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Determination of Dynamic Parameters Controlling Atomic Scale Etching
of Si(100)-(2 x 1) by Chlorine
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Scanning tunneling microscopy shows that Cl-induced pitting of Si(100)-(2 X 1) is initiated by the
creation of single dimer vacancies on terraces. These pits grow laterally by dimer removal either along
the dimer row or from an adjacent row. Quantitative analysis of the vacancy size distribution shows
that the rate constant for linear growth is 4.7 ~ 1 times that for branch creation at 850 K. This indicates
that the difference in dimer removal energy in these two directions is 0.11 +. 0.02 eV, a difference that
accounts for the observed surface morphologies.

PACS numbers: 61.16.Ch, 61.72.Ef, 81.60.Cp

Etch products and overall etch rates have been es-
tablished for Si(100) for spontaneous etching with halo-
gens based on analyses of the species liberated from the
surface [1—4]. Recently, scanning tunneling microscopy
has provided atomic level insight into structural changes
on Si(100) that accompany spontaneous etching under
model conditions [5—8]. A critical point that has not been
addressed is whether etching pathways involving atomic
level interactions could be determined so that information
about the process dynamics could be extracted. The pur-
pose of this paper is to show that etch pit growth can be
quantified, that the size distribution and shape anisotropy
of the pits can be deduced, and that activation energies
for Si removal along and perpendicular to the dimer row
direction can be determined. The implication is that the
prediction of atomic details is possible for surfaces ex-
posed to halogens, a capability that can be extended to
other systems through the application of the protocol es-
tablished here [9].

Since surface diffusion barriers are typically much
smaller than desorption activation energies, the rate lim-
iting process for etching is the desorption of volatile
molecules, not the transport of etchant atoms to pit
edges. Pit growth, then, can be understood as a func-
tion of desorption activation energies that reflect inter-
actions between neighboring atoms. For a system like
Cl-Si(100)-(2 X 1), however, it is possible that the etch-
ing phenomena would be too complicated for simple
analysis, or the involved energies for the different pro-
cesses would be too similar, giving rise to random pit dis-
tributions. From analysis of postetch scanning tunneling
microscopy (STM) images, we found that this is not the
case. Instead, our data exhibit a definite pattern that al-
lows insight into mechanisms of pit formation and growth,
as well as step etching. Pits are found to be highly asym-
metric, longer in the dimer row direction, with areal den-
sities following distinct distributions.

The STM experiments were conducted using a Park
Scientific microscope in a chamber with a base pres-
sure of 8 & 10 " Torr. Si wafers, oriented within 0.2

of (100), were degassed overnight at 600 C and flash
heated to 1200 C to produce ordered Si(100)-(2 X 1) with
defect densities of 2%—3% [10,11]. An electrochemical
cell was used to provide C12 at a constant Aux, with the
current through the cell serving as a direct measure of
the C12 release [5]. Under our experimental conditions,
a fluence from the source of 2 mAs produces approxi-
mately one monolayer (ML) of Cl on Si(100) at 300 K
where 1 ML = 6.98 X 10' atomscm . In all cases, the
sample was maintained at 850 K during C12 exposure.
The samples were cooled rapidly to room temperature im-
mediately after shutting off the C12 source. STM imaging
was done in the constant current mode [7].

Figure 1 shows an STM image of Si(100)-(2 X 1)
obtained after exposure to 9.6 mAs CL2 at 850 K ((lux
20 p, m, time 480 s). The 2 x 1 nature of the substrate
is evident from dimer rows oriented along the diagonal.
Chlorine molecules adsorb dissociatively on Si(100) to
produce Cl atoms bonded to dangling bonds of Si dimers.
While etching is minimal at 300 K, Cl can break dimer
bonds at 850 K to form SiC12, the dominant etch product
[2,3]. At 850 K, etching involves Si removal from steps
and from terraces. We focus on the latter in this paper.
During terrace etching, the dimers are broken, SiC12 units
are liberated, and Si atoms are ejected onto the surface
where they can form one-layer high regrowth islands,
labeled I in Fig. 1. The etch pits have shapes that
can be characterized as linear pits (L) that are one row
wide, linear pits that have a dimer vacancy branch on
an adjacent row (L + B), pits that are two rows wide
(L + L), and so on.

Two distinct mechanisms can be postulated for pit
growth. One involves dimer removal adjacent to an
existing pit, starting from a dimer vacancy. The other
involves creation of isolated dimer vacancies, followed by
thermally activated migration and vacancy coalescence.
To determine which process is responsible for pit growth
in our experiments, we annealed etched surfaces for
2—3 min at 850 K. While continued etching consumed
residual surface Cl, analysis showed no significant change
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FIG. 1. Occupied-state STM image of Si(100)-(2 X 1) after
9.6 mA s Cl at 850 K (—300 X 300 A2, —2.5 V, and 0.2 nA).
Terrace etching produces one-atom-layer deep etch pits, P, and
Si regrowth islands, I. The pits can be characterized based on
their shapes, including linear pits (L) one row wide, linear pits
with one vacancy on the adjacent row (L + B), and pits that
are two rows wide (L + L)
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I IG. 2. A schematic depicting growth of etch pits. Compe-
tition between pathways leading to pit generation and those
that lead to pit consumption governs the areal density of
the pits.

in the number densities of pits of various sizes. We
conclude that vacancy coalescence does not account for
the observed morphology and that pits grow by dimer
removal from sites next to existing pits. Reduced vacancy
diffusion relative to what has been observed on clean
Si(100) can be attributed to the presence of Cl, as for
Br-Si(100) where vacancy diffusion was inhibited until
complete halogen desorption at —1100 K (Ref. [7]).

Growth of a single vacancy V along a dimer row
produces a double linear vacancy UV, as depicted in
Fig. 2. This unit can continue with linear growth to form
VVV or a dimer can be removed from the adjacent row
to produce a branch. The branched pit can be consumed
via linear growth of the major chain, linear growth from
the new branch, or branching to form a pit that is three
dirners wide. Subsequent growth can be explained in
a similar way though the number of channels increases.
While etching is exothermic in each case, the population
distribution of single layer pits reflects the rates at which
new species are generated and consumed. The observed
densities of pits with distinct sizes and shapes then result
from competition between linear and branching growth.

Pit growth involves distinct steps that can be described
by kinetic equations [12] with appropriate rate constants
k, including diffusion to a pit edge, activation of a Si
atom, diffusion of a second Cl atom to the site, and SiC12

desorption. There are competing paths that represent Cl
diffusion from active sites. Moreover, pit growth requires
removal of both atoms of a dimer since single-atom
vacancies are not observed. The second atom can be
etched in a fashion similar to the first or it can be ejected
onto the surface [5]. The ways of removal of the second
atom cannot be distinguished, and the rate constant for
Si desorption k& must be considered as an overall rate
constant for dimer removal.

Linear pits L are produced by the addition of vacancies
along the dimer row direction. A single branched growth
event along a linear pit produces an L + B structure.
Once formed, the branch can grow along its dimer row
direction. Under growth conditions where the probability
of linear growth pL remains constant irrespective of
the pit length, the length distribution would follow a
decreasing geometrical series distribution or Flory-Schulz
distribution [13); i.e., the number density of pits with
i units would be [V;] = pl. [V], where the brackets
indicate areal density and [V] corresponds to a single
dimer vacancy. A plot of ln([V;]/[V]) vs i —1 would
confirm this if the slope is a straight line with magnitude
in(pl ). Physically, pl. denotes the ratio of the linear
growth rate to the sum of linear and branching rates for
any size. In actuality, one would expect pI to decrease
with length since the rate of branching increases with

2015



VOLUME 74, NUMBER 11 PH YS ICAL REVIEW LETTERS 13 MARcH 1995

~ ~ ~ 5 I ~ ~ ~ ~
$

~ ~ ~ ~ I ~ ~ ~ ~ I ~ s ~ ~4

(c)
+L

1)
~— 0

a

[V;] x 25

w 3

~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ S ~ I ~ ~ ~ ~

0 5 10 15 20

FIG. 3. A plot of size distribution of linear pits observed for
Si(100)-(2 X 1) after etching at 850 K with (a) 2 mAs and
(b) 9.6 mAs IIuence at 20 p, A C12 tlux and (c) 2 mAs at
10 p, A flux. The data are offset for visual clarity. The straight
lines indicate the fits using the Flory-Schulz equation with the
probability of linear growth pL = 0.7 ~ 0.05. This indicates
that the probability of linear growth is almost independent of
pit length.

length as more sites become available for branching.
However, we found that branching occurs preferentially at
the chain ends and that this type of branching is dominant
for i ( 9. Thus, the rate of branching and pl need not
change significantly with pit length.

Figure 3 shows ln([V;]/[V]) vs i —1 for linear pits
on Si(100)-(2 X 1) after etching at 850 K. The condi-
tions of Cl Iluence and (lux were (a) 2 mAs at a (lux
of 20 p, A, (b) 9.6 mAs at 20 p, A, and (c) 2 mAs at
10 p, A. The slopes of the three lines under a 95% con-
fidence interval give pL's at 0.68 ~ 0.05, 0.69 ~ 0.03, and
0.71 ~ 0.05, respectively. The constancy of pL under
various conditions of Cl density indicates that we are op-
erating under quasi-steady-state conditions where the pa-
rameters governing pit densities are just the rate constants.
We conclude that linear pits follow a Flory-Schulz distri-
bution with pI = 0.7. Although energy differences due to
rebonding dissimilarities in even- and odd-sized pits have
been detected for clean surfaces [14], we observed no de-
pendence of pL on length that would point to significantly
different etching for even and odd pits.

The fact that p~ is a constant for linear growth makes
it possible to determine the activation energy difference
for linear growth and branch formation. If desorption of
SiC12 is the limiting step in etching, then the probability

of linear growth can be reduced to

1

1 + 2k~ p/kg) t

where kD~ and kDL are desorption rate constants for
branching and linear growth. In Eq. (1), we have con-
sidered that the number of sites available for branching
is four, two at each end of a pit, and the number of sites
for linear growth is two, one at each end [12]. This is
justified since branching is concentrated close to pit ends.
Since the distributions of [V;] in Fig. 3 dictate that pl is
0.7 ~ 0.05 then ko~/k oL= 0.21 ~ 0.05. The rate con-
stant governing linear growth is then 4.7 ~ 1 times that
for branch formation.

General rate constants can be written as
k = o. exp( —E/kT). We take the prefactors for desorp-
tion for linear and branched growth to be the same, an ap-
proximation that is reasonable since similar bond-breaking
processes are involved in both. Accordingly, ko z/
k~l. = exp[ —(Er ~ —Eol)/kT] = 0.21 ~ 0.05. The
difference in activation energies is then E~ g—
E&L = 0.11 ~ 0.02 eV at 850 K. The desorption of
a SiC12 unit from either a branch site or a linear site will
involve breaking two Si-Si backbonds and a dimer bond.
Hence, the difference in activation energies refiects di-
rectional interaction energies between neighboring atoms
not forming a dimer. Inspection of the Si surface shows
backbonds for atoms adjacent to a pit along the dimer row
to be different from those in the next row. In particular,
backbonds along the dimer row are for atoms at the pit
edge that have three neighbors and a dangling bond,
while those on the next row are fully coordinated. The
directional interaction energies can be visualized as the
energies of step formation. The creation of a branch on a
linear pit gives rise to a 5&-type step, whereas the linear
growth of the pit leads to an S~ edge, S~ and S~ being
the characteristic steps on Si(100). Calculations [14] and
measurements [15] predict a formation energy difference
of about 0.14 and 0.07 eV, respectively, between 5& and
S~ steps. Thus a higher activation barrier for branch
creation as compared to linear growth is in accordance
with a higher formation energy for the former. This
trend between the activation barriers and the formation
enthalpies is described very well by the semiempirica1
Polanyi relationship [16].

Growth of branched pits on the terrace is more com-
plicated than growth of linear pits because the number
of channels involved increases with the complexity of
the pit shape. The next step in our study corresponds
to analysis of growth of linear pits that have one branch,
L + B. An L + 8 pit of a given size can be produced
by branching from a linear pit or from linear growth of a
shorter branched pit (Fig. 2). These pits can be consumed
by linear growth, branch creation, and linear growth of
the branch. Simple considerations regarding interaction
energies between neighboring atoms suggest that linear
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growth of a branch adjacent to the parent pit should be
faster than growth of the parent pit. Preliminary results
indicate that growth of the branch is kinetically favored
over growth of the parent by nearly a factor of 2 [12].

Finally, with the activation energies obtained from anal-
ysis of terrace etching it is straightforward to model the
removal of Si dimers from steps and the step How process
that dominates at lower temperature. Since such etching
favors dimer removal along the dimer row direction rather
than branching, it should be possible to predict the regu-
larity for etched 5&-type steps and the irregularity for
etched Sa-type steps [12].

In this paper, we have considered the etching of
Si(100) with Cl, identifying the pathways involved in
the formation and growth of pits. We have shown that
it is possible to estimate the kinetics and assess the
parameters responsible for pit sizes and shapes [9]. Such
quantitative analysis based on atomic scale STM images
should be applicable to other systems in describing details
of surfaces under etching conditions.
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