pits. Given this result, approximately 48 000
(400X 120) kink events occurred before the three events
leading to pit initiation could be accomplished.

Scaling the number of step kink events (48 000) to the
number of removal events needed to initiate the pit (3)
gives a ratio of the rates of step kink formation to terrace
pit formation, k; /kp, of ~16000. Rates can be related
to activation barriers by Arrhenius relations so that
ky=orexp[ —E; /kT] and k,=o,exp[ —E,/kT] where
oy and o, are the rate constants and E; and E, are the
activation energies. In principle, the rates will depend on
the diffisivity of Br, the activation and deactivation chan-
nels for the volatile species, and the desorption of volatile
species. Analyses of Cl etching of Si(100) indicated that
the rate-limiting step involved volatile species desorption®
and that is likely to be the case here as well. This is sup-
ported by results obtained under different conditions of
Br flux and, therefore, mean surface concentration. We
can simplify by assuming that the rate constants, o, and
o,, are approximately equal since both depend on
removal of a Si atom that had three back bonds. We
note that step and terrace atoms are not equivalent past
their first neighbors, but the difference between the
rate  constants may be small Accordingly,
ki /k,=exp[ —(E,—E,)/kT] =16000 so that the bar-
rier difference between kink and terrace pit formation at
1000K is E, —E; =0.8 eV.

As a check, surfaces were etched to various fluences at
1000 K, again with a flux of 20 pA. The pit and step irre-
gularity density increased with fluence but the distribu-
tion of pits near ascending steps was unchanged and the
denuded zone width did not vary. The effect of fluence
was to increase the mean Br coverage until balance was
achieved between the arrival and loss of Br. [Unfor-
tunately, absolute Br coverages could not be measured
because Br was lost during sample cooling to room tem-
perature.] When this steady-state condition was reached,
a morphology was achieved where further exposure re-
sulted in the same pit size distribution and density. Thus,
new pits were formed at the same rate as older pits were
engulfed by retreating steps. While the higher Br concen-
tration allowed for more pit formation events, there was a
corresponding increase in step etching.

D. Flux dependence at 1000 K

Figures 7 and 8 show surfaces etched at 1000 K with
fluxes of 5—-80 puA to achieve steady-state morphologies
(total fluences exceeded 6 mA s but longer exposures gave
the same morphology). Inspection shows that the pit
shape, size distribution, and density were flux dependent.
This indicates that the Br arrival rate was important.

Figure 7(a) shows that bilayer pits were formed on the
terraces for 5-uA flux (density 1.9X10° cm™?). These
pits averaged 250 A across. The pit and step edge
profiles were highly irregular and triangular shapes were
difficult to identify. Areas below steps were decorated

11 419

FIG. 7. 1.0X 1.0 um? images of surfaces etched at 1000 K to
steady-state morphology using fluxes of (a) 5 gA and (b) 10 pA.
High Br concentrations are difficult to achieve for fluxes
<5 uA so that pits in (a) are irregular due to continual recon-
struction of exposed areas. Residual concentrations using
higher fluxes are conducive to 1X 1 ordering so that pits in (b)
are bounded by Sy steps yielding a triangular shape.

with remnant islands that were absent for distances
> 1000 A from these steps. This indicates that they were
removed as their parent steps treated. Figure 7(b) shows
that triangular pits were formed at a flux of 10 pA (densi-
ty 2.2X10° cm~2). The average pit size was 1000 A.
Analysis shows that the pits and steps of Fig. 7(b) were
bounded by Sy edges. The difference in appearance for
the 5- and 10-pA results can be understood in terms of
the Br concentration of the surface. One of the effects of
Br is to stabilize the Sy steps and the 1X1 surface.
When present in insufficient concentration, as at 5 pA
and below, the surface is able to reconstruct locally and
there is no longer a distinction between Sy and S}, steps.
Thus, edges are continually reordering during etching
and are highly irregular. Surfaces etched using 10 pA
and above always show triangular pits bounded by Sy
steps.

Figure 8 shows the dependence of pit diameter and
density on flux for surfaces etched to steady-state mor-
phology at 1000 K. A flux of 20 uA produced pits with
sizes that averaged 1300 A (density 3.9X10° cm2).%7
Etching with 40 pA resulted in an average pit size of
2100 A (density 5.6 X 10° cm ~2). At this point, there was
significant p1t pit and pit-step coalescence, and pitting
had started in the next layer. Etching at 80 uA yielded
much smaller average pit sizes (600 A) and a dramatic in-
crease in density (2.8X 10 cm™2). A great many pits
contacted neighboring pits or steps and the terraces ap-
peared nearly half eroded. These size and density data
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are summarized in Fig. 8(d) for fluxes of 2—-80 puA. It
should be noted that pit size and density data can be
skewed by pit coalescence. However, the triangular

shape of pits enabled us to identify portions of large pits
that had originally nucleated as individual pits and then
grew together. When such identification was possible we
counted each portion as a separate pit and estimated
their sizes accordingly.
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FIG. 8. 2.0X2.0 um? images of surfaces etched at 1000 K to
steady-state morphology using fluxes of (a) 20 uA, (b) 40 uA,
and (c) 80 pA. The etchant arrival rate affects local Br concen-
trations resulting in flux-dependent pit sizes and densities. (d)
Pit density and size are plotted vs flux. Steady-state Br concen-
trations increase with flux so that pit formation is more prob-
able at higher fluxes. Pit sizes increase with flux also due to
higher Br concentrations and higher yield step etching. The de-
cline in pit size for fluxes greater than 40 A indicates effects of
terrace width (see text).
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These results demonstrate that the concentrations
needed for attack of Si back bonds on terraces are
difficult to achieve at low flux. The accumulation of Br
depends on the flux, the fluence, the sticking coefficient,
and the rate of Br loss through etching. From Fig. 8(d),
the trend is that higher pit densities are the result of in-
creased flux at 1000 K. This is analogous to the situation
during growth where island nucleation is governed by lo-
cal concentration and the free energy barrier associated
with an analysis converting to a nucleus. At high flux,
the area that the mobile species can sample is small due
to the arrival of new species. This supersaturation in-
creases the likelihood of forming a stable island. At low
flux, mobile species are able to reach accommodating
sites at steps or, if the steps are widely separated, then is-
land formation can ultimately occur. This preferred ther-
modynamic path is frustrated if the diffusion length is
low and the degree of supersaturation is high.

For etching at 1000 K, the rate of Br accumulation on
the terrace increases with flux. This increases the change
of pit formation. Here, the higher-energy barrier for re-
moving Br (and thereby Si) via pit nucleation is the coun-
terpart to the free-energy barrier associated with island
nucleation and growth. At low flux, Br is lost via the
lower-energy pathway (kink formation and kink flow) and
the concentration on the terrace is insufficient to yield
conditions conducive to pit formation. At very low flux,
below 5 pA, there is also competition with reconstruction
of the Si surface, and etching involves different pathways.
During local reconstruction, step reordering takes place
since there is no edge favorability (all edges are Sp-like
steps on reconstructed areas). Thus, resulting edge
profiles are highly irregular.

The data of Fig. 8(d) demonstrate that the pit density
D, is a nonlinear function of the Br flux I;. Indeed,
D, Iy where x is between 2 and 3. This is reasonable
since pit initiation depends on multiple removal events,
each of which depends on the local concentration (flux).
In addition, vacancies are susceptible to annihilation via
refilling with adatoms. The probability for such an an-
nihilation event would depend on the adatom density and
diffusivity, and these should decrease as the flux increases
since more Br is available at higher fluxes. However, if
we assume that each independent terrace removal event
[as those numbered 1 and 2 in Fig. 6(c)] depends linearly
on flux, then pit creation should go as the square of the
flux. In addition, a kink creation event is required to
conform to our description of pit initiation (as stated
above), and this increases the flux dependence. Taking
this into account as well as adatom-vacancy recombina-
tion, the net functional dependence of pit formation on
flux approaches a cubic form, consistent with the data of
Fig. 8(d).

The growth of a bilayer pit is governed by the relative
rates of kink formation and kink flow. The kink forma-
tion rate is proportional to the number of available sites,
i.e., pit edge length L in addition to Iz. When a pit is
small, less time is required for a kink to advance across
the entire edge than to form a new kink. Experimentally,
this is deduced from the average kink-kink separation of
~ 150 A. At some critical pit edge length, L, the times
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required for kink flow and kink formation become equal.
If kink formation depends linearly on Iy, then pit
growth, dL /dt, is governed by dL /dt <xIzL for L <L,
and dL /dt <IzL_ for L = L.. Thus, small pits will grow
exponentially with time for a given flux, L ~exp(Iyt),
since the growth rate increases with L. When the pit
edge length exceeds L., the growth rate loses its depen-
dence on L, and growth will become linear with flux and
time. In this regime, L =L_.+kL_ Izt. This is equivalent
to step retreat. Such a dependence on the difference in
energy needed to produce a kink and to propagate a kink
explains the decrease of average pit size for high Br fluxes
shown in Fig. 8(d). Moreover, at high flux as the rate of
step retreat increases, the terraces are exposed for a
shorter time before they are swept away. In this regime,
pit growth is suppressed since step retreat annihilates pits
before they achieve sizes corresponding to the exposure
time and etch rates. The result is a decrease in average
pit size because of reduced growth time.

Denuded zone widths can be calculated for each of the
conditions of Figs. 7 and 8. Interestingly, wp; remains
constant over the range of fluxes studied. In addition, the
ratio of step irregularities per step length to pits per step
length remained constant at ~ 120 for these conditions.
These observations imply that the relationship between
terrace pitting and step kink formation was unaffected by
flux. This is reasonable since the Br arrival rate was uni-
form near steps and on terraces and, while the etching
rate is faster at higher flux, the rate of step kink forma-
tion events and terrace removal events should scale
equally with flux.

E. Terrace disordering at 1100 K

For Si(111), there is a first-order transition from the
7X7 to the 1X1 structure at ~1125 K.2273 Hence,
etching at 1100 K will still occur under conditions where
there is a tendency to reconstruct to 7X7 but there is
also facile removal. For these surfaces, little Br was ob-
served after cooling, and the morphology is consistent
with fast local removal of adatoms.

Figure 9(a) shows that the steps remain relatively
straight and that bilayer pits are not formed after expo-
sure at 1100 K to 1.2 mA s at 20 uA. Indeed, the periodi-
city and roughness of the steps is nearly that of the clean
surface. Thus, while steps are susceptible to etching at
1100 K, the high temperature and absence of Br pro-
motes sufficient Si diffusion that etch-induced step irregu-
larities are annihilated and the step length is minimized.
The absence of terrace pits indicates that local Br concen-
trations needed for pit nucleation cannot be achieved.
Results from studies at different flux and fluence at 1100
K confirm that terrace pits were not formed.

The expanded scale image of Fig. 9(b) shows adatoms
(A), vacancies (¥V), and small clusters (C). The adatoms
seem randomly distributed, but small 7X7 and 5X5
domains can be seen occasionally. The surface then
reflects etching with the tendency to reconstruct to
reduce the dangling-bond density. The persistence of in-
tact corner holes [indicated by arrows in Fig. 9(b)] sug-
gests that the corner holes act as seeds for the growth of
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domains. Significantly, the largest domains (up to 150 A)
were concentrated at step edges, consistent with the nu-
cleation of the reconstruction for the clean surface at
steps. Comparison to results for oxygen, where the etch-
ing of Si(111)-7X7 produced 5X5, 7X7, and 9X9
domains,”® indicates that Br etching is characterized by a
more disordered distribution of adatoms.

The adatom vacancies in Fig. 9(b) appear as dark areas.
The formation of vacancy patches that range in size from
1 to 15 missing adatoms is associated with the accumula-
tion of adatoms in small domains. These areas expose the
rest-atom layer (local 1X1). The disordered nature of the
terraces most likely inhibits the transport of material
over large distances. The cluster features in Fig. 9(b)

(a)1.2x 1.2um? 1100 K

FIG. 9. (a) Large area of a surface etched at 1100 K showing
that steps remain straight and no terrace pitting is observed. (b)
Atomic detail after etching at 1100 K showing that adatoms (A4)
are distributed in a disordered fashion although small ordered
domains can be seen, as indicated by the arrows. Vacancy clus-
ters (¥) and Si clusters (C) can be seen. (c) Etching to steady-
state morphology at 1000 K, as in Fig. 8(a), followed by anneal-
ing at 1000 K for five min (without additional Br) yields a mor-
phology similar to etching at 1100 K. Ordered domains have
nucleated at the steps on upper terraces. A 5X35 region is indi-
cated and shown in detail in the inset.
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represent 4—7 atoms that are back bonded to the surface
and bonded to each other. The atoms that constitute
these clusters are imaged at a different contrast than ad-
atoms due to their unique bonding configurations. Many
of the clusters consist of six atoms arranged similarly to
the regrowth structures, discussed in Sec. B although
bias-dependent imaging indicates that the clusters are not
Br terminated. Clusters are observed in equal numbers
regardless of their distance from steps, so they are prob-
ably not regrowth structures directly formed from li-
berated Si, as were the regrowth rings seen at 900 K.

Figure 9(c) shows a surface that was initially etched to
steady-state morphology with 20 uA at 1000 K, as in Fig.
8(a) and then annealed for 5 min at 1000 K after the Br
source was turned off. The resulting morphology can be
compared to that of Figs. 9(a) and 9(b). In particular,
structures equivalent to those produced by etching at
1100 K are present after annealing at 1000 K a surface
etched at 1000 K. Steps are macroscopically straight but
showed segments of [121], [211], and [112] edges, and
no bilayer pits were observed. Terrace adatoms showed
no long-range ordering, but 5X5 and 7X7 domains had
nucleated on upper terraces at step edges. A 5X5
domain is evident in Fig. 9(c) and is detailed in the inset.
No Br was detected on the adatom layer. Substantial
diffusion was accomplished and healing of pits and reor-
dering of steps was promoted as residual Br was lost dur-
ing the anneal at 1000 K.

F. Comparison to Br etching of Si(111)-2X 1

It is instructive to compare the flux, fluence, and tem-
perature dependencies of surface morphology for spon-
taneous etching of Si(111)-7X 7 to those for Si(100)-2X 1.
Chander et al.>% and Rioux et al.®> found that Si-
removal proceeded via step flow with overall layer-by-
layer removal for 700<7 <1100 K. They showed that
residual Br concentrations for steady-state surfaces ap-
proached 1 ML for T<900 K but then decreased
markedly at 1000 K with no Br remaining for 1100 K.
Such general behavior is maintained for Br etching of
Si(111)-7X7.

Comparison of the present results to those for Si(100)
shows that there are striking differences with regard to
terrace pit formation. For Si(100)-2 X 1, terrace pits were
seen for temperatures as low as 600 K, although
significant pitting was observed only for temperatures at
and above 800 K. These pits were initiated as single di-
mer vacancies and were aligned along dimer rows (aspect
ratios ~9:1). Quantitative modeling of the pit shapes al-
lowed Chander et al.® to deduce the differences in energy
barriers for etching along the dimer rows versus branch-
ing. Average pit sizes increase with temperature to 1000
K where pits as large as 2000 A along the long axis were
observed. For Si(100), the steady-state morphology
showed little dependence on the flux. Here, we have
shown that terrace pitting occurs on Si(111)-7 X7 only for
temperatures near 1000 K, and pits were quite large
(200-4000 A). This significant difference reflects the
difference in energy associated with removal of dimer
atoms from Si(100)-2X 1 terraces (two back bonds) rela-
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tive to terrace atoms of Si(111)-1X1 (three back bonds).
Kink formation, which is the rate-limiting process for
step etching of Si(111)-1X 1, also involves breaking these
back bonds. The formation of kinks on Si(100)-2 X 1 has
a much lower energy.

V. SUMMARY

We have used STM to study the interaction of Br, with
Si(111)-7X7 for 300=7 <1100 K. The conclusions are
summarized schematically in Fig. 10. Chemisorption is
dissociative, and Br atoms bond at adatom and rest-atom
sites at room temperature. Exposures at 500-650 K re-
sult in the transformation to a Br-terminated 1X1 sur-
face where the halogen saturates the dangling bonds and
there was not etching. Exposures at 700—1100 K result in
spontaneous etching. At 900 K, the terraces are convert-
ed to 1X1 with Br saturation but no pitting. The steps
are the active sites for etching during the initial stages of
Si removal and especially following 1X 1 conversion. The
steps establish specific atomic structures with triangular
appearance. Etching is faster at S}, steps, and this is ra-
tionalized by step rebonding characteristics and the lower
energy needed to remove Si atoms with two back bonds
compared to that needed to create a kink in an Sy step.

(a) B .
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FIG. 10. (a) Summary of surface characteristics and dom-
inant etching pathways as a function of temperature. (b)
Schematic of the dynamic processes involved during etching at
1000 K, showing uniform Br arrival but consumption at steps to
set up concentration gradients. This makes terrace pitting
difficult near steps. Terrace pits are formed when local Br con-
centrations are high. Pit formation consumes Br and reduces
the chance for pit formation nearby.
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Fast etching at steps gives rise to Br-terminated Siq rings
as regrowth structures. Etching at 1000 K leads to
large-scale pitting on terraces as well as step flow etching.
The pits are a single bilayer deep and show characteristic
Sy bounds. The average pit size and pit density increase
under conditions of increased flux, demonstrating the role
of etchant arrival rate and its surface concentration on
morphology. Figure 10(b) summarizes the dynamics in-
volved with Br arrival, diffusion, and consumption.
Throughout the exposure, the etchant arrival rate is uni-
form. Br is consumed as Si atoms at steps are removed.
This produces triangular peninsulas. The loss of Br at the
steps sets up a concentration gradient relative to the ter-
race concentration, the magnitude of which depends on
the Br diffusivity. At low flux and high temperature, this
gradient is small while at high flux it is higher. This con-
centration gradient also changes on upper terraces as
steps sweep by. Si atoms released from steps are captured
by the advancing front of Br. In addition, pits can be
formed in regions where high Br concentrations have
been achieved. Pit formation consumes Br, and the pits
act as Br sinks, leading to a reduced chance for pit forma-
tion nearby. Subsequent pit growth proceeds via step re-
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treat. For high flux, the probability of achieving high lo-
cal concentrations increases and pits are formed more
easily. The fast arrival of additional Br inhibits diffusion
of the etchant (just as high fluxes inhibit diffusion during
growth), resulting in shorter diffusion lengths than for
low fluxes. Thus more pits can be formed. Etching at
1100 K leaves a Br-free surface with straighter steps rem-
iniscent of the clean surface. On the terraces, Si adatoms
are packed randomly amidst small 7X7 and 5XS5
domains because etching is local and disruptive. Efforts
to locally reconstruct during Br attack result in compli-
cated local bonding configurations. Etching proceeds in
a layer-by-layer fashion under all conditions studied here
because of the difference between step kink formation and
pit formation, 0.8 eV.
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FIG. 1. Schematic of Si(111)-7X7 unit cell showing (a) top
and (b) side views. The side view in (b) follows the long axis of
the unit cell. The faulted half of the unit cell is on the left and
the unfaulted on the right. The 19 dangling bonds per unit cell
are derived from adatoms in the top layer (12), exposed rest
atoms in the next layer (6), and exposed bulk atoms at corner
holes (1). The dashed lines denote unit-cell boundaries defined
by dimer rows. Nucleation of the 7X7 reconstruction at a step
edge exposes these dimer rows.



FIG. 2. 135X 135-A2 images after 0.1-mA s exposure to Br,
at 300 K showing the same area with sample bias voltages
recorded in the insets. The same unit cell is outlined in each.
Br is observed to adsorb at adatom and rest-atom dangling-bond
sites. Most dark areas seen at low magnitude bias were bright at
high magnitude bias. The arrow indicates a dark area that did
not become bright at higher bias.



(a) 3500x3500 A?, 0.6 mA-s, 900 K

(b) 370x370 A2, 0.6 mA-s, 900 K
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FIG. 3. Etching at 900 K proceeds via step retreat and Si
adatom removal (flux 20 pA; fluence about 10% of that needed
to achieve steady-state terrace appearance). (a) Step profiles are
defined by triangular peninsulas with step-down directions indi-
cated. The island I represents the remnant of a back-cut penin-
sula. The bold arrow indicates where Br etching has exposed a
[112] step so that a small island may develop. (b) Terrace image
for an area far from a step showing changes in the original sur-
face layer. Dark areas are missing adatoms. Four intact corner
holes are connected and shown in the inset. Features denoted X
probably represent SiBr, moieties that did not desorb. All ex-
posed dangling bonds are terminated by Br.



(a) 137x137 A2, 1.2 mA-s, 900 K |
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(b) 137x137 A2, 6.0mA-s, 900 K

FIG. 4. Images of terrace areas far from steps after etching at
900 K with greater fluence than in Fig. 3 (flux 20 pA). (a) After
1.2-mA s exposure most of the adatoms ( 4) are gone, leaving
the rest-atom layer with Br bonding that stabilizes the local
1X 1-like structure. The dark lines provide evidence of the
presence of the dimer rows of the original 7 X7 cell. Vacancies
in the rest-atom layer are denoted V. (b) After 6 mAs, the ter-
race has transformed increasingly to a Br-terminated 1X1
structure although some dimer rows persist and give rise to
stacking fau'ts (S). The Br concentration is close to saturation
on the terraces since only the steps act as sites where Br is lost.



(a) 170x170 A2, 3.0 mA-s, 900 K
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FIG. 5. (a) Etching near steps at 900 K produces regrowth
structures (R) that consist of Sig rings to which Br is bonded.
The inset shows the ring structure. Rings are more abundant
near Sj steps than near Sy steps. Br termination at step sites
indicates rebonding characteristics of the steps. (b) Schematic
of rings as six Si atoms back bonded to the surface and bonded
to neighbors. Fourfold coordination is achieved by Br termina-
tion. (c) Schematic of the two types of close-packed steps on
Si(11D)-1X1. S, steps descend along [112], [121], or [211]
while Sy steps descend toward [112], [121], or [211]. Each Si
atom has one dangling bond at Sy steps. Atoms at S, steps
dimerize and the dangling bonds are saturated with Br. The
steps of clean Si(111)-7X7 are defined by linear structures that
are locally analogous to the S, step due to dimer chain walls.
Kink formation at an Sy step involves removal of an atom that
had three back bonds. This kink can then flow along the step as
atoms with only two back bonds are removed. Etching of an S,
step is more facile and involves breaking the dimer bond to
form a SiBr;, unit with two back bonds.



(a) 2.5 x 2.5 ym?, 1.6 mA-s, 1000 K

(b) 8200 x 8200 A2, 1.6 mA-s, 1000 K

FIG. 6. Etching at 1000 K produces peninsulas at steps and
bilayer pits (P) on terraces. (a) Denuded zones (DZ) are regions
of reduced pit density near steps. Their width indicates how far
the steps have retreated in the time necessary to form a terrace
pit. Analysis reveals the energy difference for the rate-limiting
step (see text). (b) Pits are triangular and are bounded by Sy
steps. Etching occurs along the step by kink formation and
kink flow. (c) Schematic showing a triangular bilayer pit bound-
ed by Sy steps. The lengths of the three step edges are less than
10 A on Si(111) whereas those in the images are much larger.
Numbers 1-4 indicate a sequence of removal events that would
lead to the initiation of a bilayer pit bounded by the dashed
lines. We propose that this represents the rate-limiting step for
pit formation.
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FIG. 7. 1.0X 1.0 pm? images of surfaces etched at 1000 K to
steady-state morphology using fluxes of (a) 5 nA and (b) 10 pA.
High Br concentrations are difficult to achieve for fluxes
=5 pA so that pits in (a) are irregular due to continual recon-
struction of exposed areas. Residual concentrations using
higher fluxes are conducive to 1 X1 ordering so that pits in (b)
are bounded by Sy steps yielding a triangular shape.
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FIG. 8. 2.0X2.0 um? images of surfaces etched at 1000 K to
steady-state morphology using fluxes of (a) 20 pA, (b) 40 uA,
and (c) 80 pA. The etchant arrival rate affects local Br concen-
trations resulting in flux-dependent pit sizes and densities. (d)
Pit density and size are plotted vs flux. Steady-state Br concen-
trations increase with flux so that pit formation is more prob-
able at higher fluxes. Pit sizes increase with flux also due to
higher Br concentrations and higher yield step etching. The de-
cline in pit size for fluxes greater than 40 pA indicates effects of
terrace width (see text).



(a) 1.2 x 1.2 pm?, 1100 K
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FIG. 9. (a) Large area of a surface etched at 1100 K showing
that steps remain straight and no terrace pitting is observed. (b)
Atomic detail after etching at 1100 K showing that adatoms ( A)
are distributed in a disordered fashion although small ordered
domains can be seen, as indicated by the arrows. Vacancy clus-
ters (¥) and Si clusters (C) can be seen. (c) Etching to steady-
state morphology at 1000 K, as in Fig. 8(a), followed by anneal-
ing at 1000 K for five min (without additional Br) yields a mor-
phology similar to etching at 1100 K. Ordered domains have
nucleated at the steps on upper terraces. A 5X5 region is indi-
cated and shown in detail in the inset.



