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Anisotropic Vacancy Kinetics and Single-Domain Stabilization on Si(1QQ) -2 x 1
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Preferential annihilation of mobile surface vacancies at the ends, rather than the sides of dimer rows
leads to a new, nonequilibrium, single-domain phase of Si(100) that is not accessible by epitaxial growth
but is stable at moderate temperatures (T-450 C). These results emerge from a tunneling microscope
study of layer-by-layer removal of Si from Si(100) under 225-eV Xe-ion bombardment.

PACS numbers: 79.20.Rf, 6l. 16.Di, 68.35.Fx

Several recent experiments using diffraction oscilla-
tions [1,21 and tunneling microscopy (STM) [3,4] have
established (i) that the evolution of both metal surfaces
and Si under low-energy ( ( 250 eV) ion bombardment is

mediated by mobile surface vacancies created during
sputtering, and (ii) that aspects of surface evolution un-

der low-energy sputtering can be described in terms
analogous to those associated with epitaxial growth.
Specifically, mobile surface vacancies can nucleate
monolayer-deep depressions, or "vacancy islands, " and

can annihilate at step edges. An understanding of surface
vacancy kinetics is therefore an important component of a
general description of low-energy-ion/solid interactions,
and in particular of the development of advanced growth
techniques that employ ion-beam stimulation [5,6].

We analyze the kinetics of surface vacancies on silicon

via the natural analogy with adatom kinetics in growth.
Recent STM studies provide a quantitative description of
the anisotropic adatom diffusion and accommodation in

Si/Si(100) homoepitaxy [7,8]. In particular, they show

that preferential incorporation of impinging atoms at the
ends rather than the sides of dimer rows is responsible for
the more rapid progression of the "ragged" (Stt) steps
relative to the "straight" (S~) steps and, consequently,
the metastable enhancement of the domain (B) with di-

mer rows perpendicular to the step edges. (We employ
Chadi's notation for step classification [9].)

Here we report the first demonstration of anisotropic,
surface vacancy annihilation on Si(100), using STM to
observe the relative retraction of straight and ragged
steps on that surface following sputtering. We show that
the formation of a new, single-A-domain Si(100) surface,
which is stable at common growth temperatures (T
—450'C), is a consequence of the anisotropy of vacancy
annihilation at steps.

Si(100) wafers, offcut 0.2 toward the [110] direction
as measured by x-ray diffraction, were initially cleaned
chemically [10] and then transferred to an ultrahigh vac-

uum chamber, where 1.0-keV Xe sputtering followed by
annealing at 1150 C produced a strong 2x 1 pattern in

low-energy electron diffraction. As shown in Fig. 1, the
misorientation results in roughly equally spaced terraces,
separated by single atomic steps. The 90 relative orien-

tation of dimer rows on adjacent terraces leads to alter-

nating A and 8 domains; type 8 has dimer rows running
parallel to the step edge, and type B consists of dimers
that run perpendicular to the step edge.

A surface prepared in this manner was exposed to
225-eV Xe-ion bombardment at a flux of 0.33 pA/cm .

Sample temperatures were calibrated with an infrared

FIG. I. (a) 1800-A STM image of the 0.2'-offcut Si(100)-
2X1 starting surface for subsequent sputtering. In this and

subsequent images, the tunnel current is 0.8 nA and the tip bias
+1.8 V, i.e., occupied sample states are imaged. The A and B
terraces and the S~ and Sa steps are labeled. (b) Higher-
resolution, 360-A STM image of I -offcut Si(100)-2X I, show-

ing the alternating dimer orientation on adjacent terraces. The
more offcut sample is shown only in this figure in order to fit

several terraces into a higher-resolution image.
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FIG. 2. (a) 1800-A image of 0.2'-offcut Si(100) following
removal of = —,

' ML by Xe sputtering with the substrate at
400'C. The ion beam is incident from the [1 l0] direction indi-

cated. (b) 360-A detail, showing anisotropic, monolayer-deep
depressions elongated parallel to the dimer rows of the top lay-
er.

pyrometer. Immediately after ion exposure, the sample
was quenched to room temperature and transferred in
situ to the STM for imaging.

Figure 2(a) presents images obtained after the sputter
removal of =

2 ML (monolayer) of Si, with the sub-
strate held at 400 C and the ion-beam incident from the
[110] direction indicated. Monolayer-deep depressions,
or "vacancy islands" have nucleated on all terraces. The
depressions are elongated parallel to the dimer rows in
the outer atomic layer [Fig. 2(b)]; therefore, at this
sputter fluence, depressions occurring in the 8 domain in
Fig. 2(a) may span the entire width of the terrace.

In Fig. 3(a), we observe that sputtering at a higher
temperature, 450 C, does not initially create isolated
depressions within a terrace; instead, the surface evolves
by step retraction. Therefore, at this temperature a sur-
face vacancy possesses sufhcient mobility to reach a step
edge, where it can annihilate, causing the retraction of
the step edge. At this temperature, depressions appear on
the A terrace only after further sputtering [Fig. 3(b)l.
Analogously, epitaxial growth at elevated temperatures

FIG. 3. (a) 1800-A image following Xe sputtering of = —,
'

ML at 450'C, showing depletion of the B domain. (b) l 800-A
image following Xe sputtering of = l ML at 450'C, showing
further depletion of the B domain and nucleation of depressions
in the A domain. (c) 1800-A image following 6 min of anneal-
ing the surface shown in (b) at 450'C. The B domain has vir-
tually disappeared.

also suppresses island nucleation and promotes step flow

[11].
Examination of Figs. 3(a) and 3(b) reveals that after

sputtering, the Sg step has retracted with respect to the
S~, with the consequent depletion of the B domain. In
the analogous case of epitaxial growth in the step-flow re-

gime, the Sg step is found to advance relative to the S~,
with the consequent enhancement of the B domain [12].
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Subsequent STM investigations of Si epitaxial growth
demonstrated that anisotropic adatom diffusion alone
could not have accounted for all the experimental obser-
vations, and therefore that an anisotropy in adatom incor-
poration, favoring attachment at the ends of dimer rows,
must be present [8].

Following the analogy with growth [8], we now show
that anisotropic vacancy diffusion alone cannot account
for our observations. Consider the two diffusion direc-
tions explicitly [13]. First, if vacancies migrate preferen-
tially parallel to the dimer rows and if vacancy annihila-
tion is isotropic, one would expect the opposite of our re-
sult: The A domains would be depleted at a substrate
temperature where vacancies created on 8 terraces are
suIIIciently mobile to reach step edges and annihilate
there, but those created on A terraces nucleate vacancy
islands. If instead vacancies migrate preferentially per-
pendicular to dimer rows, then the depletion of 8 do-
mains might be observed if vacancies created on A ter-
races are sufficiently mobile to reach step edges and an-
nihilate there, but those created on 8 terraces nucleate
vacancy islands. In fact, we never observe vacancy island
nucleation on 8 terraces with the substrate temperature
and ion IIux that led to Figs. 3(a) and 3(b).

On this basis, we conclude that in the temperature re-

gime corresponding to step retraction, an anisotropy in

surface vacancy annihilation must be present in order to
account for the observed, selective depletion of the 8
domain following sputtering. Because of the more rapid
retraction of the Stt step in Figs. 3(a) and 3(b), we infer
that vacancy annihilation takes place preferentially at the
ends, rather than the sides, of dimer rows, and that the

Sp step is a better vacancy sink than the Sz. Vacancy
diffusion might still be anisotropic and may play a role in

our observations; however, our findings establish both the
existence and the necessity of anisotropic annihilation to
explain preferential step retraction. Further study may
shed light on the existence and possible role of anisotropic
vacancy diffusion by examining the distribution of de-

pressions near good and poor vacancy sinks, such as the
monatomic S~ and S& steps, by analogy with similar ex-
periments reported for growth islands [14].

The anisotropy of vacancy islands in Figs. 2 and 3 is

reminiscent of the previously reported anisotropy of
growth islands, which was attributed to preferred accom-
modation of adatoms at the ends of dimer rows [15,16].
By analogy, preferred annihilation of vacancies at the
ends of dimer rows would cause vacancy islands to grow
parallel to the dimer rows in the outer layer, as we ob-
serve [Fig. 2(b)]. The shapes and orientation of the ob-
served depressions are therefore consistent with aniso-

tropic vacancy annihilation; further study is required to
establish precisely the relative roles of kinetics and ener-
getics in determining the structure of the vacancy islands.

When the surface represented by Fig. 3(b) is annealed

brieIIy at 450 C, we observe in Fig. 3(c) that the Sg step

retreats further, and the B domain is depleted even fur-
ther than in Fig. 3(b). A natural explanation, consistent
with previous diffraction studies of Pt(111) [17] is that,
during annealing, atoms detach from step edges and fill in

vacancies or depressions in the next lower terrace. These
defects serve as sinks for mobile atoms; without such
sinks, the preferential detachment of adatoms from Sq
steps alone does not lead to a single-domain surface.
From Fig. 3(c), we infer that at 450'C, atoms detach
from the Sq steps at a greater rate than from the S i.
This observation is consistent with the previously report-
ed, lower binding energy at an Sz step than at an 5„& [8]
and the higher predicted stability of an S& step than an

Stt [9]. The novel, single-A-domain surface in Fig.
3(c) is therefore stable under annealing at moderate
( = 450'C) temperature. The opposite, single-8-domain
surface, which can be created by deposition, is known to
be unstable to annealing at 450'C for well-oriented sur-
faces (offcut & 4') and to revert to a double-domain sur-
face if the substrate is not quenched to room temperature
following deposition [8,12]. Therefore, the greater stabil-
ity of the single-A-domain surface over the single-8-
domain surface at 450'C results from a kinetic con-
sideration, the lower barrier for detachment of Si atoms
from the Sq step than the S~.

%'e find, however, that annealing the surface shown in

Fig. 3(c) at 750'C for 3 min induces a reversion to the

double-domain structure of Fig. 1(a) so the single-3-
domain surface is not an equilibrium structure. Its disap-

pearance at higher temperatures is consistent with previ-

ous calculations demonstrating that structural considera-

tions, including differing strains inherent in the bonding

topologies of the various types of the step edges, make the
double-3-step (Dz) energetically unfavorable relative to

the three other possible single and double steps which can

occur on vicinal Si(100) [9,18,19].
The new, single-A-domain surface is a promising sub-

strate for I I I/V heteroepitaxy. A double-stepped, single-

domain substrate allows the growth of III/V bilayers on

Si(100) without antiphase domains [20]. However, only

Si substrates of specific misorientation exhibit the single-

8-domain structure after annealing; specifically, sub-

strates offcut 4' towards the [110] direction have been

used for GaAs/Si growth [21]. Single-8-domain surfaces

can also be produced by Si homoepitaxy on better-

oriented substrates, but the resulting surface is unstable

to domain separation at typical growth temperatures

[8,12]. In contrast, the relative kinetic stability of the

single-A-domain surface at these temperatures appears to

allow the creation of double-stepped, single-domain

Si(IOO) substrates of arbitrary misorientation, and hence

domain size.
In summary, we have investigated some of the conse-

quences of anisotropy in the kinetics of mobile surface va-

cancies on Si(100), which are created during the sputter-

ing of that surface by 225-eV Xe. Preferential annihila-
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tion of vacancies at the ends, rather than the sides, of di-
mer rows leads to the more rapid retraction of the Sg step
relative to the S~ step and enables the realization of a
new, single-A-domain surface which is not an equilibrium
structure because of energetic considerations and is not,
to our knowledge, accessible by epitaxial growth alone,
but is stabilized at moderately high temperatures (T
-450'C) by kinetic considerations.
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