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First-principles study of chlorine adsorption and reactions on Si„100…
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First-principles local-density-functional calculations on the interaction of chlorine with the Si~100!-231
surface are presented. Cl2 adsorption and a number of reactions relevant to etching via desorption of SiCl2

species are considered, both at the defect-free surface, and in the presence of small surface defects. The
formation of SiCl2 species via an isomerization mechanism, their stabilization and desorption are studied.
Whereas this is a likely route towards spontaneous etching of the surface in the limit of low Cl coverage (uCl),
at uCl;1 it is energetically very costly. In the high coverage limit the formation of SiCl2 by either a Cl atom
reacting with a monochloride surface species or by dissociative chemisorption of hyperthermal Cl2 molecules
is investigated. For the latter, a barrier for dimer-bond breaking of 0.5–1 eV is estimated. Our results show that
both the Cl2 adsorption energy and the SiCl2 desorption energy decrease significantly with increasing the local
chlorine concentration above one monolayer.@S0163-1829~98!08015-1#
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I. INTRODUCTION

The adsorption of chlorine on Si~100! has been exten
sively investigated for many years as a prototype exampl
adsorbate/surface interaction.1 The Cl/Si~100! system is of
great interest also from the technological point of view d
to the important role of halogen etching in the production
very-large-scale integrated devices.2 On this surface, Cl2
molecules adsorb dissociatively and the stable Si-Cl bond
configuration consists of Cl atoms saturating the dang
bonds ~DB’s! of the surface dimers~terminal bonding!.1,3

However, also metastable Si-Cl bridge-bond
structures,4–10 particularly on Si~100! surfaces containing a
high concentration of surface dimer vacancies~DV’s!,11,12

are believed to occur.
The etching of Si~100! with chlorine is a complex proces

that depends on many parameters.13–28 Temperature pro-
grammed desorption experiments reveal that the main r
tion products are SiCl4 and SiCl2 of which the first generally
evolves at lower (;150 and 200 K! and intermediate tem
peratures (;450 K! and the second at intermediate a
higher temperatures (;900 K!, depending slightly on the
experiment. In practical applications the etching is usua
stimulated by various techniques which affect the nature
the desorption mechanism. Inert gas ion bombardmen
multaneous to chlorine exposure can be employed to y
higher etching rates. This was studied by Feilet al.29 who
found that ion bombardment helps disrupting the C
passivated surface. Their results are consistent with the
servation of Sesselmannet al.22 that a fully chlorinated
Si~100! surface has very low reactivity. For the related
Si~100! system similar inhibition of etching was found for
fully saturated surface in simulations by Carter and Carte30

This study suggests that for a fully fluorinated surface s
570163-1829/98/57~16!/10021~9!/$15.00
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tained etching can only occur in the presence of surface
fects.

Different etching conditions can be created by differe
kinds of surface preparation, or predissociation of the etch
Cl2 molecules to form Cl atoms. A significant enhanceme
of etching can also be obtained using hyperthermal be
composed of Cl radicals and Cl2 molecules:17–21 Campos
et al.17 used beams with a wide range of kinetic energ
going up to 6 eV/Cl2 . They found enhancement by a fact
of ;10 over thermal beam etching. However, when a thre
old of ;3 eV was passed etching could be enhanced e
more to a factor of;30. At higher temperatures~800 K!,
Teraoka and Nishiyama showed that SiCl2 is evolved by a
hyperthermal Cl/Cl2 /He beam after an energy threshold
2.1 eV has been overcome.21

We have studied the interaction of chlorine with Si~100!
at the microscopic level by means of first-principles loc
density-functional~LDF! calculations. In this paper we wil
focus on several surface chemical reactions involving2
and the~high-temperature! etching desorption product SiCl2,
at both defect-free and defected Si~100!. After a short over-
view of the computational techniques employed~Sec. II!, we
discuss Cl2 adsorption at surface dimers~Sec. III!, and the
formation of SiCl2 by means of an isomerization mechanis
~Sec. IV!. Part of this work has been published elsewhere31

In Sec. V, the binding and diffusion of an excess Cl atom
a fully chlorinated 231 surface is considered, in order t
assess the possibility that this adatom reacts with a sur
monochloride to yield a SiCl2 species. Further we presen
results on the energetics of various reactions involving
sorption of gas phase Cl2 molecules and SiCl2 formation
accompanied by bond breaking on a fully chlorinated surf
~Sec. VI!. Cl2 adsorption and SiCl2 formation on a defected
Si~100! surface are presented in Sec. VII. Results are d
10 021 © 1998 The American Physical Society
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cussed in the context of some recent experiments.11,12 Sum-
mary and conclusions can be found in Sec. VIII.

II. COMPUTATIONAL DETAILS

Our calculations are based on LDF theory within t
framework of the Car-Parrinello approach.32 The surface is
modeled by means of a periodically repeated slab of six
ers of Si atoms. Each layer has 16~in some cases 24! atoms
forming a 434 (634 or 436) cell, and periodic boundary
conditions are applied. Slabs are separated by a vacuum
gion of 9 Å or more. On the upper surface the Si atoms g
rise to 8~12! surface dimers, while the two lowest layers a
kept in a bulk-terminated configuration and hydrogen ato
ensure that no unsaturated electrons remain. On the u
surface, Cl atoms are introduced in various configuratio
The positions of all Cl atoms as well as those of the fo
topmost Si layers are fully optimized using a quench
molecular-dynamics algorithm.

Only valence electronic states at theG point of the surface
Brillouin zone are treated explicitly using a plane-wave e
pansion with a kinetic energy cutoff of 12 Ry, whil
electron-ion interactions are described in terms
separable33 norm-conserving pseudopotentials.34 To check
the accuracy of our approach we considered several reac
involving crystalline silicon, Cl2 , SiCl2 and SiCl4 molecules.
Using sp nonlocality, the calculated reaction energies ag
with experimental data by better than 5%~See Table I!. For
s nonlocality larger discrepancies occur. Although, for co
putational convenience, most of the calculations in this pa
were carried out usings projectors only, for several struc
tures calculations were checked usings and p projectors.
Tests on the Cl2 and SiCl4 molecules~See Table II! indicate
that structural parameters are rather well described usins
projectors only.

Some calculations~see Sec. V! were carried out in a

TABLE I. Energies of some reactions involving Cl2 , SiCl2 , and
SiCl4 . The plane-wave kinetic energy cutoff isEcut512 Ry.

Ecal ~eV! Eexp ~eV!

Nonlocal projectors s sp

Si~solid! 1 2 Cl2~g!→SiCl4~g! 26.28 27.05 26.78a

Cl21SiCl2~g!→SiCl4~g! 24.53 25.3 25.06a

aCRC Handbook of Chemistry and Physics, 1st student ed., edited
by R.C. Weast~CRC, Boca Raton, 1988!.

TABLE II. Equilibrium distance of the Cl2 and SiCl4 molecules.
Ecut is the kinetic energy cutoff on the plane-wave expansion of
wave functions.

Rcal ~Å! Rexp ~Å!

Ecut ~Ry! 12 12 24
Nonlocal projectors s sp sp

Cl2 2.03 2.02 1.99 1.99a

SiCl4 2.07 2.04 2.03a

aCRC Handbook of Chemistry and Physics, 60th ed., edited by R.C
Weast~CRC, Cleveland, 1981!.
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slightly modified geometry with respect to that previous
described. We employed a nine-layer slab of whichboth
sides had a fully chlorinated dimer structure, and
p(A83A8)R45° surface unit cell~i.e., four surface dimers
along the diagonal of the supercell!. An excess Cl atom was
put on the upper surface of this slab. The lower half of t
slab, including the middle layer, was kept fixed during rela
ation of the upper layers. Periodic images of the slab w
separated by a vacuum layer of'9.5 Å. Unlike the case
where only one surface of the slab is covered by Cl, t
geometry has the advantage that the electric field in
vacuum region~associated to the Cl-Si dipole! is practically
zero. Therefore it also provides the opportunity to te
whether the artificial field present in the calculations us
the larger 434 cell has an appreciable effect. As a test,
calculated the desorption energy of a SiCl2 species from the
LM2 state @see Sec. V and Fig. 3~b! below# for both cells.
For the unsymmetric slab~Cl on one side only, with hydro-
gen saturating the bonds at the other side, 434), we ob-
tained 2.74 eV, for the ‘‘symmetric’’ slab@Cl on both sides,
p(A83A8)R45°] the result was 2.62 eV. This reasonab
small difference indicates that it is justified to use the co
putationally more convenient unsymmetric slab without t
need to introduce extra correction terms in the Hamiltoni

III. ADSORPTION AND PAIRING AT DB SITES

It is well known,35 although not yet entirely beyond de
bate~see, e.g., Ref. 36!, that on Si~100! surface atoms recon
struct to buckled dimers and that on the same row neighb
ing dimers have opposite buckling.37 This buckling lifts the
degeneracy of the two half-filled dangling bond~DB! states
of a flat dimer and results in the opening of a gap at
Fermi level.38 Adsorption of a monovalent adatom such as
or Cl, resulting in saturation of one dangling bond, creates
unpaired DB at the Fermi level. Similarly, when Cl2 disso-
ciatively adsorbs onto the surface in such a way that the
Cl atoms end up on different surface dimers, two unpai
DB’s are created. Vice versa, if the two Cl’s end up on o
dimer only, no unpaired bonds result, and therefore this c
figuration should be energetically more favorable. This
fect, known as pairing, has been clearly observed in a sc
ning tunneling microscopy~STM! study of H/Si~100!.39 This
is confirmed also by the energetics of our calculations:
find that the configuration with two Cl atoms on the sam
dimer~Fig. 1! has;0.4 eV lower total energy than if the two
Cl atoms are far apart on the surface.40

For the dissociative adsorption energy of Cl2 on a dimer
of clean Si~100! ~see Fig. 1! we obtainedEa55.4(5.3) eV
using onlys (sp) nonlocality,6 to be compared to the exper
mental value of 5.2 eV.24 This value is independent of cov
erage, from very low up to one monolayer coverage, i.e.
long as unoccupied dimer DB’s are present.

IV. SiCl 2 FORMATION AND DESORPTION
VIA AN ISOMERIZATION MECHANISM

At high temperatures, etching may be simply caused
desorption of SiCl2 species which are formed spontaneou
on the surface via a thermally activated mechanism. We c
sider two Cl atoms adsorbed at both ends of a surface dim

e
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57 10 023FIRST-PRINCIPLES STUDY OF CHLORINE . . .
Starting from this ~energetically favored! configuration,
SiCl2~a! may be formed by a movement of one of the
atoms towards the other, so that they will both end up be
bonded to the same Si atom~Fig. 2!. In this monochloride-
dichloride isomerizationprocess the dimer bond is broke
and a twofold-coordinated silicon atom, Si~s!, remains. Sche-
matically:

2SiCl~a!
SiCl2~a!1Si~s!, ~1!

where 2SiCl(a) denotes the two monochlorinated Si ato
of a surface dimer.

We studied this mechanism in the limits of low~only two
Cl atoms on an otherwise empty Si surface! and highuCl ~in
which all DB’s are saturated by chlorine!. The low uCl re-
sults have been reported in detail in Ref. 31, where
mechanism of SiCl2 formation and desorption has been a
plied to discuss the growth of linear pits as observed in
STM experiments carried out at lowuCl by Chanderet al.13

Here, for completeness, these results are shortly summar

A. Low coverage

We estimated the barrier for SiCl2~a! formation from a set
of constrained minimizations. The transition state energ
about 2.1 eV above the energy of the left-hand side~lhs! of
Eq. ~1! ~Fig. 1!. Once the Cl has moved over the barrier t
energy drops by 0.7 eV on reaching the rhs configurat
~Fig. 2!, so that the energy cost of SiCl2 formation is 1.4 eV.

In Ref. 31 we found that the Si~s! atom can move onto the
reconstructed surface and diffuse away, thereby preven
occurrence of the inverse isomerization reaction, and st
lizing the SiCl2 species. Since the barrier confining Si~s! near

FIG. 1. Surface Si dimer with two Cl adsorbed at the dangl
bonds@lhs Eq.~1!# on an undefected surface without additional
atoms. Views are along a dimer row~a! and from above the surfac
~b!. First, second, and third layer atoms are depicted by large,
dium and small sized white spheres, respectively. Shaded sph
represent the Cl atoms. The Si-Cl distance and dimer bond le
aredSi-Cl52.12 Å anddSi-Si52.44 Å.

FIG. 2. Surface SiCl2 after the isomerization step@rhs Eq.~1!#
on an undefected surface without additional Cl atoms. Views
along a dimer row~a! and from above the surface~b!. Si-Cl dis-
tances are 2.13 and 2.21 Å.
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the SiCl2 is ;1.0 eV, i.e., only slightly larger than the barrie
of 0.7 eV for the inverse isomerization, this process ha
reasonable chance to occur.

The inverse isomerization reaction being rendered imp
sible, the SiCl2 is further stabilized in a dynamical fashion
Moving one Cl atom of SiCl2 onto a neighboring dimer atom
costs 0.3 to 0.6 eV~depending on onto which of the su
rounding Si atoms the Cl is placed!. Moving both Cl atoms
onto a dimer far away from the original SiCl2 does not
change the total energy within the accuracy of our calcu
tions. Therefore the SiCl2 might ~effectively! live long
enough to find an opportunity to overcome the desorpt
barrier, for which a value of 3.2 eV is calculated. This co
responds to the effective barrier for etching. After desorpt
of SiCl2 , a dimer vacancy is formed on the surface. In th
way an etch pit is initiated.13

B. High coverage

On the saturated surface, forming a SiCl2 species via the
isomerization reaction, Eq.~1! is found to cost 1.3 eV. Sub
sequent desorption of the SiCl2 unit costs 3.5 eV. Both thes
values are close to those obtained at lowuCl . However, con-
trary to what can happen at lowuCl , diffusion away of the
remaining Si~s! atom is unlikely, because the neighborin
surface dimers are all occupied by Cl atoms. Instead, a
atom ~coming from a neighboring dimer! may move on this
empty Si~s! atom, thereby suppressing the inverse isomeri
tion reaction, in a way substantially analogous to that p
posed for the low coverage regime. However, also, this
bilization process remains unlikely, since it is found to ha
an energy cost of about 0.9 eV. In the absence of a me
nism for SiCl2 stabilization, the effective barrier for etchin
is the sum of the SiCl2 formation and desorption energie
i.e., 1.313.554.8 eV. Such a high value suggests that
uCl;1 etching via the isomerization mechanism is an e
tremely rare event.

V. ADSORPTION AND REACTIONS OF A Cl ATOM
ON A SATURATED SURFACE

In this section we study the interaction of a Cl atom w
a Si~100! surface whose DB’s are already saturated by ch
rines. This study should be relevant to the case where ato
rather than molecules, are used as etching agents. Th
atom may also result from other surface reactions, e.g., f
the interaction of a Cl2 molecule with an isolated DB on a
locally saturated surface. A Cl2 molecule arriving at such an
isolated reactive site dissociates and one of the two Cl at
ends up saturating the dangling bond, while the other
atom may remain on the locally fully saturated surface. T
is what we actually found by direct simulation for an inc
dent Cl2 molecule of;0 kinetic energy. We shall then try to
assess the possible effect of such a reactive species o
fully chlorinated surface. First we consider the binding si
and diffusion properties of the Cl adatom. Then we consi
the possibility that the Cl adatom combines with
monochloride surface species and desorbs as SiCl2 .

To identify the binding sites of the Cl adatom on th
saturated surface we calculated the two-dimensional en
surfaceE(x,y): the excess atom is kept fixed at various p
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10 024 57G. A. de WIJS, A. De VITA, AND A. SELLONI
sitions (x,y) relative to the surface, whereas it is relax
along@100# (z), i.e., perpendicular to the surface, such as
minimize the total energy. Also all surface coordinates
allowed to relax. This approach generally yields reliable
sults for a highly reactive surface like Si~100!, see, e.g., Refs
41, 42. FromE(x,y) we obtained indications about thre
local minima ~LM !, which were unambiguously identifie
after additional unconstrained minimization. The LM of low
est energy, that we shall denote LM1@see Fig. 3~a!#, has the
Cl adatom residing in the valley between two dimer row
where it is bound to a second row Si atom. This results in
elongation of a bond between this Si atom and a third la
atom to 2.69 Å. LM2@Fig. 3~b!# is a bridge-bonded configu
ration, where a dimer bond has been broken and the Cl
a position bridging the two Si dimer atoms. Finally in LM
@see Fig. 3~c!# the excess Cl binds to a dimer Si atom, and
Si-Si backbond is broken (dSi-Si52.63 Å!. LM2 and LM3
are both;0.2 eV higher in energy than LM1.43 Note that for
LM3 a surface SiCl2 unit has been created.

Essentially two paths are available for the diffusion of t
excess Cl atom along the rows: on top of the dimers
through the valley in between two dimer rows. For the latt
we find that the LM1→LM1 barrier is ;0.3 eV. For the
former our sampling of the potential energy surface sho
that the bottleneck is the moving away from LM2. A mo
dense series of constrained minimizations yields
LM2→LM2 barrier of 0.4 eV. These results indicate th
diffusion along the direction of the rows is rather easy, c
tainly at temperatures of;850 K where surface etchin
occurs.4,14

Estimation of the barrier for diffusion perpendicular to t
rows turned out to be more difficult. This is due to the o
currence of large hysteresis effects, related to the brea
and formation of bonds. Excluding the possibility of e
change processes, the only way a Cl atom can cross a d
row, is by passing in between two adjacent dimers~other-
wise it would bump into other Cl atoms!. This route is bound
to pass through LM3, as indeed we experienced when rel

FIG. 3. Binding sites for an excess Cl atom~black! on a Si~100!
surface having all DB’s saturated by chlorines. Top view show
the three outermost layers of Si atoms~empty circles! and the chlo-
rines~shaded spheres!. ~a! LM1: the Cl adatom binds with the sec
ond row Si atom labeled withd, dSi-Cl52.29 Å. ~b! LM2:
dSi-Cl52.29 Å. ~c! LM3: Si-Cl distances are 2.18 and 2.20 Å.
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ing the symmetry constraints imposed in the potential ene
sampling. From the total energy halfway the LM1→LM1
transition crossing a row, we infer a lower bound for t
barrier of 0.4 eV. However, since the Cl atoms are qu
large, large movements of the Cl at the DB sites are nec
sary when the excess Cl atom crosses the dimer row. Th
fore it is not unlikely that the actual value of this barrier
significantly larger. This would imply that the motion of th
excess Cl is anisotropic, and takes place mostly along
rows.

At temperatures where etching~via SiCl2 desorption! oc-
curs, the LM states discussed above can be easily occu
by excess Cl atoms. Thus a surface SiCl2 unit ~LM3!, or
something very similar~LM2!, can be formed. Desorption o
SiCl2 from both LM2 and LM3 is found to cost;2.7 eV.
The desorbing species is effectively mobile on the surface
850 K the Cl atom can diffuse easily~at least along the rows!
and it can attempt to desorb at each LM2 and LM3 visite
This might account for a considerable enhancement of
prefactor for desorption44 and therefore this may be a re
evant SiCl2 desorption channel in the etching of Si by C
atoms.

VI. Cl 2 ADSORPTION ACCOMPANIED
BY BOND BREAKING AND SiCl 2 FORMATION

AT HIGH COVERAGE

Recently several studies involving molecular beams
Cl2 , F2 , etc., impinging on silicon surfaces have be
reported.17–19,24,25,29,30,45–47With these techniques some o
the reaction mechanisms involved in the etching process
be investigated in a simplified and more detailed way. F
the interaction of Cl2 with Si~100! incident energies up to 6
eV have been considered, and several studies have sh
substantially higher etch rates for Cl2 translational energies
higher than 2 to 3 eV.17,28 In this section we try to make
contact with these experiments and focus on the struc
and energetics of models of SiCl2 surface species that do no
come about spontaneously~i.e., via thermal activation!, but
result from the bond-breaking adsorption of Cl2 molecules
~of sufficiently high translational energy! on a~locally! fully
chlorinated surface.

A. Energetics of formation and structure of SiCl2 species

At the surface two inequivalent kinds of Si-Si bond can
broken:~a! a dimer bond, and~b! a backbond connecting
dimer atom with a second row atom. A Cl2 molecule break-
ing these bonds results in~a! two or ~b! one surface SiCl2
units, respectively,~see Fig. 4!. The calculated adsorption
energy for both~a! and ~b! is ;1.9 eV ~i.e., the energy is
reduced upon adsorption!. From Fig. 4 it is apparent that th
surface structure relaxes significantly. In the situation
picted by Fig. 4~a! Cl atoms clearly try to maximize thei
distances in order to reduce their repulsive interactions. D
tortion in the configuration shown in Fig. 4~b! is also quite
severe.

For case~a! we obtained also an approximate estimate
the barrier by performing two sets of constrained minimiz
tions for different orientations of the incoming Cl2 molecule.
We first considered an incident Cl2 molecule parallel to the

g
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57 10 025FIRST-PRINCIPLES STUDY OF CHLORINE . . .
surface and perpendicular to the dimer bond@Fig. 5~a!#. Ad-
ditionally we kept the Cl2 and Si dimer flat and constraine
their centers of mass to coincide along the dimer row a
dimer bond directions. In this way we found that the C2
dissociation barrier~i.e., the energy threshold relative to th
case where Cl2 is at very large distance from the surface! is
0.9–1.0 eV. The final configuration for the adsorbed C2
molecule is that shown in Fig. 4~a!, with two surface SiCl2 .

We also considered the case where the incident Cl2 is
perpendicular to the surface and its trajectory passes thro
the center of a Si-Si dimer bond@Fig. 5~b!#. The resulting
barrier is 0.5 eV above the energy of the Cl2 at infinite dis-
tance. In agreement with these results, recent LDF calc
tions by Ohno for the case where one Cl atom~instead of a
Cl2 molecule! attacks the surface found that the barrier
break a dimer bond is 0.5 eV.48 In our calculations, the fina
configuration@Fig. 5~c!# has one of the attacking Cl atom
incorporated in the surface at a bridging position in t

FIG. 4. Surface SiCl2 units resulting from Cl2 adsorption caus-
ing dimer-bond~a! and back-bond~b! breaking on a saturated su
face. To minimize repulsions between Cl atoms, the surface un
goes severe distortions. In~a! the distance between the two centr
Cl atoms is 2.96 Å.

FIG. 5. Dimer-bond breaking via Cl2 adsorption. Starting con
figurations for constrained minimizations with incoming Cl2 per-
pendicular~a! and parallel~b! to the surface. The final configuratio
for Cl2 perpendicular to the surface is shown in~c!: the Cl-Cl dis-
tance is 2.64 Å, Si-Cl distances for the bridging Cl atom are 2.29
d

gh

a-

middle of the broken dimer bond, while the other Cl ato
does not appear to react immediately with the surfa
Among the possible ‘‘fates’’ for this atom are either to b
scattered back~abstraction! ~see, e.g., Refs. 30,45! or to
‘‘land’’ on the surface where it may disrupt the bridg
bonded structure of Fig. 5~c!, until the configuration of Fig.
4~a! ~which has;1.8 eV lower energy! is reached. Which of
the various possibilities will actually prevail will presumab
depend also on the kinetic energy of the incoming molecu

B. SiCl2 desorption

It is plausible to assume that SiCl2 desorption is an even
without an additional barrier, i.e., the desorption energy
incides with the desorption barrier. In fact, after the SiC2
has desorbed a partially rebonded structure, and therefo
reactive site, remains there where the SiCl2 was originally
bonded to the surface@Figs. 6~a! and 6~b!#. Since also the
SiCl2 itself possesses a few unsaturated bonds, it is lik
that the inverse process of desorption — should it occur —
entirely spontaneous. As a consequence, the desorption i
expected to have an additional barrier.

We checked the above assumption for case~a!: We car-
ried out a few constrained minimizations where we fixed
height of the Si atom of the desorbing SiCl2 molecule rela-
tive to the height of the center of mass of the two second r
Si atoms to which it was bonded on the surface. Follow
the SiCl2 until it was 7 Å above the second row Si atoms, n
additional barrier was found.

We calculated the energies required for SiCl2 desorption
from ~a! and ~b!, and obtained 1.4 and 1.9 eV, respective
The final configurations are shown in Figs. 6~a! and 6~b!.
From configuration~a!, the second SiCl2 may desorb at a
cost of 2.9 eV. This is far larger than the cost for desorb
the first SiCl2 , which can be explained by the release

r-

.

FIG. 6. ~a! and ~b! Configurations obtained after SiCl2 desorp-
tion from the configurations shown in Fig. 4~a!, respectively 4~b!.
The dashed line indicates where there is a tendency towards
bonding.~c! Configuration obtained from either~a! or ~b! after satu-
ration of all second layer dangling bonds with Cl.
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10 026 57G. A. de WIJS, A. De VITA, AND A. SELLONI
strain resulting from the desorption of the first SiCl2 unit.
With two SiCl2 units next to each other, the surface defor
so as to avoid that the Cl atoms approach one another
close. Once one SiCl2 has desorbed, the other SiCl2 is in no
way hindered anymore by other surface species. After a
the second SiCl2 has desorbed, a DV is formed on the sa
rated surface. Cl2 adsorption at such defect is discussed
the next section.

Instead of the second SiCl2 desorbing, a Cl2 molecule
may first dissociate and saturate the dangling bonds of
~not completely! rebonded second layer dimer@Fig. 6~c!#.
For ~a! this releases 3.1 eV, for~b! 3.7 eV, resulting in the
same final configuration for both~a! and ~b!. Now SiCl2
desorption has become slightly less expensive and the
ond SiCl2 may leave the surface at a cost of 2.5 eV. T
resulting configuration is shown in Fig. 7~b!.

Whatever the desorption/adsorption sequence, one
finally end up with a DV with four Cl atoms saturating th
dangling bonds@Fig. 7~d!#. The overall exothermicity of the
process leading from a Cl-saturated dimer to a DV with fo
Cl atoms is 4.4 eV.

VII. ADSORPTION ON DEFECTED Si „100…

In this section we consider adsorption and reactions a
near dimer vacancies which may have formed during
etching process. At the same time, we shall try to make c
tact with recent electron stimulated desorption ion angu
distribution ~ESDIAD! and high-resolution electron-energ
loss spectroscopy experiments by Yanget al.11 on the influ-
ence of surface defects on chlorine adsorption on Si~100!.
Yang et al. found that with increasing surface damage t
Cl1 ESDIAD pattern develops a component normal to
surface in addition to the off-normal components that oc
for a nondamaged surface. This off-normal ESDIAD sign

FIG. 7. Bonding structures for chlorine at a dimer vacancy.~a!
Bare DV with two rebonds~of length 2.76 Å!, ~b! and~c! DV with
two Cl adsorbed,~d! DV with four Cl adsorbed. Outside the DV th
surface dangling bonds are fully saturated by Cl atoms. Das
lines indicate weak bonds.
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is caused by desorption of Cl1 atoms that saturate the DB’
of the surface Si dimers, while the normal ESDIAD signal
assigned to Cl at surface DVs.49 Another finding of Yang
et al. is the enhanced Cl saturation coverage on defec
Si~100! which is also attributed to excess adsorption of Cl
DV’s or larger defects.

A. Adsorption at single dimer vacancies

We consider Cl2 adsorption at a DV on a surface whe
the DB’s of the dimers are all saturated by Cl atoms. For
bare DV @Fig. 7~a!# we find that the second layer Si atom
approach to a distance of 2.76 Å, thus forming two we
bonds. This behavior is similar to that found for DV’s on th
bare Si~100! surface.50 Adsorption of Cl2 may occur in vari-
ous ways. We considered two possibilities, one in which
atoms end up on one side of the row only@Fig. 7~b!#, and the
other where the Cl occupy positions bridging the seco
layer Si atoms, thus breaking the ‘‘rebonds’’@Fig. 7~c!#. The
latter corresponds to model I of Yanget al.The two configu-
rations are found to have the same total energy, corresp
ing to a Cl2 adsorption energy of 3.5 eV. Due to exotherm
ity of the adsorption, at high coverages these states are li
to be populated. However, since adsorption at DB sites
more favorable~by 5.4–3.551.9 eV! these states are onl
metastable. This is consistent with the finding of Yanget al.
that their normal ESDIAD signal reduces upon annealing

Breakup and adsorption of a second Cl2 , leading to the
configuration shown in Fig. 7~d!, releases 3.3 eV. Since ad
sorption of a second Cl2 at the DV is almost just as exothe
mic as adsorption of the first, this configuration~which cor-
responds to model II of Yanget al.! may account for an
excess uptake of two Cl atoms~at one monolayer coverag
the DV has 2 Cl!. The calculated geometry@Fig. 7~d!#, shows
that, in order to minimize their mutual repulsions, the
atoms bend both upwards and aside. For the configura
depicted in Fig. 7~d! the angles between the Cl-Si bonds a
the surface normal range from 31° to 44°.

B. Adsorption at double dimer vacancies

The calculated relaxed configuration for a bare double
~DDV! on the Cl-saturated surface is shown in Fig. 8~a!. The
second layer Si atoms in the center have a lot of freedom
relax along the direction of the row, and therefore two stro
rebonds with a bondlength of 2.51 Å are present. Satura
the remaining dangling bonds in the DDV with two Cl2 mol-
ecules gives a total energy reduction of 5.9 eV/Cl2 @Fig.
8~b!#. This is even more than the 5.4 eV for adsorption
the undefected surface. This can be partly explained by
fact that the Cl atoms in the DDV are at sufficiently larg
distances so that their repulsive interactions are negligi
Moreover their adsorption does not affect the buckling p
tern as it does on the undefected empty surface.

To adsorb more Cl2 in the DDV is far less advantageou
the adsorption energy for another Cl2 is only 1.7 eV @Fig.
8~c!#.51 Adding a further Cl2 , i.e., finally having eight Cl in
the DDV @Fig. 8~d!#, releases just 1.1 eV. These low adsor
tion energies can be explained by the energetic cost of br
ing the ~strong! rebonds, combined with the fact that the C
atoms tend to get too close together, thus forcing additio
distortions. From these results we infer that the structure
Fig. 8~b! is a particularly stable one, i.e., the DDV tends
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be occupied by four Cl atoms~two Cl2 molecules! only, with
no excess Cl over one monolayer.

C. SiCl2 formed in the proximity
of a Cl-saturated dimer vacancy

Starting from the configuration in Fig. 7~d! we consider
Cl2 adsorption with SiCl2 formation via dimer-bond break
ing on a neighboring dimer along the row@see Fig. 9~a!#. We
find that the energy released in this reaction is 2.2 eV, wh
is slightly ~0.3 eV! larger than the corresponding energy
an undamaged region of the surface, i.e., it is somew
more favorable to break a dimer bond near a~saturated! DV
than in a defect-free part of the surface.52 However, the de-
sorption energies of the resulting SiCl2 units are found to be
extremely low,;0.0 and;1.0 eV for the first and secon

FIG. 8. Bonding structures for chlorine at a double dimer v
cancy ~DDV!. ~a! DDV without Cl atoms adsorbed~length of re-
bonds, denoted byR, is 2.51 Å!, ~b! DDV with four Cl atoms
adsorbed without the rebonds being broken, Si-Cl distances are
and 2.21 Å,~c! DDV with six Cl adsorbed~Ref. 51!, ~d! DDV with
eight Cl adsorbed: note the two second layer SiCl2 units.

FIG. 9. ~a! Two SiCl2 species formed via Cl2 adsorption accom-
panied by bond breaking next to a Cl-saturated DV.~b! The SiCl2
unit on the left has desorbed from~a!. A strong rebond has bee
formed withdSi-Si52.51 Å. The remaining SiCl2 has substantially
relaxed.
h

at

SiCl2 , respectively. The vanishing desorption energy for
1st SiCl2 can be rationalized by considering that in this pr
cess both the strain due to the tilt of the SiCl2 units is re-
leased and a~complete! rebonding of second layer Si atom
occurs@see Fig. 9~b!#. Desorbing the second SiCl2 , leading
to the configuration in Fig. 8~b!, only brings the advantage o
rebonding, so that the energy cost is higher, but still v
low, 1.0 eV. These low desorption energies indicate that
configuration of Fig. 9~a! is energetically unfavorable, and
will quickly evolve to that of Fig. 8~b!. As mentioned previ-
ously, the latter configuration is very stable, and attack of
rebonds by Cl2 molecules, to yield second row SiCl2 species
@see Fig. 8~d!# is not energetically advantageous. Therefo
this reaction seems unlikely to occur, except at very h
Cl2~g! concentrations, where it may open a channel towa
surface corrugation.

VIII. SUMMARY AND CONCLUSIONS

In the preceding sections several aspects of the interac
of chlorine with Si~100!, that are — in a general sense —
relevant to the etching process, have been studied.

First we studied chlorine adsorption and the formation
SiCl2 species, the most important product of chlorine etch
of Si~100! at higher temperatures. We considered SiC2
formed through the isomerization mechanism in Eq.~1!, its
stabilization and subsequent desorption. In the limit of lo
uCl this process can explain the terrace pitting and etching
observed by Chanderet al. by means of STM.13,31 In the
limit of high uCl this process has higher energy cost a
should thus play a very small role in the actual etching.

Next we considered a surface for which the DB’s a
already saturated by chlorines, and discussed both the in
action of a Cl atom with this surface and SiCl2 formation by
bond breaking through dissociative adsorption of Cl2 mol-
ecules with sufficiently high kinetic energy. In agreeme
with a previous theoretical estimate referring to etching w
Cl atoms,48 we determined a barrier for dimer bond breaki
of 0.5–1 eV. These results may be related to experime
molecular-beam studies which found substantially hig
etch rates for Cl2 translational energies higher than
eV.17,18,20,21

In the last part of this paper we considered a defec
Si~100! surface and studied Cl2 adsorption at single and
double dimer vacancies. This allowed us to make con
with experiments that provide evidence for the occurrence
surface defects through the presence of an ESDIAD sig
directed normal to the surface.11,12 We also considered the
energetics of SiCl2 formation and desorption near a dim
vacancy, on a fully saturated surface. We found that dim
bond breaking is easier in proximity of a preexisting vacan
and that the structure of Fig. 8~b! is particularly favored.

An interesting feature which emerges from our study
the dependence of the Cl2 adsorption and SiCl2 desorption
energies on the local Cl coverage, both quantities decrea
strongly with increasinguCl , for coverages above one mono
layer. The decrease of the Cl2 adsorption energy with cover
age is primarily related to the fact that at highuCl , i.e., when
all DB’s are already saturated, any further Cl2 uptake implies
that bonds need to be broken. Thus the clean surface ads
tion energy of;5.2 eV ~Ref. 24! drops to about 2 eV when

-
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a dimer bond or back bond is broken. An intermediate val
;3.5 eV, is obtained for the adsorption at a dimer vacan
which implies the breaking of a weak bond, whereas bre
ing of the strong rebonds at a DDV~see Fig. 8! leads to
adsorption energies as low as 1.7–1.1 eV. A second ef
which also contributes to reduce the adsorption energy w
increasinguCl is the fact that, in order to minimize the mu
tual repulsive interactions between Cl atoms, the surf
must distort, which has a further energetic price. In this
spect the Cl/Si system may behave differently from syste
with smaller halogen atoms, namely F/Si.

The same effects can also explain the decrease of
SiCl2 desorption energy with increasinguCl . Also for this
quantity very important variations have been found, with v
ues ranging from 3.2 to 3.5 eV~desorption of SiCl2 species
spontaneously formed via isomerization!, to values of 1.4–
2.9 eV for desorbing the SiCl2 units formed via dimer-bond
or back-bond breaking on a saturated surface~see Fig. 4!. In
the presence of a high local Cl concentration, the surfac
highly strained in an attempt to minimize the repulsio
among the Cl atoms. Thus SiCl2 desorption tends to have
lower energetic price. In addition, if in the region whe
SiCl2 desorption has occurred, rebonding can take pla
then a further energy gain can occur. This is particula
evident for the case of Fig. 9~a!, where the energies to desor
the two SiCl2 units are found to be extremely low~see Sec.
VII C !.
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In summary, in the case of a Si~100! surface with very
small ~or vanishing! defect concentration, the Cl2 uptake
tends to become very small when the Cl coverage exce
one monolayer. In addition, the excess chlorine tends to
eliminated quickly via SiCl2 desorption leading to a reb
onded structure. This means that building up a chloros
layer2 is difficult, because chlorine is mostly confined on th
outermost layer, and thus the etching is not very efficie
Possible ways to overcome these difficulties are either to
beams of highly energetic Cl2 molecules or to introduce ex
tended surface defects via, e.g., inert gas ion bombardm

ACKNOWLEDGMENTS

This work was carried out within the European Comm
nity network ‘‘Molecular Dynamics and Monte Carlo
simulations of quantum and classical system
~ERBCHRXCT930351!, and was partially supported throug
the Parallel Application Technology Program~PATP! be-
tween the EPFL and Cray Research, Switzerland, Inc. C
culations were run on the Nec-SX3 of the CSCS at Man
~Switzerland! and on the Cray T3D of the CENG, Grenob
~France!. We thank J.H. Weaver and R. Car for useful di
cussions, and S. Baroni for his stimulating support. G.A.
thanks IRRMA for its hospitality.
ci.

,

.,

r,

.

*Present address: Electronic Structure of Materials, RIM, Toerno
iveld 1, 6525 ED Nijmegen, The Netherlands.
1H. Neergard Waltenburg and J. T. Yates, Chem. Rev.95, 1589

~1995!.
2For a general review on etching with halogens, see, H. F. Winte

and J. W. Coburn, Surf. Sci. Rep.14, 161 ~1992!.
3L. S. O. Johansson, R. I. G. Uhrberg, R. Lindsay, P. L. Winco

and G. Thornton, Phys. Rev. B42, 9534~1990!.
4C. C. Cheng, Q. Gao, W. J. Choyke, and J. T. Yates, Jr., Ph

Rev. B46, 12 810~1992!; Q. Gao, C. C. Cheng, P. J. Chen, W
J. Choyke, and J. T. Yates, Jr., J. Chem. Phys.98, 8308~1993!.

5J. J. Boland, Science262, 1703~1993!.
6G. A. de Wijs and A. Selloni, Phys. Rev. Lett.77, 881 ~1996!.
7L.-Q. Lee and P.-L. Cao, J. Phys.: Condens. Matter6, 6169

~1994!.
8G. S. Khoo and C. K. Ong, Phys. Rev. B52, 2574~1995!.
9B. I. Craig and P. V. Smith, Surf. Sci.262, 235 ~1992!; M. W.

Radny and P. V. Smith,ibid. 319, 232 ~1994!.
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15A. Szabó, P. D. Farrall, and T. Engel, Surf. Sci.312, 284 ~1994!.
16M. A. Mendicino and E. G. Seebauer, Appl. Surf. Sci.68, 285

~1993!.
17F. X. Campos, G. C. Weaver, C. J. Waltman, and S. R. Leone
o-

rs

t,

s.

,

J.

Vac. Sci. Technol. B10, 2217~1992!.
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