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Steps in inequivalent crystallographic directions are usually assumed to have different atomic
structures. However, this Letter demonstrates that bilayer steps in the two principal crystallographic
directions (112) and (112)) of the Br-terminated Si(111)F X 1) surface have thesame atomic
edge structure, due to the introduction of stacking faults along (lH&) step edges. Similar
results are also observed for Cl- and I-terminated Si(111) surfaces. This strong preference for a
particular step edge structure determines the surface morphology of steps, islands, and etch pits,
and has profound ramifications for dry etching and chemical vapor deposition growth for this
system. [S0031-9007(96)02002-9]

PACS numbers: 61.16.Ch, 68.35.Bs, 73.20.At, 82.65.My

It is well established that surface steps along differenby the lower Si atoms of the bilayer (with their dangling
symmetry directions have different atomic structures. Irbonds along the step edge), then dimerization along the
this Letter, we present a study of the step structures on th&tep edge is expected [1]. However, if the upper Si atoms
Br-terminated Si(111§4 X 1) surface. This surface is terminate these steps, the two dangling bonds are perpen-
prototypical of the larger silicon-halogen system, perhapslicular to the step edge. These dangling bonds must be
the most important chemical system in semiconductotied up in some manner, but there is insufficient room to
processing. Remarkably, we find that steps along theaccommodate singly coordinated Br atoms at all the dan-
inequivalent(112) and(112) symmetry directions have gling bonds near the step edge. Figure 1(a) shows a re-
the samestep edge structure. This preferred structure idonded step geometry where the step-terminating Si atoms
shown to have profound ramifications for dry etching [1] are bonded to Si atoms in the bottom terradey(pe step
and chemical vapor deposition (CVD) growth [2—4] of
Si(111) substrates, reflecting the critical role of surface
steps in material processing.

Halogen-terminated Si(111)- X 1) surfaces were pre-
pared by exposing clean Si(11@)-x 7) surfaces at
elevated temperatures (400—-5@) to a flux of halogen
molecules from an electrochemical cell [1,4—6]. Similar
results were obtained for all halogens studied (Cl-, Br-,
and I-terminated surfaces), and this work focuses on the (a) <113 B-rype
Br termination as being representative. By varying the
sample temperature during Bexposure, the fraction of
the surface converted frof X 7) to (1 X 1) can be var-
ied from 0% to nearly 100% [4]. Thg X 7) — (1 X 1)
transformation occurs predominantly along steps [4], sO
that the atomic structure of the halogenated Si(111)-
(1 X 1) surface steps can be examined even when the sur-
face is not fully transformed to th@ X 1) structure.

On the Br-terminated Si(11X)} X 1) surface, there are

twolprlm_ary types of smgl_e bilayer steps which have 0p'FIG. 1. Top- and side-view schematics of the atomic structure
posite orientations. Idealized structures for these surfacgf the (T12) and (112) step edges for the Br-terminated

steps are shown schematically in Fig. 1(a). By virtue ofsj(111){1 x 1) surface. For clarity, underlying atoms are not
the two inequivalent atoms of the Si bilayer, there are twashown in the top views. White circles represent Br atoms, dark
different step terminations possible for each step directiortircles represent Si atoms, and gray areas denote the top terrace.
Steps with their outward normals along the12) set of (@) Step structures corresponding to an idealized bulklike

directi labeled T 12) st be t inated i termination with two different step structures along the two
irections (labele steps) may be terminated in one crystallographic directions; (b) step structures consistent with

of two ways, each of which has Si atoms with two Si-Sithe observed STM images in which the two crystallographic
bonds and two dangling bonds. If the step is terminatedirections have the same atomic structure.
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edge). A similar structure has been proposed previouslpointing in the (112) directions, as required by the
for (112) steps on théd-terminated Si(111J4 X 1) sur-  crystallographic symmetry. The orientation of the faulted
face [7]. Alternatively, there may be a doubly coordinatedtriangles therefore serves as a reminder of the crystallo-
Br atom occupying the bridging site between these two Sgraphic directions over the whole surfacél12) step
atoms. Steps with outward normals along {hé2) set segments larger than four atoms in length have not been
of directions (112 ) steps) are shown in Fig. 1(a) as beingobserved without being dressed by faulted structures.
terminated by the lower Si atoms of the bilayer, each ofThese faulted structures are not untransformed remnants
which has three Si-Si bonds and a single dangling bondyf the original (7 X 7) structure since they usually have
the latter being tied up by a single Br atorB-fype step sizes different than the six atoms per side expected for
edge). The alternative termination{@fi2 ) steps involves faulted triangular half-cells of th& X 7) structure.
the upper Si atoms of the bilayer, but it is expected to be Surprisingly, both th&112) and(112) steps have the
less stable since these Si atoms have just one Si-Si bosdimeatomic edge structure [8], as is clearly evident in
and three dangling bonds. the inset of Fig. 2(c). Close scrutiny reveals no evidence
As Fig. 1(a) shows, the atomic step edge structures dbr dimerization along theg(112) steps, ruling out the
the (111)¢1 X 1) surface should then be dependent on thepossibility of (112) step termination by the bilayer's
step orientation. Steps meandering across the surface dmver Si atoms. Furthermore, STM images show that
composed of 1 12) and(112 ) step segments which define the step edge atoms are lower than the atoms of the
various kinks along the steps. For the ideal (1U1)< 1) top terrace, and the edge atoms are separated from the
surface, a 120kink (one with a 120 change of the step’s terrace somewhat, yielding a shelflike appearance. These
outward normal) has both step segments in the same sebservations are consistent with theype edge structure
of crystallographic directions, and so it has the same edgehown in Fig. 1, in which Si rebonding at the step edge
structure along its two step segments. However, & 60tilts the last Si atom of the top terrace downward toward
kink [with outward normals 60 different as shown in the bottom terrace [9].

Fig. 1(a)] requires a change in crystallographic direction The equivalence of step edge structures for both step
and therefore a change of the step edge structure. orientations is a consequence of the stacking faults which
Figure 2 illustrates atomically resolved STM images ofdress (112) steps. Topologically, stacking faults that
single bilayer steps of the Br-terminated Si(111)x 1)  dress(112) step edges exactly cancel the change of

surface, prepared using an exposure temperature atomic edge structure across a°@kink, as shown in
~400 °C. Remarkably, triangular faulted structures of Fig. 1(b). These faulted structures persist up to exposure
various sizes are observed along 4lll2) step edges. temperatures at which Br desorption occ(s300 °C),
These faulted structures are brighter than the surroundinghere nearly the entire surface has a bulklike X
bulk terminated structure due to the presence of a stackin structure. These results strongly suggest that it is
fault [5,6], and are bounded by dimer rows [4,7]. In energetically favorable to maintait-type rather tharB-
addition, faulted triangular structures have their apexe$ype atomic edge structures alofig2 ) steps, despite the

(a) (b) (c)

FIG. 2. Series of STM images of single bilayer steps of the Br-terminated Si(11%)4) surface prepared by Brexposure at
~400 °C (uncorrected for thermal drift).( 1 12) steps have a bulk termination structure along their top terrace edges(Wwhilg
steps are dressed by faulted triangular structures along the top terrace edge. (&) (A\f’xéa,&)z,Vsample = +2 V, Lynner =
0.48 nA; (b) area~ (230 A)%, Vample = +1.74 V, Iyper = 0.14 nA; (c) area~ (306 A)?, Vimple = +2 V, Iyynner = 0.10 A,
inset: zoomed-in view to illustrate the same atomic structure for both sides df larO
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energy cost of the required stacking faults. Additionally,
more recent results demonstrate that Baype step edge
structure is energetically unfavorable on Br-terminated
Ge(111) substrates [10], indicating that this behavior is
a general property of diamond lattices.

Despite the dramatic preference féitype step edges,
it is unclear why theB-type termination is precluded.
We note, however, the electrostatic repulsion betweer
negatively charged, monovalent Br atoms along the uppe
and lower terraces is more significant for tiBetype
step termination, compared to a rebondédype step
structure. Moreover, th8-type step termination requires
that each edge silicon atom of the upper terrace is bonde
to a halogen atom, whereas every second silicon ator
is bonded to a halogen for a rebondddtype step.
We speculate that either of these mechanisms migh
destabilizeB-type steps, leading to their preferential loss
under etching conditions and their inability to form under
growth conditions. We anticipate that electronic structure
calculations will provide insight into the relative stability
of A- and B-type steps.

It is important to emphasize that the energy required td!G. 3. STM image of an unfaulted triangular bilayer island
maintain stacking faults along 12 ) steps is not insignifi- o0 the Br-terminated §i11) — (1 X 1) surface prepared by

t Th diff bet havina faulted Br, exposure at~400°C (uncorrected for thermal drift).
cant. € energy dirierence between having raulted or un(llZ) edges are dressed by faulted triangular structures,

faulted structures along the top step edges determined thigereby maintaining thet-type ‘step_edge structure over the
overall shapes of1 12) and(112) steps, shown in Fig. 2. whole island perimeter. Area (233 A)?, Vampie = +1.92 V,

In analogy with the interrelation between kinks and steplunner = 1.0 NA.
structures on the Si(001} X 1) surface [11], removal of
Si atoms from an-type step edge results in some length of
the B-type structure, andice versa For(112) steps, such for being triangular, pointing in th€112) directions,
a kink would then require the formation of a stacking faultand having an unfaulted registry with respect to the
to convert back to aA-type structure and avoid formation underlying atomic layer. While triangular islands may
of the unfavorableB-type edge structure. Since the en-be expected by considering the symmetry of thex 1)
ergy of a faulted structure is larger than an unfaulted strucstructure, such considerations would allow for unfaulted
ture, kinks along(112) steps are therefore unfavorable, islands pointing in both sets of directions. However,
yielding (1 12) steps which are long and straight. Con-unfaulted islands pointing in thel 12) directions, which
versely, since kinks along 12 ) steps reduce the stacking would necessarily have th&-type step structure, are
fault area, they are energetically favorable. Herit€2) never observed. Occasionally, small triangular islands
steps have a jagged appearance, with many segments are observed to be pointing in thd 12) direction, but,
(112) steps incorporated, as shown in Fig. 2(c). upon closer inspection, these islands are found to have
Faulted structures are not only seen at step edges, btite A-type step structure and a faulted registry with
also at the edges of islands. Figure 3 shows a largegspect to the underlying layer. The small size and
triangular island formed from halogenated Si adatomswumber of these faulted triangular islands is due to their
coalescing together ofi X 1) regions of the surface [4]. higher energy relative to unfaulted islands. This faulted/
These islands are analogous to CVD-grown structures. lonfaulted energy difference is also illustrated by the
instances where the island shape diverges from triangulaopservation that, alongl12) step edges, typically there
such as the truncated apex of the island in Fig. 3, faultedre many smaller faulted triangular structures rather than
structures are incorporated that follow the same rulesa single large triangle spanning the complete length of the
observed for the kinks and corners of step edges. Just agep [Fig. 2(a)]. This reduces the total faulted area and
for step edges, stacking faults and dimer rows are creatdtence the energy of the structure. Evidently, although the
in the island to preserve thetype atomic edge structure. incorporation of the required stacking fault costs energy,
Again, these faulted triangles cannot be remnants of thenore energy is gained by forming @ntype step edge.
original surface’y7 X 7) domain, since these islands did The preference for thé-type step edge structure also is
not exist before the Brexposure. seen in the etching regime of the silicon-halogen system.
As further evidence of the strong preferencedefype  Figure 4 is a STM image obtained after Bexposure of
edge structures, bilayer islands have a strong preferendbe Si(111) surface while at 53C€. The resulting etch
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b L to the introduction of stacking faults along12) step

edges. Similar results observed on Cl- and I-terminated
B Si surfaces, as well as for Br-terminated Ge substrates,
indicate that this is a general property of halogen-
. passivated diamond lattices. This strong preference for

the rebondedA-type step edge structure along both

. (112) and (112) crystallographic directions determines
A the surface morphology of steps, islands, and etch pits for

this system.
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