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We present a steric interactiof®l) model that describes roughening and reorganization on halogen-
terminated Si(100)-& 1 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 vacar®V) 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 &-type steps on the Br surface, in excellent agreement with experiment.
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[. INTRODUCTION this study were prepared by annealing 0.3-1(Dcm
phosphorous-doped @00 substrates to 1400 K to remove

The reaction of halogens with the (800) surface has the native oxide. The clean surface was then heated and ex-
been the subject of extensive research. Much of this interegtosed to doses of 5410* uAs of Br, or Cl, (approxi-
stems from the crucial role of halogens in silicon chemicalmately 1000 ) using an electrochemical céllll exposures
etching! Etching has been shown to produce a range of surwere performed with the sample held at 600 K. Temperatures
face morphologies that are dependent both on the etchingported here are based on power-temperature calibration
temperature and the halogen used. Early studies attempted¢arves and are believed accuratet80 K. The overall halo-
explain these structures based on the relative rates of etchirggn coverage was determined by calculating the concentra-
both along and perpendicular to the dimer row directions. tion of the dangling-bond sites, which appear as bright spots
However, in a more recent study we showed that many ofn STM images and are easily identifiable. The surfaces
these morphologies are not due to etching but result from ahown were all near full coverag®$99.5%), which sug-
thermodynamically favored roughing transition that is accesgest that desorption of silicon halides is slow or negligible at
sible at higher temperaturdsThese results were confirmed the temperature reported here.
by density-functional theory(DFT) calculations, which To study the equilibrium surface morphology, the surface
showed that the transition is driven by a reduction in steriovas kept at the desired temperature for a certain period of
interactions on the roughened surfddéowever, the original  time to allow equilibrium, then quenched and imaged at
study was restricted to the formation of simple vacancyroom temperaturésee figure captions for detailsTypically,
strings and islands. Here in the present work we expand oa negative tip bias of 1.7 V was used to obtain empty-state
this earlier study and demonstrate that the steric interactionomages. Real-time imaging was also used to study the sur-
(SI) model can be used to estimate the relative energies dfce reorganization at high temperature. After preparation the
arbitrary structures on the surface. We also suggest a multsurface was cooled to room temperature and subsequently
step vacancy reorganization pathway based on our observheated on the STM stage to 300—1000 K while imaging.
tions and show how steric interactions affect reorganizationSurfaces were held at the same temperature for several hours,
by controlling the stability of intermediate structures. We so that recorded events were either repetiteg., site hop-
present and compare static and real-time scanning-tunnelingng) or occurred on time scales that were slow compared to
microscopy(STM) images of Br- and Cl-terminated (300 our imaging speedtypically 100 nm/sec
surfaces at elevated temperatures and show that the observed
structures of the two systems are in excellent agreement with lIl. STERIC INTERACTION MODEL

the SI model.
It has been shown that under high-temperature conditions

and in the absence of halogen gas, halogen-terminated sur-
faces are prone to spontaneous roughefhgoughening

All experiments were performed in a UHV STM system occurs in two general forms. Primary roughening involves
with a base pressure 06610 ! mbar. The samples used in the removal of dimers strings from the surface to form dimer

Il. EXPERIMENT

0163-1829/2003/671.9)/1953286)/$20.00 67 195328-1 ©2003 The American Physical Society



DONGXUE CHEN AND JOHN J. BOLAND PHYSICAL REVIEW B57, 195328 (2003

energies it is possible to describe the formation energies as-
sociated with primary and secondary roughefibyg sum-
ming up the energy contributions from all componéh&,

and Sz step energies of 50 and 140 meV per 7.68 A are
assumed based on experimental and theoretical literature
values’ Below, we expand on this analysis and show how

) these methods may be used to estimate the energy of arbi-

Dimer row trary structures observed on(800 surfaces. Before pro-

) ceeding we identify some salient aspects of the structure that
® Halogen atom = Dimer bond play a key role in determining the types of surface structures
and rearrangements that are permissible on t&08)i sur-
face.
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FIG. 1. (Color) Ball and stick model showing the steric repul- IV. SURFACE REBONDING AND ITS IMPLICATIONS

sions on the full halogenated-Si(100)<2 surfaces. Only the sili- .
con dimers and halogen atoms are shown. The steric repulsions Steps and defects on halogen-terminated(®) surfaces

between halogen atoms are represented by arrows, whezpre- ~ are rebonded and this .has important consequences for the
sents the intrarow repulsion an@l represents the interrow steric YP€S Of vacancies and islands that can exist on this surface.
repulsions. The secondary nearest-neighbor repulgios also  1he presence of rebonding is immediately evident from the
shown. However, as described previouRef. 3, y repulsions are  fact that kinks atSg steps are always two-dimer units in
small and always cancels out. In our model, dimers are always fulljength. Because rebonding occurs almost everywhere the
halogenated, thus repulsions within the same dimer unit are ndiumber of halogen and Si atoms is the same on both smooth
included. and roughened surfacdsind thus conservation of halogen
atoms is an important consideration in all surface processes
that involve pure rearrangements, i.e., roughening and va-
ncy reorganization.

Surface rebonding also gives rise to certain rules that gov-
ern the formation and elongation of DV strings and islands.
structure$®7 In each case, roughening breaks up the sterid © maintain the rebonded structure DV strings and islands

interactions present on the perfect terrace and allows loc ust have 'e'f‘gths that cprrespond to an odd number of
relaxation of the silicon-halogen bon®5.In this work we Imers. In add'mon, elqngatlon and contraction events $hOUId
show how steric interactions play a pivotal role in determin-occur in two-dimer units. These rules are consistent with our

ing the equilibrium morphologies that are ultimately ob- earh_er experimental observations of t_he structure and dy-
served on halogen-terminated B0 surfaces. namics of roughened halogen-terminated Si(108)12

Steric interaction on the @00 surface can be parsed surfaces More importantly, since rebonding i§ conse'rved_,
into two fundamental termsy and 8, which are shown sche- regardless of the vacancy shape, the steric interactions in-
matically in Fig. 1.« steric interactions exist between pairs volved are still well described by the and 8 parameters of
of halogen atoms in adjacent dimers of the same r8w. the S| mogel.
interactions describe repulsions between nearest-neighbor
halogen atoms in adjacent rows. Second-nearest-neighbor in- V. RESULTS AND DISCUSSION

teractionyy), although present, were previously shown to be , o
negligibly small(~5 meV) for all halogens and do not make 10 test the S model we have studied the equilibrium mor-

a significant contribution to the total eneryfihe « and g  Phologies of vacancies and islands on the CI- and Br-
repulsion energies calculated previously are shown for F, ciiérminated Si(100)-2 1 surfaces at elevated temperatures.
and Br in Table . As expected, these repulsion energies scafgd9ure 2 shows representative room-temperature images fol-
with the size of the halogen atom. Previously we showed thaPWing 2-h annealing up to temperatures around 850 K. For

with these repulsion energies and the kndBgnand Sg step comparison purposes identic_al preparation pr_ocedures were
used for both Cl- and Br-terminated surfa¢dstails are pro-

) ) ) ) vided in the respective figure caption&ven casual inspec-
TABLE |. Step energies and steric repulsion energies betweeg,, of the images in Fig. 2 reveals several important differ-
halog?n atom5500n il%%O)%surfa?cZgI}ef. 3. SAt.?‘;d SBg)Step ences. The most striking difference is the asymmetry of the
energies are 5u an mev per /. ; fespectidRbf. 9. DV strings. In the case of Br there is a pronounced prefer-
ence for single-dimer-wide DV strings. For Cl, these vacan-

vacancy(DV) strings and islands on the terratén a sec-
ondary roughening step, these DV strings can dissociate intB®
two single vacancySV) strings that are separated bgimer
units to produce regions with local (2-1)X2

Intrarow a (meV) Interrow A cies are often several-dimers wide and tend to have shapes
approaching that of a square or a rectangle. This is further
Bromine 106 52 supported by our detailed analysis, which shows that the av-
Chlorine 61 26 erage pits widths are 1.640.05 for the Br-terminated sur-
Fluorine 24 14 face and 2.5 0.35 for Cl. The average lengths of pits, on

the other hand, are about the same for both Br and Cl, 7.95
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FIG. 3. Consecutive empty-state STM images of Si(100)-2
X 1:Br recorded at 800 K. Image sizel3 nnt; tip bias —1.7 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 island
elongates into a five-dimer islan@lack arrow. Both silicon and
halogen atoms are conserved during this process.

A. DV string nucleation and elongation

DV string formation is a key aspect of primary roughen-
ing and allows the halogen atoms on the dimer rows on
either side of the string to relax into the vacaAdV string
nucleation requires the presence of single isolated Vs

FIG. 2. Comparison of different equilibrium morphologies ob- DV's), which are known to have a rebonded structlre.
served on _CI- and Br-terminated Si(100)<2 surfaces following  1_pv/'s are commonly found on §i00) surfaces, and at high
2-h annealing at 850 K. Bare surfaces were exposedli000 L of e mperatures, are readily created at steps. Once a 1-DV ex-

halogen while held at 600 K. The surfaces were cooled down angistS it can be readily extended by primary roughening. To

imaged at room temperature to characterize the initial surface bes . . . T
h ) oo ) mply with the rebonding rul xtensions m rin

fore annealing, which had little islands or pitsot shown here comply with the rebonding rules, extensions must occu

Then the surfaces were heated up, kept at 850 K for 2 h, anéwo o_limer units, thus guaranteeing that the string Wi.” remain
. , . o 0odd in length. Figure 3 shows one such elongation event
quenched. Empty-state images, with a typiedl.7-V tip bias, were L S .
taken at room temperature. The surface coverage is initiall90% vvhere th(_e eX|sF|ng DV string is extended by popping out .tWO
and doesn’t change significantly during the experiméntl cov- dimer un_lts. Within the SI mod%lthe_ energy gained in this
erage>99.5%. (a) Cl-terminated surface; major surface vacanciesPTOCESS ISt 2Sy—a—28, Whe7reSA_ is the S{100) S, step
include both single- and multirow pits and regrowth islan@s. ~ €Nergy per unit lengtk7.68 A).” Using Table I, we estimate
Br-terminated surface; note that the pits are dominantly single-rowhat this energy is-110 meV for Br and—13 meV for CI.
DV strings; island density is higher compared with that of CI- The Si atoms liberated in this process append to an existing
terminated surface. This surface also has sox@ 3eatures, which  island(see Fig. 3, but they could, in principle, also attach at
result from secondary roughenitigee text (c) Typical Sg steps of ~ nearby steps or even occasionally fill another surface va-
Cl-terminated surface. Note the step is smooth, with few kitks. cancy. The energy gained from step or island attachment is
Typical Sy steps of Br-terminated surface. Steps are rougher comthe same, i.e.;+ 2S,—a—2p. Thus in the case of primary
pared with those of the CI surface. More peninsulas are presemrbughening, half the energy gain comes from DV elongation,
along S steps. while the other half comes from dimer attachment at islands
or steps. This symmetry reflects the fact that both vacancies

+1.84 and 7.5% 1.44, respectively. Here, width and length @nd islands share a common rebonded structure.

are defined as the number of dimer units in the dimer bond .anary “’Pghe”'”g is the dominant mec_hamsm for [.)V
direction and dimer row direction, respectively. string elongation because coalescence of existing DV strings

Another notable difference is the number of islands; theré;n the same row is prohibited. This follows directly from the

are many more islands on the Br-terminated surface fOFt_abondmg requirement that favors odd DV lengths. However,

. . . . since long-length DV strings have large effective masses and
which the |.sland.s—t.o—p|ts area ratio is 0-80.08. For the = hence reduced mobility, such processes would be rare even if
surface, this ratio is 0.370.16. Also, on the Cl-terminated 4oved. Earlier we demonstrated that 1-DV's are mobile at
surface we frequently observe multiple row islands, Wh'Chtemperatures above 750 (Ref. 5 and so can be used to
are absent on the Br surface. _ study end-on coalescence. Figure 4 provides direct evidence

Finally, step shapes are also different for Br- and Cl-that coalescence of a 1-DV and a long-length DV string is
terminated surfaces. Figurecand 2d) show thatSg steps  ynfavorable. This real-time sequence clearly shows a 3-DV
are typically rougher for Br surfaces, and tend to be comstring and 1-DV in Fig. 4g) that combine to form an unfa-
prised of long peninsular structures while those on Cl survorable 4-DV in Fig. 4b) that subsequently dissociates again
faces are much smoother. Below, we detail how the SI modeh Fig. 4(c). It is important to point out that these restrictions
is able to explain the halogen dependence of th@0B)  only apply to coalescence of DV strings in the same dimer
surface morphology. row. Coalescence of DV strings from two neighboring rows
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FIG. 4. Consecutive empty-state STM images of Si(100)-2 .
X 1:Cl recorded at 800 K. Image size9 nnt; tip bias —1.7 V. DV string 1-DV
This series shows that the end-on attachment of two @#ing9
is higher in energy than two separate vacand@sA 1-DV next to
a 3-DV string in the same dimer rovib) The 1-DV coalesces with
the 3-DV to form a 4-DV string, which violates the rebonding rule,
and thus is unstabléc) The unstable 4-DV string dissociates back B

into 1-DV and 3-DV strings. =0 =0 =0 =0 =0 =0 o=0 oo =0 o=
=0 =0 l l =0 e=0 =0 OC=0<CE=0<>C=0 =0

is possible and may actually play an important role in thee=e o= | fes}| o= e—o =0 o—0ssoiocro—0 =0
formation of wider vacancy pitésee below. =0 +s00 I I =0 oo =0 1 I]e> o=
In addition, atom conservation and rebonding argument e=e «se=e =0 o=—o Lond - o=
show that it is not possible for a one-dimer-wide DV stringtoe—e [T | | = — > = 1111 —
change shape by pure vacancy rearrangement. Simple COUl e=e =0 oo = o=., =%
ing arguments show that the number of halogen atoms cate—s [§ | | || o= o= o~ 11|l o
not be conserved in any rearrangement that involvesS an ifre—e e=o o= o=o o—o =0 o= 0=0 o=0 o=0

crease in the width of the DV string. For example, a

rearrangement involving the formation of a two-dimer-wide ~ 3-DV:7-DV 5-DV:5-DV
string (n;-DV:n,-DV, where n=n;+n,) from a single-
dimer-wide n-DV string violates both the rebonding rule . . .
(which requires odd length stringand atom conservation. in certain surface rearrangements within the SI model. The left

. . - . . nel represents th rf fore rearrangement, where the arrow.
Rearrangements involving formation of a three-dimer-wide?2" "ePresents the surtace before rearrangement, where the arrows

. - S identify the steric repulsions that will disappear after rearrange-
iglnnsger?/;etioal‘"llso prohibited, this time based solely on atOmment. The color labeling follows the same scheme as Fig. 1. The

. . . right panel represents the final morphology and the arrows indicate
Although widening of DV strings through pure rearrange-ne new steric repulsions that are created. The changes in step

mem IS not pOSSIbIe, the sideways coa[escencg of DV's prq?ength are determined by straightforward counting and are omitted
vides a possible pathway for the formation of wider vacancyor simplicity. (a) Sideways attachment of a single DV to an exist-
pits through pure rearrangement. The analysis provided beng pv string. The left panel shows the separated DV string and
low is valid, provided the rearrangement is a multistep prosingle DV while the right panel shows the coalesced vacancies.
cess. In that case the energies of stable intermediate strugote that total length 08, steps drops by one unit length.68 A),
tures can be described by the SI model, subject to rebondinghile one more pair of8 repulsions exists on the surfagtbe arrow

and atom conservation rules discussed earlier. Figéae 5 in right pane), thus the total-energy change during this process is
schematically describes the side-on coalescence of a 1-D¥S,+ 8. (b) Pure rearrangement of a 3-DV:7-DV pit into a
with an existing DV string, and the energy difference within 5-DV:5-DV pit. Such a rearrangement conserves atoms and also
the context of the SI model is also shown. Following 1-DV obeys the rebonding rulgsee text Simple counting shows that
attachment to an existing DV, the tot8) step length is 2a+2p from the upper terrace ang+2p from the lower terrace
shorter by one-unit lengtti7.68 A), and there is one addi- (in the pit are removed, while 2+44 at upper terrace anda2
tional pair of 8 repulsions. Thus the total-energy change is+ 2 at the Iowe_r terrace are intro_duced after rearrangement. With
— Sp+ B, which is—24 meV for Cl and+2 meV for Br(see the totalS, step it drpps by two unit lengths ¢27.68 A), and the
Table |). Thus for Cl, this attachment is favorable while for total-énergy gain is —2S,—(2a+2p) —(a+2p)+(2a+4p)

Br, it is somewhat disfavored and the entropy reduction asT (2a+2p) or =25+ a+2p.

sociated with this process could prevent it from occurring in

the latter case. When the 1-DV is lined up with one end ofcial. Although 1-DV'’s are rebonded and satisfy the counting
the existing DV string, the number of kinks is reduced byrules, they are the only vacancy structures that do not contain
two and attachment becomes more favorable. This is consiftalogen atoms. As a result they have unique combining prop-
tent with the appearance of a large number of L-shaped veerties that allow them to play a special role in the surface
cancy pits, particularly on the CI surfa¢gee Fig. & Using  vacancy nucleation and rearrangement.

similar counting methods, it is possible to show that side- After a two-dimer-wide vacancy pit is formed by side-on
ways coalescence of two DV stringse., longer than 1-DY  attachment of a 1-DV, both the longer and shorter branches
is not favored, with the associated energy beingS,+a can elongate by primary roughening. For the longer branch,
+28 per two dimer unitgi.e., +110 meV for Br and+-13  the energy of primary roughening is the same as that for a
meV for CI). These results show that 1-DV species are spenormal one-row-wide DV string. However, for the shorter

FIG. 5. (Color) Ball and stick model showing energies involved
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FIG. 6. Empty-state STM images of Si(100)<24.:Cl surface
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B. Island formation and attachment at steps

The formation of terrace islands is another key aspect of
primary roughening. This allows the halogen atoms on the
island to relax and avoid the inherent repulsions between
neighboring dimer rows that make up the terrace itself. How-
ever, unlike DV strings, which are readily nucleated by ex-
isting 1-DV's, the silicon and halogen atoms produced by
DV formation must nucleate to form terrace islands or attach
at nearby step%. Straightforward nucleation of a single-
dimer island by removing a dimer from the terrace violates
atom conservation rules. Here we suggest a mechanism for
island nucleation that conserves atoms and obeys the rebond-

recorded at 800 K. The L-shaped pit consists of a long DV string
and a single DV that is lined up with one end of the DV string.
Attachment at the en¢to form an L-shaped vacancys favored
because of a reduced number of kinks.

branch, there is no energy gain directly by removing addi-

tional dimers, because the step lengths and halogen repul-
sions remain unchanged. The total energy, however, is still
lowered in the latter process since the dimers liberated by
DV elongation can attach at nearby islands or steps. Thus,
the primary roughening energy for sites along the shorter

branch is only half that associated with a normal one-dimer-

wide DV string.

For wider vacancy pits, it is permissible to rearrange the
vacancies as long as the width does not change and all
strings remain odd in length. For example, an 11-DV:3-DV
structure can rearrange to form a 9-DV:5-DV or a
7-DV:7-DV structure. To estimate the energies involved in
such rearrangements, we present an analysis of a 7-DV:3-DV
structure converting to a 5-DV:5-DV structure. Figuré)5
shows that after the rearrangement, the t8gastep length is
shorter by two-unit lengths (27.68 A), and repulsions in-
crease bya on the lower terrace ands2on the upper terrace,
so the total energy involved is-2Sp+a+28 (per two
dimer unitg. This process is very unfavorable for B+ 110
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meV), but much less so for Ql+13 me\). Within the SI

model, kink sites are not explicitly considered. However, FIG. 7. (Color) Ball and stick model showing the energy in-

whenever the rearrangement results in the formation of golved in island nucleatiofa) and when dimer units append to

symmetric square or rectangular jé.g., 5-DV:5-DV} the steps(b) and(c). Steric repulsions are labeled with the same color
energy will actually be lower since there is an added reducscheme as in Figs. 1 and &) Possible island nucleation mecha-

tion associated with the elimination of the kink site associ-"iSm- One of the two dimer units produced by extending a DV
ated with the original asymmetric vacancy. string (primary rougheninpis absorbed into a nearby 1-DV while

In summary, within the confines of the SI model, primary the other one binds to four top-layer Si atoms without breaking any

roughening is the dominant mechanism of extending théiimer bonds. Careful counting shows that both halogen and silicon
length of DV strings. The SI model predicts that primary itjm)s %rreei?grs]sir:edt'hghsvegt?irgyf?gnfzssS)F\f;‘ J;ZZB _f$c2>r?1
roughening favors Br over Cl, which is in agreement with . 48 g 97 (>a B) T 2at 23

. o . filling the 1-DV, and Sy+2Sg—(a+2B8) from formation of the
experiment. Moreover_, Wlth_m the_SI_modeI _the most Impor'single-dimer island, which sums up t&2—28. (b) Attachment of
tant pathway for forming wider pits is the sideways coales-, ’

f d - is f bl h two dimer units to an existing peninsula, which results in the for-
cence of 1-DV to a second DV string. It is favorable on t €mation of a longer peninsula. TH&; step runs horizontally, with

Cl surface but not so on the Br surface. Once wider pitpe ypper terrace at the bottom and the lower terrace at the top. The
form, they can elongate through primary roughening. Thusyyo additional dimer units are produced by primary roughening,
chlorinated surfaces should tend to have wider pits. ONnCge., extending a nearby DV string. Using our counting scheme, it
these wider pits form they can subsequently rearrange intgan readily be shown that the total-energy changeSg. 2 2.
square or rectangular shapes more easily on the Cl surfage) Attachment of two dimer units to &g step next to an existing
compared to the Br surface, once again in agreement with theeninsula. Although this results in wider peninsulas and ultimately
experimental observations in Fig. 2. smootherSg steps, the total-energy gain is zero.
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ing rules. Consider an allowed roughening event that rerepulsions together with decreases in surface step energy.
moves two dimer units from the terrace. Since a two-dimerThis in fact is the inverse of primary roughening. For this
island violates rebonding, we consider a scenario where on@ason it is energetically favorable to pack islands as close
of the dimers fills a nearby 1-DV. The other dimer unit bondstogether as possible without forming a continuous multirow
to the four top-layer silicon atoms from two neighboring island. The result is a82 structure where each island is
dimer rows without breaking any dimer bonds. The result isseparated by a single missing row of atofs., an SV.

a strained single-dimer island but with the desired rebonded his 3X 2 structure is routinely observed on the Br surface at
S, steps on both siddsee Fig. 7a)]. When additional dimer hlgh temperaturé$ and is a}lso observed on the terrace fol-
units (produced by primary rougheningttach, the island 0Wing secondary roughenirig. . .
becomes stabilizetf. Significantly, during this entire pro- _ INStéad of attaching at an existing island, dimers units
cess, rebonding and atom conservation rules apply so we C?ay append to an existing step. Wh_en the dimer units attach
use the SI model to estimate the relative energy for islan a ﬂatSB.St?p or the end of a pen!nsula atS@s_te_p, the
nucleation on the Br and Cl surfaces. Island nucleation caff €9y 9ain 1S the same as attaching to an existing island,
be broken down into three parts: elongation of the DV string.-€ 25,—a—2p3 [—~110 meV for Br and-13 meV for Cl,
filing of a 1-DV, and formation of the one-dimer island. 9: 7P)]. Butif the dimer units attach to &8 step, next to

Using the counting scheme discussed earlier, we can deted.Peninsuldsee Fig. Tc)], so as to yield a smooth&; step,

mine that the energies associated with DV elongation, fillingthere will be no energy gain at all. Since attachment at the

of a single DV, and single-dimer island formation ar§,2 end of peninsulgs is more favored for Br than for(e_lllo
—a—2B, —Sp—2Ss+2a+2B, andS,+2Ss—a— 28, re- vs —13 meV), this suggest that aB; step on a Br—ter_mlnated
spectively[see Fig. 7a)]. Together, the total energy of island surface shou_ld be much _rou_gher than for Cl, in general
nucleation is B,— 28, i.e., —4 meV for Br and 48 meV for agreement with the result in Figs(c and 2d).
Cl. The enhanced entropy at higher temperature will further
favor these processes. In any case, island nucleation is more
costly for Cl than for Br and so, in agreement with experi- We have presented a steric interactit®i) model that
ment, the island density is predicted to be higher on the Bdescribes roughening and vacancy reorganization on
surface. halogen-terminated Si(100)>21 surfaces. This model is
Following nucleation, the shape and distribution of is-based on parameters derived from DFT total-energy calcula-
lands on the surface can significantly influence the total surtions. Using these parameters together with the requirements
face energy. For instance, based on the definitioma@fidB,  for rebonding and atom conservation, it is possible to explain
it is readily apparent that large interdimgrinteraction fa- the types of reorganization events that can occur and the
vors long islands, whereas smdllinteraction favors wider different steady-state morphologies observed in the presence
multirow islands. On this basis alone one can predict that thef different halogen terminations. The predictions of this
Br surface will favor long single-row islands or more sepa-model are in excellent agreement with our experimental
rated islands, whereas Cl surfaces tend to have some mulsTM results. Although in this present work we have used the
row islands, consistent with the STM results. Moreover,SI model to describe the relative energy of specific surface
when the island density becomes large, island formation istructures, we are confident that it is capable of describing
no longer an efficient means to reduce steric repulsions. Farbitrary structures on these surfaces. Moreover, extensions
example, when one-row-wide islands are grouped together tof this model may be applicable to other nonhalogen surface
form wider multirow island, there is an increase in stericterminations.

VI. CONCLUSIONS
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