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Chlorine- and bromine-chemisorbed(®J1) surfaces at various coverage8) (are studied using first-
principles density functional calculations. Different stable reconstructions are obtained for the two halogen
species. At=0.5, Br stabilizes &(4X 2) reconstruction with adatoms only on next-nearest neighbor dimers,
whereas Cl stabilizes jg(4 X 2) structure with alternating fully chlorinated and empty dimer rowsgAtlL, a
3X 2 reconstruction consisting of dimer rows separated by missing atom rows is most stable for Br, whereas
for Cl such a structure is degenerate with the conventional Zeconstruction. These findings are in agree-
ment with recent scanning tunneling microscopy experiments. They can be rationalized on the basis of a
stronger steric hindrance for Br.
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The interactions of $001) with halogens have been tigate the surface structure and stability of Si(OXI()%

widely studied mostly because of the importance of halogen- ¢ By) at variousx-coverages ) via first-principles den-
etching in VLSI technology. In a series of papers, Weaver,

and co-workers have studied the surface morphology oﬁjty functional calculations. Following the procedure used by
chlorine- and bromine-etched(801) with scanning tunnel- orthru for the hydrogenated §I01) surface, we calculate

ing microscopy(STM).1~3 They found an interesting differ- surface formation energies as a function of the halogen
ence between Cl and Br at high coverage: while onchem|cal pOt(?‘nt'aI’(LX)' The qggs,tylons we primarily ad(‘j‘ress
Si(00D)-ClI the usual X 1 dimer structure is generally ob- conf':ern the degree. of stability” of the(4x2) "_md 3
served, Br stabilizes a surface reconstruction with apparerf 1~ Surface phases imaged by STM or(@®21)-Br, i.e., are
3x1 periodicity?® STM images of the “3 1" recon- j[here well defined ranges @fg, in which thesg structures are
structed regions show bright rows of Br-saturated siliconndeed the most stable? Are there competing phases which
dimers separated by dark rows that are a single atom widére energetically close? What are the similarities and differ-
The potential use of this patterned structure as a template fénces between the chlorine- and bromine-covered surfaces?
overlayer growth is of considerable interest. What are the detailed atomic geometries of ¢tfiéx2) and

To explain the “3x 1" reconstruction, Chandeet al!  “3 X1” phases?
suggested that on the Br-covered surface a structure similar Our results agree well with the available experimental in-
to that of hydrogen on 8)01) could form at high coverage. formation, confirming in particular the different behavior of
For Si001)-H a 3x1 reconstruction is known to occfif®  the Cl- and Br-covered 801) surfaces. For $001)-Br, we
which consists of rows of fully hydrogenated Si dimers al-find a small region of chemical potentiédorresponding to
ternating with rows of Sik species, corresponding to a intermediate coveragewhere the most stable phase is a
H-coverage of 4/3. However, contrary to SiHhe SiBp c(4X%2) structure qualitatively identical to that described by
units are volatile at the relatively high temperatures Herrmann and BolanBwhile at higherug, (coverage a
(~800 K) at which the transition to the>31 is observed. It 3X1" (in fact a 3<2) patterned surface is more stable than
was thus proposed that these species desorb, leaving atle 2x1, by ~15 meV/(1X1). For S{00D-Cl, a p(4
X 1 structure of dimer rows separated by trenches of missing< 2) phase, consisting of alternating fully chlorinated and
atom rows. completely empty dimer rows, is found to be the most stable

However, the possibility that a Si(001)-Bri3L) struc-  at half coverage, while at monolayer coverage, thex'B’
ture with 4/3 coverage forms, even temporarily, is not obvi-and 2x 1 reconstructions are energetically degenerate. This
ous, e.g., important repulsive interactions are present badifference in behavior between Cl and Br indicates that both
tween the adsorbed Br atoms on the(08il) surface. the electrostatic repulsive interactions between adsorbed at-
Evidence of such repulsive interactions is provided by aoms, and their “size,” are important in determining the pat-
recent STM study of Herrmann and Bolahtlinder appro- terning of the halogenated (8D1) surface.
priate preparation conditions, and at about half coverage, Br Calculations have been performed with the first-principles
adatoms are found to form &4 2) phase in which they molecular-dynamics prograrnsp (Viennaab initio simula-
occupy alternating dimers along a row with an out-of-phaseion program® using density functional theory in both the
occupancy between adjacent rows, so as to maximize thecal density(LDA)° and the generalized gradient approxi-
distances between adatoms in different dimers. mation (GGA) by Perdewet all® Below we report GGA

In order to provide a theoretical basis for these experi+esults only* Electron-ion interactions were described using
mental observations, in this Rapid Communication we invesultra-soft pseudopotentidfs'® for Cl and Br, and a norm-
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FIG. 1. Top view along 0,0,1] of the S{001) surfaces with
p(2x2) (left) and 3x2 (right) surface unit cells. Dashed lines
indicate the boundaries of the irreducible surface unit cells. Only
atoms in the four upper atomic layers are shown.

conserving pseudopotential for Si.The nonlocal projec- FIG. 2. Top and side views of Br-covered(@2) surfaces at
tions of the pseudopotentials were carried out in real-sface, 0= 1 with the 2x 1 (left) and 3x 2 (right) surface unit cells, seen
and nenlinear core corrections were applieq to all elem@nts. along, [0,0,1] and[1,1,0] respectively. In all plotd1,1,0] runs
The kinetic energy cutoff on the wave functions was 375 €Vgrom left to right. The dark spheres represent Br atoms, the others Si
(27 Ry. The surfaces were modeled usingperiodically  4toms. Only the four Si layers nearest to the surface are shown.

repeateyl slab with 12 atomic layers of Si. CI or Br are pr.pr distances are indicated, with the analogous CI-Cl distances in
adsorbed on both sides of the slab. Identical surfaces on botfackets.

sides of the slab were enforced by a twofold rotation axis at
the center of the slab. All atoms were allowed to relax. The . . .
cell dimensions along andy were fixed by the calculated ing row feature in the X2 can, in essence, be considered as
bulk lattice constantdy="5.460 A), whereas the slabs were two SA.steps. We obtainE,=0.048 e\//&, where 2
separated from their periodic images by a vacuum region of J2a, is the length of the 2 surface unit cell. This com-
approximately 10 A. Consistent sets lopoints were used Pares very well to experimental values for singig steps
for the different surface cells and the convergence of thdhat are in the range 0.052 to 0.064 ew//2 Although this
k-space sampling was carefully checkéd. good agreement could be to some extent fortuitous because
The surface formation energi&, . at zero temperature € St€ps in the 82 structure are very close to one
and neglecting quantum effects, were calculated as another’? it suggests however that _the_dn‘ference between
the 3X2 and 2<2 formation energies is reasonably well
given by our calculations.
For the CI- and Br-covered surfaces, several structural
whereEq, is the total energy of the supercell, ang, and  models with different coveragesy=0.5 have been exam-
ny are the number of silicon atoms and halogen adatomdned. At monolayer coveragesee Fig. 2, we considered the
respectivelyus; anduy are their respective chemical poten- usual 2<1 reconstruction with all dimers saturated by halo-
tials. As Si is in equilibrium with its bulkug equates the gens, and the 82 patterned surface obtained by saturating
bulk total energy per atom. The halogen chemical potentialthe 3x2 model of Fig. 1. For $001)-Br, the latter is fa-
which is allowed to vary, will be measured relative to thevored by~15 meV/(1x1), whereas for $001)-Cl the two
value for which the formation energy of the §j molecule  structures are substantially degenerate. The difference be-
is zero. tween the Cl- and Br-terminated surfaces can be rationalized
First we consider the clean surface, im=0. We use a in terms of a combination of electrostatic and steric repulsion
2% 2 surface unit cell, so that the lowest energy structure ieffects®® In the 2x 1 reconstruction, the Br-B(CI-Cl) in-
the p(2x 2) pattern(see Fig. 1 in which neighboring sur- tradimer distance is 3.87 (3.84) A whereas in theZBsur-
face dimers along a row buckle in opposite directionsface this is 3.99 (3.88) A for the atoms on the dimer rows
We also examine a “% 1" reconstruction, consisting of al- and 3.86 (3.79) A for the atoms in the trench. Thus the
ternating dimer rows and missing atom rows, analogous t€&I-Cl distances are similar on both surfaces, but on the 3
the model proposed by Weaver and co-workers for the brox2 two thirds of the Br-Br distances increase by more than
minated surfacé? To model this structure, a>82 cell is 0.1 A. In fact, on the X1 surface the Br-Br distance can-
used to accommodate the alternate buckling of the dimenot be further relaxed because the Br atoms on the adjacent
row. Upon relaxation a dimerization of the exposed secondlimer rows are too close (3.85 A). Thus a surface stress is
layer atomg(in the missing atom rowtakes place, so that a built up. In the 3<2 surface the distance to the Br atoms in
truly 3x 2, rather than X 1, reconstruction is presefgee the trench is much larger(4.4 A), so that the Br atoms on
Fig. 1. As expected, this 82 reconstruction has a higher the dimer rows are able to relax outwards and release part of
formation energy, 1.200 eV/(41 cell), than the X2, the stress.
1.184 eV/(1x1 cell) (see Fig. 4 From this result we can At half coverage(see Fig. 3, a p(4X2) structure is the
estimate the formation enerdy, of anS, step, as the miss- most stable for Cl, while for Br the&(4X2), as seen by

Eform= Eslab— Nsj si— Nxttx
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FIG. 3. Top views of Br-covered surfaces@,=0.5. The dark
spheres represent Br atoms, the others Si atoms. Only the four Si - -~ 1.15
layers nearest to the surface are shown. The intradimer Br-Br dis- — _ . . .
tances are 3.87, 4.07, and 4.08 A for th& 2, c(4x2), and ‘2-0(140 30 20 10 0.0 10
p(4%2) reconstructions, respectively. For the analogous Cl cov- ’ ' ' (e\'/) ' '
ered surfaces these distances are 3.82, 3.89, and 3.90 A. Her

FIG. 4. Formation energies of surface reconstructions as a func-

STM,” is favored. This indicates the presence of steric repultion of halogen chemical potential for(801-Cl (upper pangland
sions between Br adatoms on neighboring dimers along &i(001)-Br (lower pane). The insets show a blow-up of the region
row. As the shortest interdimer Br-Br distance in tbgt ~ Where different lines intersect. The three horizontal lings 0), in
x2) surface is 5.3 A, electrostatic interdimer repulsions arérder of decreasing formation energy, correspond to the2 3
small, so that the intradimer Br-Br distance can relax to aP(2>2). andc(4x2) reconstructions. The energy difference be-
muchl as 4.08 A. A similac(4x 2) structure has been ob- tween the latter two was taken from Ref. 22. B¢ 0.5, in order of
served witﬁ iodin.e which is even larger thanBtor the decreasing formation energy, the lines correspond to dge
“smaller” ClI adato,m instead, steric effects are less impor-Xz)’ 2x 2 (nearly degeneraleandp(4x 2) reconstructions for

. . Cl and to the X 2, p(4X2), andc(4X2) reconstructions for Br.
tant, so that thep(4x2) structure, which does not disrupt For =1, in the same order, the lines correspond to thel2and

the ordered buckling pattern along a row, is preferred to th%xz reconstructions for both Cl and Br. The lineséat 2/3 and

c(4x2). 0=4/3 pertain to the &2 without Br in the missing atom row and

Finally, we consider the surface formation energies as ge 3x 1 with rows of Br-saturated dimers alternating with rows of
function Of,LLX (See F|g 4 For6=0, we reporlEfO,m of the SiBr, units, respectively.

3X2 and 2x2 structures of Fig. 1, as well as that of the

cleanc(4x2) buckled surface, that we estimate from thefavorable at high positive values g@fg,, i.e., it may form
results of Ref. 22. From Fig. 4, we can see that for bothunder extreme conditions only.

halogens, but especially for Br, there is a small interval of Although our calculations indicate that at full monolayer
mx Where one of the half coverage structures is the mosBr coverage, the 32 structure is thermodynamically most
stable(see inset For S{001)-Br this is thec(4X2) struc- favorable, its formation from the usuabl reconstruction
ture in Fig. 3. For the brominated surface, besides the halfequires a rearrangement of the upper layer of Si atoms. This
and full monolayer structures described above, we also cormay be kinetically inhibited, i.e., a metastable<2 may
sider a 3x2 surface withfg,=2/3 (obtained by removing exists. Indeed, in their STM experiments Herrmann and
the halogen adatoms on the second layer dimers of Fig. 2Boland observe the X 1 reconstruction at monolayer cov-
and a 3x 1 structure withdg,=4/3 (formed by rows of ha- erage. Weaver and co-workers only observe the transition to
logenated dimers separated by rows of $iBnits). The 3 the “3X 1" at relatively high coverage {=0.8) and tem-

x 2 surface withd=2/3 is always thermodynamically un- peratures so high~800 K) that even etching occuts.

stable, while the X1 reconstruction withd=4/3 becomes For Si001)-Cl, the range ofuc, in which the half cover-
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agep(4x 2) surface appears to be stable is even smaller thaexperimental image actually corresponds to th€23struc-

for Si(00D-Br, while at higheruc the 2<1 and 3X2 re-  ture that we calculate. The(4x 2) phase is stable in a nar-
constructions with monolayer coverage are equally stableow range of Br chemical potential, which seems consistent
Thus the thermodynamic driving force for ax2—3X2  with the fact that special care is needed to observe it
transition is much smaller than for Br. This is consistent withexperimentally’. Finally our results provide a rationalization
that fact that the X2 is almost never seen on(801)-Cl, of the different behavior of 8901)-Cl and S{001)-Br in
although a full explanation would also need to consider thgerms of a combination of electrostatic and steric repulsion
kinetics of this transition. effects. The transition at high coverage from the 2 to the

In conclusion, our calculations show that fo@1)-Br 35 reconstruction is kinetically limited. This mechanism
c(4X2) and 3x 2 structures are thermodynamically favored poses interesting questions for future wark.

around half and full monolayer coverage, respectively. Al-

though the 32 structure of this work is slightly different This work is part of the research program of the Stichting
with respect to the model originally proposed by Chandewoor Fundamenteel Onderzoek der Matgif®©M) with fi-

et al,* we found that it yields an STM image very similar to nancial support from the Nederlandse Organisatie voor
the one observed experimentalR\We thus propose that the Wetenschappelijk OnderzogklWO).
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