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A mechanism for SiCl2 formation and desorption in the etching of Sis100d-s2 3 1d at low chlorine
coverages is analyzed using first-principles calculations. We find that the two monochlorinated Si atoms
of a surface dimer can rearrange into a metastable SiCl2sad adsorbed species plus a Cl-free Si atom.
Desorption of SiCl2 occurs via a two-step mechanism, in which the adsorbed species is preliminarily
stabilized by the diffusion away of the free Si atom. The energy barrier to form SiCl2sad is lower on a
dimer next to a dimer vacancy than in an undamaged region of the surface, consistent with recent STM
observation of preferential linear growth of etch pits along dimer rows. [S0031-9007(97)03410-8]

PACS numbers: 82.65.– i, 81.65.Cf, 82.20.Wt, 82.30.–b
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Etching is a surface chemical reaction which occur
when a gas-phase species removes part of the surfa
atoms. Understanding the basic microscopic mechanism
underlying this reaction is important both from the funda-
mental point of view and because it may lead to a bette
control of this process in technological applications. In
particular, much attention is focused on the etching of sili
con surfaces with halogen molecules and atoms, which
a process playing a crucial role in microelectronic device
fabrication [1]. It is known that the products and rates
of the etching reaction depend strongly on various pa
rameters, including the temperature, the properties of th
gas phase species, the surface characteristics (e.g., the
fect concentration), as well as the possible presence
simultaneous inert gas ion bombardment. In this Let
ter we study thespontaneous etching(i.e., with no ion
bombardment) of aperfectly ordered(initially defect-free)
Sis100d-s2 3 1d surface atlow Cl-coverageuCl, a system
for which a number of interesting experimental observa
tions are available.

For this surface, the growth of the etch pits induced b
low Cl2 fluxes (corresponding touCl , 30%) at ,850 K
has been recently studied by Chanderet al. (CGAW)
using scanning tunneling microscopy (STM) [2]. They
found that pitting is initiated by the creation ofsingle
dimer vacancies on terraces,and that these one-layer deep
pits grow preferentially along the dimer row direction,
with some occasional branching to an adjacent row
CGAW suggested that creation of a dimer vacancy (DV
proceeds via desorption of a SiCl2 unit, while the other
Si atom (originally forming a dimer with the desorbed
Si) is either etched in a fashion similar to the first or
it is ejected onto the surface where it can contribute t
the formation of a Si regrowth island. However, the
mechanism leading to the desorption of SiCl2sad, which is
expected to be a short-lived species [2], is not understoo
0031-9007y97y78(25)y4877(4)$10.00
s
ce
s

r

-
is

-
e
de-
of
-

-

y

.
)

o

d

in detail. Moreover, to explain the observed grow
pattern, CGAW proposed that DV complexes elongat
along a dimer row are energetically more stable th
aggregates of DV’s in adjacent rows, both being low
in energy than isolated DV’s. The relative stability o
different DV cluster structures on the Si(100) surfac
is, however, a controversial issue [3], and the way th
may be affected by the presence of a Cl submonola
coverage is not known.

To get insight into these issues, we have carri
out first-principles local density functional calculation
for the energetics of formation and desorption of SiC2

species, which are responsible for the etching of Si(10
at temperatures of,850 K and low uCl [4,5]. Previous
theoretical investigations of halogen etching of silico
have been mostly concerned with fluorine [6–9,11], a
examined other aspects of this process [6–11]. Start
from two Cl atoms adsorbed at the dangling bonds (DB
of a surface dimer, we find that a SiCl2sad species can
be formed via a monochloride-dichloride isomerizatio
reaction which costs,1.4 eV. These SiCl2sad species
are short-lived, with an estimated lifetime of the order
50 ns at 850 K. Thus their direct desorption, requirin
an energy of about 3 eV (and a typical time of the ord
of tens or hundreds seconds), is very unlikely. Instea
we propose that SiCl2 desorption occurs via a two-step
mechanism where the twofold coordinated free Si ato
next to SiCl2sad first diffuses away on the surface, thu
inhibiting the decay of this species. The resulting etchi
rate maintains no apparent memory of SiCl2sad formation,
and its activation energy is in reasonable agreement w
available experimental results. We also find that t
formation of a SiCl2 on a dimer next to an existing pit
along a row has a significantly lower activation barrie
than anywhere else on the surface. We suggest that
energetics of SiCl2 formation is essential for explaining
© 1997 The American Physical Society 4877
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the experimental finding of preferential etch pit grow
along dimer rows.

In our calculations, which employ the Car-Parrinello a
proach [12], the surface is modeled by means of a sili
slab six layers thick, containing 16 atoms per layer. P
odic boundary conditions are applied. On the upper s
face the Si atoms give rise to 8 surface dimers per
cell, while the lower surface is kept in a bulk-terminat
configuration and its dangling bonds are saturated with
drogen atoms. For several calculations larger slabs,
ing 24 atoms per layer (12 surface dimers), are also u
On the upper surface, a few Cl atoms in different confi
rations are introduced. The positions of all Cl atoms
well as those of the four topmost Si layers are fully o
timized using a quenched molecular-dynamics algorith
Constraints in the optimization procedure are introdu
using the “shake” algorithm [13]. Only valence electron
states at theG point of the surface Brillouin zone are treat
explicitly using a plane wave expansion, while electro
ion interactions are described in terms of norm-conserv
pseudopotentials. To check the accuracy of our appro
we considered several reactions involving crystalline s
con, Cl2, SiCl2, and SiCl4 molecules. Calculated reactio
energies agree with experimental data by better than
Moreover, for the (dissociative) adsorption energy of2
on Si(100), we obtainedEa  5.4 eV, to be compared to
the experimental value of 5.2 eV [14].

We first examine the process of creating a single dim
vacancy. Because of a pairing mechanism analog
to that for HySis100d-s2 3 1d, on Si(100) terraces two
Cl atoms preferentially occupy the DB’s of the sam
surface dimer [15]. Starting from this configuration, w
consider formation of a SiCl2sad adsorbed species via th
monochloride-dichloride isomerization reaction:

2 SiClsad
kf%

k2f

SiCl2sad 1 Sissd , (1)

where 2 SiClsad and Sissd denote the two monochlori
nated Si atoms and a free silicon surface atom, res
tively. In the following we assume that all elementa
rates, such askf and k2f , have a simple Arrhenius-like
expression, e.g.,kf  nf exps2Ep

fykBT d, whereEp
f is the

activation energy,nf is the prefactor,kB is Boltzman’s
constant, andT is the temperature.

We find that formation of SiCl2sad via the reaction
(1) costs an energyEf  1.4 eV, and causes the dime
bond to break [see Figs. 1(b) and 1(c)]. The format
barrier Ep

f was determined from a series of constrain
minimizations, where the reaction coordinate was
intradimer distance Si1-Si2. We obtainedEp

f  2.1 eV,
so that the barrier for the inverse isomerization reac
is Ep

2f  Ep
f 2 Ef  0.7 eV (see Fig. 2). From this

we estimated a lifetimek21
2f , 50 ns for the metastabl

SiCl2sad state at 850 K [16].
Desorption of SiCl2sad to yield a SiCl2s gd gas-phase

species (at ratekd),

SiCl2sad
kd
! SiCl2s gd , (2)
4878
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FIG. 1. Atomic structure of: (a) two Cl atoms at the DB’s of
a surface dimer [2 SiCl2sad]; (b,c) SiCl2sad 1 Sissd; (d) M 0, a
local minimum for the diffusion of Si2 along the dimer row
(see Fig. 2). (c) and (d) are top-views. Grey spheres: Cl
atoms; white spheres: Si atoms. Atoms in deeper layers have
smaller size. In (b) and (c) the distance Si1-Si2 is 4.1 Å, Si-Cl
distances are 2.13 and 2.21 Å, whereas the distance between th
Cl in the “quasibridging” position in the middle of the dimer
and Si2 is 2.54 Å.

implies the breaking of two Si-Si back bonds. For
this process we find a barrierEp

d , Ed , 3.2 eV [17].
Using a simple kinetic model [18], we can express the
overall etching rateRd for the direct SiCl2sad formation-
desorption mechanism in terms ofkf , k2f , andkd. Since
kf , k2f ¿ kd , Rd , skfyk2fdkd . This corresponds to
an overall activation energyEp

etch  Ep
d 1 Ep

f 2 Ep
2f 

4.6 eV. Experimentally, in Ref. [5], the activation energy
for desorbing the so-calledb state (a mixture of SiCl2 and

FIG. 2. Left panel: barrier for SiCl2 formation (circles: on a
perfect surface; diamonds: near a DV). Right panel: diffusion
of Si2 to theM site (see text), along the dimer row. The zero
of energy corresponds to the configuration of Fig. 1(a). Full
symbols: local minima on the potential energy surface. Open
symbols: results of constrained minimizations (see text). The
dotted line is a guide for the eye.
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SiCl4) was estimated to,2.4 eV, while in the fluorine
etching of Si(100) the typical values ofEp

etch for initial
F coverages& 1 monolayer were in the range 3–3.7 eV
(depending on the experimental technique) [19]. It
evident that theEp

etch that we have obtained for the direc
SiCl2 formation-desorption mechanism is at least 1 e
too large with respect to experiment, indicating that th
mechanism is very unlikely.

The structure of SiCl2sad [see Figs. 1(b) and 1(c)]
shows that, due to the dimer bond breaking, Si2 h
become twofold coordinated. This suggests that Si2 c
easily diffuse away over the surface. Diffusion barrie
for a Si adatom on Sis100d-s2 3 1d are in the range
0.6–1.0 eV (see, e.g., Ref. [20]), and can be thus ea
overcome atT , 850 K. We find that moving Si2 to
the equilibrium Si adatom site in between two dime
at the side of a row [20] (this site will be denotedM)
costs only a negligible amount of energy, i.e.,,0.03 eV.
Alternatively, once moved onto the surface, Si2 can g
attached to a step edge (in particular, we find that movi
it into a reservoir with bulk chemical potential release
,0.5 eV). We estimated the barrier for the diffusion o
Si2 to a neighboringM site, by performing various sets o
constrained minimizations. As in the case of Si adato
diffusion, the barrier for motion along the dimer row
Ep

diff , 1.0 eV (see Fig. 2), is lower than the barrier fo
jumping across the rows,,1.3 eV. The value ofEp

diff is
not much higher than the barrierEp

2f  0.7 eV confining
SiCl2sad, notably if we take into account that, due t
our reduced sampling of the potential energy surfac
Ep

diff is only an upper bound to the real diffusion barrie
of Si2. This suggests that the diffusion away of S
after the formation of SiCl2sad is a process which has a
reasonable chance to occur. To approximately evalu
the overall rateRout of this process, we start by noting
that once Si2 has moved onto the surface, there are
many places where it can go (e.g., it can get attach
to a step edge) that its return to the original dimer s
is statistically ruled out. From simple kinetics we the
get Rout , skfyk2fdkdiff, where kdiff is the elementary
rate for Si2 leaving its original site. The correspondin
activation energy isEp

out  Ep
diff 1 Ep

f 2 Ep
2f , 2.4 eV

(see Fig. 2). Using a typical value of1013 s21 for the
prefactorndiff, and an approximate valuesnfyn2fd , 40
[21], we obtainRout , 2 s21 at 850 K. For comparison,
we note that this rate is some factors of ten higher th
that estimated for the spontaneous formation of a sin
or dimer vacancy on undefected Sis100d-s2 3 1d at the
same temperature [22], and about one order of magnitu
higher than the largest rates which have been repor
for the etching of Si(100) with fluorine in the case o
initial F coverages& 1 monolayer [19,23]. In spite of its
crudeness, our estimate ofRout indicates that the diffusion
away of Si2 after the formation of SiCl2sad is indeed a
process which is quite likely to occur.

The removal of Si2 stabilizes the remaining SiCl2sad
unit (hereafter denoted SiCl0

2) since the reverse isomeriza
s
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tion reaction in Eq. (1) is inhibited unless another Si ato
falls into the single atom vacancy, which—as mention
above—is unlikely for entropic reasons. We also fou
that movingone of the Cl atoms from SiCl0

2 to a neigh-
boring (unoccupied) dimer has a significant energy co
between,0.3 and ,0.6 eV (somewhat different values
are obtained for “up” and “down” atom sites of buckle
dimers located in the same and in different rows). Movi
both Cl atoms from SiCl02 to the DB’s of a surface dimer
far away changes the total energy by less than 0.05
i.e., the two Cl atoms are just as “happy” on SiCl0

2 as when
they saturate the DB’s of an unbroken surface dimer. T
implies an effective pairing of the two chlorines at SiCl0

2,
so that SiCl02 species are most of the time fully occupie
(except perhaps at extremely lowuCl) [24]. The overall
etching rate can be expressed as the coverage of S0

2
species times their elementary desorption rate. Our
timate of the SiCl02 formation rateRout and the fact that
these arestablesurface species indicate that the etching
limited by the rate of SiCl0

2 desorption, i.e.,Rd , kd. The
resulting activation energy isEp

etch , Ed , 3.1 eV [25],
in reasonable agreement with experiment [5,19]. Note
“loss of memory” of the initial SiCl2sad formation which
has been caused by the (irreversible) Si2 diffusion a
subsequent SiCl2 stabilization.

The calculations presented so far refer to the remova
one dimer from an otherwise undefected Sis100d-s2 3 1d
surface, i.e., to the initiation of a pit. The essent
features of this process do not change if we now consi
a dimer at the end of a preexisting pit. In Ref. [2], CGAW
studied the growth of Cl-induced etch pits under lo
coverage and slow etching conditions. They found t
the preferential linear growth of etch pits along dim
rows is not due to coalescence of isolated (diffusin
DV’s, but to the successive etch-removal of neighbori
dimers along the growing pit. To explain these resu
they proposed that the energy cost of removing a dim
next to a DV along a row is,0.1 eV lower than that
of removing a neighboring dimer from the adjacent ro
both processes requiring less energy than the remova
an isolated dimer from a terrace.

To verify these suggestions, we have studied the en
getics of two-DV complexes located along a row and
adjacent rows by using supercells with 24 Si atomsylayer.
In agreement with experiment [2,3], our results indica
that it is energetically preferable to have two DV’s at nea
est neighbor positions (either along a row or in adjac
rows) than at larger distances. However, we find the bi
ing energies of neighboring DV’s to be substantially t
same within the accuracy of our calculations; we obtain
0.10 and 0.08 eV for the two DV’s positioned along
row or in adjacent rows, respectively. We note that
attractive short-range interaction of,0.1 eV between two
DV’s along a row has been obtained also by previous fi
principles calculations [26], while calculations employin
empirical interatomic potentials found an attractive inte
action of,0.1 eV between DV’s in adjacent rows and
4879
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long-range repulsion between DV’s located in the sam
row [27]. Thus, we conclude that available calculation
of DV cluster formation energies do not provide a satis
factory explanation of the observed growth pattern of th
etch pits.

As an alternative, we consider the precursor to dim
removal; i.e., we compute the SiCl2sad formation energy
on a dimer next to a DV. We find that two Cl atoms
saturating the DB’s of a dimer next to a single DV on
a row are just as energetically stable as they would
in an undamaged region of the surface (to within a fe
hundredths of an eV). However, in this geometry th
formation energy and barrier of the SiCl2sad species are,
respectively, lower by 0.3 eV and,0.2 eV than what they
would be in the absence of the DV (see Fig. 2). Finally
the formation of a SiCl2sad species next to a DV located
on the adjacent row is more favorable by only 0.1 eV
than in an undamaged region of the surface; i.e., it
0.2 eV less favorable than in the row-pit geometry. Th
is consistent with CGAW’s observation of preferentia
linear growth of etch pits along dimer rows.

In conclusion, we have presented first-principles calc
lations for the etching of defect-free Si(100) at low C
coverages. Our results show that in these conditions t
etching process is likely to involve the desorption of SiC2

units which are formed via an isomerization mechanis
and which are subsequently stabilized by the diffusion
a neighboring Si atom over the surface. Moreover, th
lowering of the activation barrier to form SiCl2 species at
the end of a pit is essential for explaining its growth pa
tern as observed in STM experiments.
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