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Steric interaction model of roughening and vacancy reorganization
on halogen-terminated Si„100…-2Ã1 surfaces

Dongxue Chen and John J. Boland*
Venable and Kenan Laboratories, Department of Chemistry, University of North Carolina at Chapel Hill,

Chapel Hill, North Carolina 27599-3290
~Received 23 September 2002; revised manuscript received 31 January 2003; published 27 May 2003!

We present a steric interaction~SI! model that describes roughening and reorganization on halogen-
terminated Si(100)-231 surfaces. This model is based on parameters derived from density-functional theory
total-energy calculations. Using these parameters together with the requirements for rebonding and atom
conservation, it is possible to explain the types of reorganization events that can occur and the different
steady-state morphologies observed in the presence of different halogen terminations. Using scanning-
tunneling microscopy we show that dimer vacancy~DV! string elongation can occur by a process called
primary roughening, i.e., the removal of pairs of dimers from the terrace and the formation/elongation of
terrace islands. We show that experimentally and within the confines of the SI model end-on coalescence of
DV strings is unfavorable but side-on coalescence can result in the formation of wider vacancy pits. In this
manner the SI model explains why elongated vacancy pits are formed in the case of Br termination, whereas
short, wider structures are observed with Cl. The model is also used to explain the nucleation of terrace islands
and the attachment of dimers at islands and surface steps. The model predicts larger numbers of islands and
enhanced roughness atSB-type steps on the Br surface, in excellent agreement with experiment.

DOI: 10.1103/PhysRevB.67.195328 PACS number~s!: 81.65.Cf, 68.37.Ef, 81.65.Rv
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I. INTRODUCTION

The reaction of halogens with the Si~100! surface has
been the subject of extensive research. Much of this inte
stems from the crucial role of halogens in silicon chemi
etching.1 Etching has been shown to produce a range of s
face morphologies that are dependent both on the etc
temperature and the halogen used. Early studies attempt
explain these structures based on the relative rates of etc
both along and perpendicular to the dimer row direction2

However, in a more recent study we showed that many
these morphologies are not due to etching but result fro
thermodynamically favored roughing transition that is acc
sible at higher temperatures.3 These results were confirme
by density-functional theory~DFT! calculations, which
showed that the transition is driven by a reduction in ste
interactions on the roughened surface.3 However, the original
study was restricted to the formation of simple vacan
strings and islands. Here in the present work we expand
this earlier study and demonstrate that the steric interac
~SI! model can be used to estimate the relative energie
arbitrary structures on the surface. We also suggest a m
step vacancy reorganization pathway based on our obse
tions and show how steric interactions affect reorganizati
by controlling the stability of intermediate structures. W
present and compare static and real-time scanning-tunne
microscopy~STM! images of Br- and Cl-terminated Si~100!
surfaces at elevated temperatures and show that the obs
structures of the two systems are in excellent agreement
the SI model.

II. EXPERIMENT

All experiments were performed in a UHV STM syste
with a base pressure of 5310211 mbar. The samples used i
0163-1829/2003/67~19!/195328~6!/$20.00 67 1953
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this study were prepared by annealing 0.3-1.0V cm
phosphorous-doped Si~100! substrates to 1400 K to remov
the native oxide. The clean surface was then heated and
posed to doses of 5.43104 mA s of Br2 or Cl2 ~approxi-
mately 1000 L! using an electrochemical cell.4 All exposures
were performed with the sample held at 600 K. Temperatu
reported here are based on power-temperature calibra
curves and are believed accurate to630 K. The overall halo-
gen coverage was determined by calculating the concen
tion of the dangling-bond sites, which appear as bright sp
in STM images and are easily identifiable. The surfac
shown were all near full coverage (u.99.5%), which sug-
gest that desorption of silicon halides is slow or negligible
the temperature reported here.

To study the equilibrium surface morphology, the surfa
was kept at the desired temperature for a certain period
time to allow equilibrium, then quenched and imaged
room temperature~see figure captions for details!. Typically,
a negative tip bias of21.7 V was used to obtain empty-sta
images. Real-time imaging was also used to study the
face reorganization at high temperature. After preparation
surface was cooled to room temperature and subseque
heated on the STM stage to 300–1000 K while imagin
Surfaces were held at the same temperature for several h
so that recorded events were either repetitive~e.g., site hop-
ping! or occurred on time scales that were slow compared
our imaging speed~typically 100 nm/sec!.

III. STERIC INTERACTION MODEL

It has been shown that under high-temperature conditi
and in the absence of halogen gas, halogen-terminated
faces are prone to spontaneous roughening.3,5 Roughening
occurs in two general forms. Primary roughening involv
the removal of dimers strings from the surface to form dim
©2003 The American Physical Society28-1
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DONGXUE CHEN AND JOHN J. BOLAND PHYSICAL REVIEW B67, 195328 ~2003!
vacancy~DV! strings and islands on the terrace.3 In a sec-
ondary roughening step, these DV strings can dissociate
two single vacancy~SV! strings that are separated byn dimer
units to produce regions with local (2n11)32
structures.3,6,7 In each case, roughening breaks up the ste
interactions present on the perfect terrace and allows l
relaxation of the silicon-halogen bonds.6,7 In this work we
show how steric interactions play a pivotal role in determ
ing the equilibrium morphologies that are ultimately o
served on halogen-terminated Si~100! surfaces.

Steric interaction on the Si~100! surface can be parse
into two fundamental terms,a andb, which are shown sche
matically in Fig. 1.a steric interactions exist between pai
of halogen atoms in adjacent dimers of the same rowb
interactions describe repulsions between nearest-neig
halogen atoms in adjacent rows. Second-nearest-neighbo
teractions~g!, although present, were previously shown to
negligibly small~;5 meV! for all halogens and do not mak
a significant contribution to the total energy.3 The a and b
repulsion energies calculated previously are shown for F,
and Br in Table I. As expected, these repulsion energies s
with the size of the halogen atom. Previously we showed
with these repulsion energies and the knownSA andSB step

FIG. 1. ~Color! Ball and stick model showing the steric repu
sions on the full halogenated-Si(100)-231 surfaces. Only the sili-
con dimers and halogen atoms are shown. The steric repuls
between halogen atoms are represented by arrows, wherea repre-
sents the intrarow repulsion andb represents the interrow steri
repulsions. The secondary nearest-neighbor repulsiong is also
shown. However, as described previously~Ref. 3!, g repulsions are
small and always cancels out. In our model, dimers are always f
halogenated, thus repulsions within the same dimer unit are
included.

TABLE I. Step energies and steric repulsion energies betw
halogen atoms on Si(100)-231 surfaces~Ref. 3!. SA andSB step
energies are 50 and 140 meV per 7.68 Å, respectively~Ref. 9!.

Intrarow a Interrow b
~meV!

Bromine 106 52
Chlorine 61 26
Fluorine 24 14
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energies it is possible to describe the formation energies
sociated with primary and secondary roughening3 by sum-
ming up the energy contributions from all components.8 SA
and SB step energies of 50 and 140 meV per 7.68 Å a
assumed based on experimental and theoretical litera
values.9 Below, we expand on this analysis and show ho
these methods may be used to estimate the energy of
trary structures observed on Si~100! surfaces. Before pro-
ceeding we identify some salient aspects of the structure
play a key role in determining the types of surface structu
and rearrangements that are permissible on the Si~100! sur-
face.

IV. SURFACE REBONDING AND ITS IMPLICATIONS

Steps and defects on halogen-terminated Si~100! surfaces
are rebonded and this has important consequences fo
types of vacancies and islands that can exist on this surf
The presence of rebonding is immediately evident from
fact that kinks atSB steps are always two-dimer units i
length. Because rebonding occurs almost everywhere
number of halogen and Si atoms is the same on both sm
and roughened surfaces,3 and thus conservation of haloge
atoms is an important consideration in all surface proces
that involve pure rearrangements, i.e., roughening and
cancy reorganization.

Surface rebonding also gives rise to certain rules that g
ern the formation and elongation of DV strings and islan
To maintain the rebonded structure DV strings and isla
must have lengths that correspond to an odd numbe
dimers. In addition, elongation and contraction events sho
occur in two-dimer units. These rules are consistent with
earlier experimental observations of the structure and
namics of roughened halogen-terminated Si(100)-231
surfaces.3 More importantly, since rebonding is conserve
regardless of the vacancy shape, the steric interactions
volved are still well described by thea andb parameters of
the SI model.

V. RESULTS AND DISCUSSION

To test the SI model we have studied the equilibrium m
phologies of vacancies and islands on the Cl- and
terminated Si(100)-231 surfaces at elevated temperature
Figure 2 shows representative room-temperature images
lowing 2-h annealing up to temperatures around 850 K.
comparison purposes identical preparation procedures w
used for both Cl- and Br-terminated surfaces~details are pro-
vided in the respective figure captions!. Even casual inspec
tion of the images in Fig. 2 reveals several important diff
ences. The most striking difference is the asymmetry of
DV strings. In the case of Br there is a pronounced pre
ence for single-dimer-wide DV strings. For Cl, these vaca
cies are often several-dimers wide and tend to have sh
approaching that of a square or a rectangle. This is furt
supported by our detailed analysis, which shows that the
erage pits widths are 1.0460.05 for the Br-terminated sur
face and 2.5160.35 for Cl. The average lengths of pits, o
the other hand, are about the same for both Br and Cl, 7
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STERIC INTERACTION MODEL OF ROUGHENING AND . . . PHYSICAL REVIEW B67, 195328 ~2003!
61.84 and 7.5161.44, respectively. Here, width and leng
are defined as the number of dimer units in the dimer b
direction and dimer row direction, respectively.

Another notable difference is the number of islands; th
are many more islands on the Br-terminated surface
which the islands-to-pits area ratio is 0.8760.08. For the Cl
surface, this ratio is 0.3760.16. Also, on the Cl-terminated
surface we frequently observe multiple row islands, wh
are absent on the Br surface.

Finally, step shapes are also different for Br- and C
terminated surfaces. Figures 2~c! and 2~d! show thatSB steps
are typically rougher for Br surfaces, and tend to be co
prised of long peninsular structures while those on Cl s
faces are much smoother. Below, we detail how the SI mo
is able to explain the halogen dependence of the Si~100!
surface morphology.

FIG. 2. Comparison of different equilibrium morphologies o
served on Cl- and Br-terminated Si(100)-231 surfaces following
2-h annealing at 850 K. Bare surfaces were exposed to;1000 L of
halogen while held at 600 K. The surfaces were cooled down
imaged at room temperature to characterize the initial surface
fore annealing, which had little islands or pits~not shown here!.
Then the surfaces were heated up, kept at 850 K for 2 h,
quenched. Empty-state images, with a typical21.7-V tip bias, were
taken at room temperature. The surface coverage is initially;100%
and doesn’t change significantly during the experiment~final cov-
erage.99.5%!. ~a! Cl-terminated surface; major surface vacanc
include both single- and multirow pits and regrowth islands.~b!
Br-terminated surface; note that the pits are dominantly single-
DV strings; island density is higher compared with that of C
terminated surface. This surface also has some 332 features, which
result from secondary roughening~see text!. ~c! Typical SB steps of
Cl-terminated surface. Note the step is smooth, with few kinks.~d!
Typical SB steps of Br-terminated surface. Steps are rougher c
pared with those of the Cl surface. More peninsulas are pre
alongSB steps.
19532
d

e
r

h

-

-
r-
el

A. DV string nucleation and elongation

DV string formation is a key aspect of primary roughe
ing and allows the halogen atoms on the dimer rows
either side of the string to relax into the vacancy.3 DV string
nucleation requires the presence of single isolated DV’s~1-
DV’s!, which are known to have a rebonded structure10

1-DV’s are commonly found on Si~100! surfaces, and at high
temperatures, are readily created at steps. Once a 1-DV
ists it can be readily extended by primary roughening.
comply with the rebonding rules, extensions must occur
two dimer units, thus guaranteeing that the string will rem
odd in length. Figure 3 shows one such elongation ev
where the existing DV string is extended by popping out t
dimer units. Within the SI model3 the energy gained in this
process is12SA2a22b, whereSA is the Si~100! SA step
energy per unit length~7.68 Å!.7 Using Table I, we estimate
that this energy is2110 meV for Br and213 meV for Cl.
The Si atoms liberated in this process append to an exis
island~see Fig. 3!, but they could, in principle, also attach a
nearby steps or even occasionally fill another surface
cancy. The energy gained from step or island attachmen
the same, i.e.,12SA2a22b. Thus in the case of primary
roughening, half the energy gain comes from DV elongati
while the other half comes from dimer attachment at islan
or steps. This symmetry reflects the fact that both vacan
and islands share a common rebonded structure.

Primary roughening is the dominant mechanism for D
string elongation because coalescence of existing DV str
in the same row is prohibited. This follows directly from th
rebonding requirement that favors odd DV lengths. Howev
since long-length DV strings have large effective masses
hence reduced mobility, such processes would be rare ev
allowed. Earlier we demonstrated that 1-DV’s are mobile
temperatures above 750 K~Ref. 5! and so can be used t
study end-on coalescence. Figure 4 provides direct evide
that coalescence of a 1-DV and a long-length DV string
unfavorable. This real-time sequence clearly shows a 3-
string and 1-DV in Fig. 4~a! that combine to form an unfa
vorable 4-DV in Fig. 4~b! that subsequently dissociates aga
in Fig. 4~c!. It is important to point out that these restriction
only apply to coalescence of DV strings in the same dim
row. Coalescence of DV strings from two neighboring row
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FIG. 3. Consecutive empty-state STM images of Si(100)
31:Br recorded at 800 K. Image size;13 nm2; tip bias 21.7 V.
The 3-DV string in ~a! extends by two dimer units into a 5-DV
string in ~b! ~white arrow!; at the same time, a three-dimer islan
elongates into a five-dimer island~black arrow!. Both silicon and
halogen atoms are conserved during this process.
8-3
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DONGXUE CHEN AND JOHN J. BOLAND PHYSICAL REVIEW B67, 195328 ~2003!
is possible and may actually play an important role in
formation of wider vacancy pits~see below!.

In addition, atom conservation and rebonding argume
show that it is not possible for a one-dimer-wide DV string
change shape by pure vacancy rearrangement. Simple c
ing arguments show that the number of halogen atoms
not be conserved in any rearrangement that involves an
crease in the width of the DV string. For example,
rearrangement involving the formation of a two-dimer-wi
string (n1-DV:n2-DV, where n5n11n2) from a single-
dimer-wide n-DV string violates both the rebonding rul
~which requires odd length strings! and atom conservation
Rearrangements involving formation of a three-dimer-w
string are also prohibited, this time based solely on at
conservation.

Although widening of DV strings through pure rearrang
ment is not possible, the sideways coalescence of DV’s p
vides a possible pathway for the formation of wider vacan
pits through pure rearrangement. The analysis provided
low is valid, provided the rearrangement is a multistep p
cess. In that case the energies of stable intermediate s
tures can be described by the SI model, subject to rebon
and atom conservation rules discussed earlier. Figure~a!
schematically describes the side-on coalescence of a 1
with an existing DV string, and the energy difference with
the context of the SI model is also shown. Following 1-D
attachment to an existing DV, the totalSA step length is
shorter by one-unit length~7.68 Å!, and there is one addi
tional pair of b repulsions. Thus the total-energy change
2SA1b, which is224 meV for Cl and12 meV for Br~see
Table I!. Thus for Cl, this attachment is favorable while f
Br, it is somewhat disfavored and the entropy reduction
sociated with this process could prevent it from occurring
the latter case. When the 1-DV is lined up with one end
the existing DV string, the number of kinks is reduced
two and attachment becomes more favorable. This is con
tent with the appearance of a large number of L-shaped
cancy pits, particularly on the Cl surface~see Fig. 6!. Using
similar counting methods, it is possible to show that sid
ways coalescence of two DV strings~i.e., longer than 1-DV!
is not favored, with the associated energy being22SA1a
12b per two dimer units~i.e., 1110 meV for Br and113
meV for Cl!. These results show that 1-DV species are s

FIG. 4. Consecutive empty-state STM images of Si(100)
31:Cl recorded at 800 K. Image size;9 nm2; tip bias 21.7 V.
This series shows that the end-on attachment of two DVs~strings!
is higher in energy than two separate vacancies.~a! A 1-DV next to
a 3-DV string in the same dimer row.~b! The 1-DV coalesces with
the 3-DV to form a 4-DV string, which violates the rebonding ru
and thus is unstable.~c! The unstable 4-DV string dissociates ba
into 1-DV and 3-DV strings.
19532
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cial. Although 1-DV’s are rebonded and satisfy the counti
rules, they are the only vacancy structures that do not con
halogen atoms. As a result they have unique combining pr
erties that allow them to play a special role in the surfa
vacancy nucleation and rearrangement.

After a two-dimer-wide vacancy pit is formed by side-o
attachment of a 1-DV, both the longer and shorter branc
can elongate by primary roughening. For the longer bran
the energy of primary roughening is the same as that fo
normal one-row-wide DV string. However, for the short

FIG. 5. ~Color! Ball and stick model showing energies involve
in certain surface rearrangements within the SI model. The
panel represents the surface before rearrangement, where the a
identify the steric repulsions that will disappear after rearran
ment. The color labeling follows the same scheme as Fig. 1.
right panel represents the final morphology and the arrows indi
the new steric repulsions that are created. The changes in
length are determined by straightforward counting and are omi
for simplicity. ~a! Sideways attachment of a single DV to an exis
ing DV string. The left panel shows the separated DV string a
single DV while the right panel shows the coalesced vacanc
Note that total length ofSA steps drops by one unit length~7.68 Å!,
while one more pair ofb repulsions exists on the surface~the arrow
in right panel!, thus the total-energy change during this process
2SA1b. ~b! Pure rearrangement of a 3-DV:7-DV pit into
5-DV:5-DV pit. Such a rearrangement conserves atoms and
obeys the rebonding rules~see text!. Simple counting shows tha
2a12b from the upper terrace anda12b from the lower terrace
~in the pit! are removed, while 2a14b at upper terrace and 2a
12b at the lower terrace are introduced after rearrangement. W
the totalSA step it drops by two unit lengths (237.68 Å), and the
total-energy gain is 22SA2(2a12b)2(a12b)1(2a14b)
1(2a12b) or 22SA1a12b.
8-4
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STERIC INTERACTION MODEL OF ROUGHENING AND . . . PHYSICAL REVIEW B67, 195328 ~2003!
branch, there is no energy gain directly by removing ad
tional dimers, because the step lengths and halogen re
sions remain unchanged. The total energy, however, is
lowered in the latter process since the dimers liberated
DV elongation can attach at nearby islands or steps. T
the primary roughening energy for sites along the sho
branch is only half that associated with a normal one-dim
wide DV string.

For wider vacancy pits, it is permissible to rearrange
vacancies as long as the width does not change and
strings remain odd in length. For example, an 11-DV:3-D
structure can rearrange to form a 9-DV:5-DV or
7-DV:7-DV structure. To estimate the energies involved
such rearrangements, we present an analysis of a 7-DV:3
structure converting to a 5-DV:5-DV structure. Figure 5~b!
shows that after the rearrangement, the totalSA step length is
shorter by two-unit lengths (237.68 Å), and repulsions in
crease bya on the lower terrace and 2b on the upper terrace
so the total energy involved is22SA1a12b ~per two
dimer units!. This process is very unfavorable for Br~1110
meV!, but much less so for Cl~113 meV!. Within the SI
model, kink sites are not explicitly considered. Howev
whenever the rearrangement results in the formation o
symmetric square or rectangular pit~e.g., 5-DV:5-DV! the
energy will actually be lower since there is an added red
tion associated with the elimination of the kink site asso
ated with the original asymmetric vacancy.

In summary, within the confines of the SI model, prima
roughening is the dominant mechanism of extending
length of DV strings. The SI model predicts that prima
roughening favors Br over Cl, which is in agreement w
experiment. Moreover, within the SI model the most imp
tant pathway for forming wider pits is the sideways coal
cence of 1-DV to a second DV string. It is favorable on t
Cl surface but not so on the Br surface. Once wider p
form, they can elongate through primary roughening. Th
chlorinated surfaces should tend to have wider pits. O
these wider pits form they can subsequently rearrange
square or rectangular shapes more easily on the Cl sur
compared to the Br surface, once again in agreement with
experimental observations in Fig. 2.

FIG. 6. Empty-state STM images of Si(100)-231:Cl surface
recorded at 800 K. The L-shaped pit consists of a long DV str
and a single DV that is lined up with one end of the DV strin
Attachment at the end~to form an L-shaped vacancy! is favored
because of a reduced number of kinks.
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B. Island formation and attachment at steps

The formation of terrace islands is another key aspec
primary roughening. This allows the halogen atoms on
island to relax and avoid the inherent repulsions betw
neighboring dimer rows that make up the terrace itself. Ho
ever, unlike DV strings, which are readily nucleated by e
isting 1-DV’s, the silicon and halogen atoms produced
DV formation must nucleate to form terrace islands or atta
at nearby steps.11 Straightforward nucleation of a single
dimer island by removing a dimer from the terrace viola
atom conservation rules. Here we suggest a mechanism
island nucleation that conserves atoms and obeys the reb

FIG. 7. ~Color! Ball and stick model showing the energy in
volved in island nucleation~a! and when dimer units append t
steps~b! and ~c!. Steric repulsions are labeled with the same co
scheme as in Figs. 1 and 5.~a! Possible island nucleation mecha
nism. One of the two dimer units produced by extending a D
string ~primary roughening! is absorbed into a nearby 1-DV whil
the other one binds to four top-layer Si atoms without breaking
dimer bonds. Careful counting shows that both halogen and sili
atoms are conserved. The energy changes are 2SA1a12b2(2a
14b) for extending the DV string,2(SA12SB)12a12b from
filling the 1-DV, and SA12SB2(a12b) from formation of the
single-dimer island, which sums up to 2SA22b. ~b! Attachment of
two dimer units to an existing peninsula, which results in the f
mation of a longer peninsula. TheSB step runs horizontally, with
the upper terrace at the bottom and the lower terrace at the top.
two additional dimer units are produced by primary rougheni
i.e., extending a nearby DV string. Using our counting scheme
can readily be shown that the total-energy change is 2SA2a22b.
~c! Attachment of two dimer units to aSB step next to an existing
peninsula. Although this results in wider peninsulas and ultimat
smootherSB steps, the total-energy gain is zero.
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DONGXUE CHEN AND JOHN J. BOLAND PHYSICAL REVIEW B67, 195328 ~2003!
ing rules. Consider an allowed roughening event that
moves two dimer units from the terrace. Since a two-dim
island violates rebonding, we consider a scenario where
of the dimers fills a nearby 1-DV. The other dimer unit bon
to the four top-layer silicon atoms from two neighborin
dimer rows without breaking any dimer bonds. The resul
a strained single-dimer island but with the desired rebon
SB steps on both sides@see Fig. 7~a!#. When additional dimer
units ~produced by primary roughening! attach, the island
becomes stabilized.11 Significantly, during this entire pro
cess, rebonding and atom conservation rules apply so we
use the SI model to estimate the relative energy for isl
nucleation on the Br and Cl surfaces. Island nucleation
be broken down into three parts: elongation of the DV stri
filling of a 1-DV, and formation of the one-dimer island
Using the counting scheme discussed earlier, we can d
mine that the energies associated with DV elongation, fill
of a single DV, and single-dimer island formation are 2SA
2a22b, 2SA22SB12a12b, andSA12SB2a22b, re-
spectively@see Fig. 7~a!#. Together, the total energy of islan
nucleation is 2SA22b, i.e.,24 meV for Br and 48 meV for
Cl. The enhanced entropy at higher temperature will furt
favor these processes. In any case, island nucleation is m
costly for Cl than for Br and so, in agreement with expe
ment, the island density is predicted to be higher on the
surface.

Following nucleation, the shape and distribution of
lands on the surface can significantly influence the total s
face energy. For instance, based on the definition ofa andb,
it is readily apparent that large interdimerb interaction fa-
vors long islands, whereas smallb interaction favors wider
multirow islands. On this basis alone one can predict that
Br surface will favor long single-row islands or more sep
rated islands, whereas Cl surfaces tend to have some m
row islands, consistent with the STM results. Moreov
when the island density becomes large, island formatio
no longer an efficient means to reduce steric repulsions.
example, when one-row-wide islands are grouped togethe
form wider multirow island, there is an increase in ste
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repulsions together with decreases in surface step ene
This in fact is the inverse of primary roughening. For th
reason it is energetically favorable to pack islands as cl
together as possible without forming a continuous multir
island. The result is a 332 structure where each island
separated by a single missing row of atoms~i.e., an SV!.
This 332 structure is routinely observed on the Br surface
high temperatures2,6 and is also observed on the terrace fo
lowing secondary roughening.3

Instead of attaching at an existing island, dimers un
may append to an existing step. When the dimer units att
to a flatSB step or the end of a peninsula at anSB step, the
energy gain is the same as attaching to an existing isla
i.e., 2SA2a22b @2110 meV for Br and213 meV for Cl,
Fig. 7~b!#. But if the dimer units attach to anSB step, next to
a peninsula@see Fig. 7~c!#, so as to yield a smootherSB step,
there will be no energy gain at all. Since attachment at
end of peninsulas is more favored for Br than for Cl~2110
vs 213 meV!, this suggest that anSB step on a Br-terminated
surface should be much rougher than for Cl, in gene
agreement with the result in Figs. 2~c! and 2~d!.

VI. CONCLUSIONS

We have presented a steric interaction~SI! model that
describes roughening and vacancy reorganization
halogen-terminated Si(100)-231 surfaces. This model is
based on parameters derived from DFT total-energy calc
tions. Using these parameters together with the requirem
for rebonding and atom conservation, it is possible to expl
the types of reorganization events that can occur and
different steady-state morphologies observed in the prese
of different halogen terminations. The predictions of th
model are in excellent agreement with our experimen
STM results. Although in this present work we have used
SI model to describe the relative energy of specific surf
structures, we are confident that it is capable of describ
arbitrary structures on these surfaces. Moreover, extens
of this model may be applicable to other nonhalogen surf
terminations.
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