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First-principles local-density-functional calculations on the interaction of chlorine with t{lO@®i2x1
surface are presented.,Gldsorption and a number of reactions relevant to etching via desorption gf SiCl
species are considered, both at the defect-free surface, and in the presence of small surface defects. The
formation of SiC} 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 covgsgge (
at 6o~ 1 it is energetically very costly. In the high coverage limit the formation of SE¥ either a Cl atom
reacting with a monochloride surface species or by dissociative chemisorption of hypertheymmadl€tules
is investigated. For the latter, a barrier for dimer-bond breaking of 0.5—1 eV is estimated. Our results show that
both the C} adsorption energy and the SjQ@esorption energy decrease significantly with increasing the local
chlorine concentration above one monolay&0163-182608)08015-1

I. INTRODUCTION tained etching can only occur in the presence of surface de-
fects.
The adsorption of chlorine on @00 has been exten- Different etching conditions can be created by different

sively investigated for many years as a prototype example dfinds of surface preparation, or predissociation of the etchant
adsorbate/surface interactibrhe Cl/S{100) system is of Cl, molecules to form Cl atoms. A significant enhancement
great interest also from the technological point of view dueof etching can also be obtained using hyperthermal beams
to the important role of halogen etching in the production ofcomposed of Cl radicals and £holecules:’~** Campos
very-large-scale integrated device©n this surface, Gl et all” used beams with a wide range of kinetic energies
molecules adsorb dissociatively and the stable Si-Cl bondingoing up to 6 eV/Gl. They found enhancement by a factor
configuration consists of Cl atoms saturating the danglingf ~10 over thermal beam etching. However, when a thresh-
bonds (DB'’s) of the surface dimersterminal bonding®® old of ~3 eV was passed etching could be enhanced even
However, also metastable Si-Cl  bridge-bondedmore to a factor of~30. At higher temperature@00 K),
structure$ % particularly on Si100) surfaces containing a Teraoka and Nishiyama showed that Si@ evolved by a
high concentration of surface dimer vacanci@/’s),'*'?  hyperthermal Cl/Gl/He beam after an energy threshold of
are believed to occur. 2.1 eV has been overcome.

The etching of SiL00) with chlorine is a complex process We have studied the interaction of chlorine with(1%i0)
that depends on many parametEf€® Temperature pro- at the microscopic level by means of first-principles local-
grammed desorption experiments reveal that the main readensity-functionalLDF) calculations. In this paper we will
tion products are SiGland SiC} of which the first generally focus on several surface chemical reactions involving Cl
evolves at lower 150 and 200 K and intermediate tem- and the(high-temperatureetching desorption product SiCl
peratures <450 K) and the second at intermediate andat both defect-free and defected 18i0). After a short over-
higher temperatures~900 K), depending slightly on the Vview of the computational techniques employ&ec. ), we
experiment. In practical applications the etching is usuallydiscuss Gl adsorption at surface dime(Sec. lll), and the
stimulated by various technigues which affect the nature oformation of SiC} by means of an isomerization mechanism
the desorption mechanism. Inert gas ion bombardment siSec. I\). Part of this work has been published elsewHere.
multaneous to chlorine exposure can be employed to yielth Sec. V, the binding and diffusion of an excess Cl atom on
higher etching rates. This was studied by Fetilal?® who  a fully chlorinated 2<1 surface is considered, in order to
found that ion bombardment helps disrupting the Cl-assess the possibility that this adatom reacts with a surface
passivated surface. Their results are consistent with the olmronochloride to yield a SiGlspecies. Further we present
servation of Sesselmanat al?? that a fully chlorinated results on the energetics of various reactions involving ad-
Si(100 surface has very low reactivity. For the related F/sorption of gas phase £Imolecules and SiGlformation
Si(100) system similar inhibition of etching was found for a accompanied by bond breaking on a fully chlorinated surface
fully saturated surface in simulations by Carter and Calfter. (Sec. V). Cl, adsorption and SiGlformation on a defected
This study suggests that for a fully fluorinated surface susSi(100 surface are presented in Sec. VII. Results are dis-
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TABLE I. Energies of some reactions involving,CISiCl, and  slightly modified geometry with respect to that previously

SiCl,. The plane-wave kinetic energy cutoff &5, 12 Ry. described. We employed a nine-layer slab of whimth
sides had a fully chlorinated dimer structure, and a
Eca (€V) Eep (8V)  p(y/8x B)R45° surface unit celli.e., four surface dimers
Nonlocal projectors s sp along the diagonal of the superQeIAn excess Cl atom was
put on the upper surface of this slab. The lower half of the
Si(solid) + 2 Cly(g)— SiCl,(g) -6.28 —-7.05 —6.78 slab, including the middle layer, was kept fixed during relax-
Cl,+SiCl,(g)— SiCl,(g) -453 -53 —5.06 ation of the upper layers. Periodic images of the slab were

separated by a vacuum layer 6f9.5 A. Unlike the case
%CRC Handbook of Chemistry and Physidst student ed., edited \yhere only one surface of the slab is covered by Cl, this
by R.C. WeastCRC, Boca Raton, 1988 geometry has the advantage that the electric field in the
) , vacuum regior(associated to the CI-Si dip9lés practically
cussed in the context of some recent experimentsSum- zero. Therefore it also provides the opportunity to test
mary and conclusions can be found in Sec. VIIl. whether the artificial field present in the calculations using
the larger 4<4 cell has an appreciable effect. As a test, we
Il. COMPUTATIONAL DETAILS calculated the desorption energy of a Si€pecies from the
LM2 state[see Sec. V and Fig.(B) below] for both cells.
For the unsymmetric slatCl on one side only, with hydro-
gen saturating the bonds at the other sid44, we ob-
tained 2.74 eV, for the “symmetric” slafCl on both sides,

forming a 4x4 (6x4 or 4x6) cell, and periodic boundary P(V8 \8)R45°] the result was 2.62 eV. This reasonably

conditions are applied. Slabs are separated by a vacuum réma”_ difference indicates_ that it is justifie_d to use_the com-
gion of 9 A or more. On the upper surface the Si atoms givé)utatmnqlly more convenient u.nsymmetr!c slab Wlth.OUt _the
rise to 8(12) surface dimers, while the two lowest layers areneed to introduce extra correction terms in the Hamiltonian.
kept in a bulk-terminated configuration and hydrogen atoms

ensure that no unsaturated electrons remain. On the upper Ill. ADSORPTION AND PAIRING AT DB SITES

surface, Cl atoms are introduced in various configurations.
The positions of all Cl atoms as well as those of the four
topmost Si layers are fully optimized using a quenche

molecular-dynamics algorithm.

Only valence electronic states at thegoint of the surface
Brillouin zone are treated explicitly using a plane-wave ex-
pansion with a kinetic energy cutoff of 12 Ry, while
electron-ion interactions are described in terms o
separabl& norm-conserving pseudopotentidfsTo check , _ da ,
the accuracy of our approach we considered several reactioh§Paired DB at the Fermi level. Similarly, when,Qlisso-
involving crystalline silicon, Gl, SiCl, and SiC} molecules. clatively adsorbs onto t_he surface in suc_h a way that the_two
Using sp nonlocality, the calculated reaction energies agreé-! atoms end up on different surface dimers, two unpaired

with experimental data by better than 5%ee Table)l For S_B'S arelcreated. V?ce dvsrs?j’ i theltwo glﬁ eng up ro]_n one
s nonlocality larger discrepancies occur. Although, for com-8iMer only, no unpaired bonds result, and therefore this con-

putational convenience, most of the calculations in this papefgura'uon should b_e energetically more favorable._Thls ef-
ect, known as pairing, has been clearly observed in a scan-

were carried out using projectors only, for several struc- ) ; i
tures calculations were checked usiagand p projectors. ning tupnelmg MicroscopySTM) stgdy of H/S{100.% Th|s
Tests on the Gland SiC} molecules(See Table Il indicate is confirmed also by the energetics of our calculations: we
. . find that the configuration with two Cl atoms on the same
that structural parameters are rather well described using dimer (Fig. 1) has~ 0.4 eV lower total energy than if the two

projectors only.
Some calculationgsee Sec. Y were carried out in a Cl atoms are far gp_art on the gurféee. .
For the dissociative adsorption energy ob ©h a dimer

TABLE II. Equilibrium distance of the Gland SiC} molecules. ~ ©f clean S{100 (see Fig. 1 we obtainedE,=5.4(5.3) eV

. 6 .
E..tis the kinetic energy cutoff on the plane-wave expansion of the/SINg onlys (sp) nonlocality, to be compared to the experi-

Our calculations are based on LDF theory within the
framework of the Car-Parrinello approathThe surface is
modeled by means of a periodically repeated slab of six lay
ers of Si atoms. Each layer has @6 some cases 24toms

It is well known2® although not yet entirely beyond de-
ate(see, e.g., Ref. 36that on S{100) surface atoms recon-
struct to buckled dimers and that on the same row neighbor-
ing dimers have opposite bucklifigThis buckling lifts the
degeneracy of the two half-filled dangling bofldB) states
of a flat dimer and results in the opening of a gap at the
fermi level®® Adsorption of a monovalent adatom such as H
or Cl, resulting in saturation of one dangling bond, creates an

wave functions. mental value of 5.2 e¥* This value is independent of cov-
erage, from very low up to one monolayer coverage, i.e., as
Real (A) Rexp (A) long as unoccupied dimer DB’s are present.
Ecut (RY) 12 12 24
Nonlocal projectors s sp sp IV. SiCl, FORMATION AND DESORPTION
VIA AN ISOMERIZATION MECHANISM
Cl, 203 202 1.99 1.99 _ _ _
SiCl, 207 204 2.03 At high temperatures, etching may be simply caused by

desorption of SiCl species which are formed spontaneously
8CRC Handbook of Chemistry and Physi66th ed., edited by R.C. on the surface via a thermally activated mechanism. We con-
Weast(CRC, Cleveland, 1991 sider two Cl atoms adsorbed at both ends of a surface dimer.
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the SiC} is ~1.0 eV, i.e., only slightly larger than the barrier
of 0.7 eV for the inverse isomerization, this process has a
reasonable chance to occur.

The inverse isomerization reaction being rendered impos-
sible, the SiC] is further stabilized in a dynamical fashion.
Moving one Cl atom of SiGlonto a neighboring dimer atom
costs 0.3 to 0.6 e\(depending on onto which of the sur-
o ) ~rounding Si atoms the Cl is placedMoving both Cl atoms
FIG. 1. Surface Si dimer with two CI adsorbed at the danglinggnto a dimer far away from the original SiChoes not

bonds[lh_s Eqg.(1)] on an un_defected surface without additional Cl change the total energy within the accuracy of our calcula-
atoms. Views are along a dimer rq@ and from above the surface tions. Therefore the Siglmight (effectively live long

(b). First, second, and third layer atoms are depicted by large, me- - . .
dium and small sized white spheres, respectively. Shaded sphereé10ngh to find an opportunity to overcome the desorption

represent the Cl atoms. The Si-Cl distance and dimer bond lengt arrler,dfo: V\;EIChf? V?Iuebof 3.2feV If ﬁglcu%{ted.dThls ct(?r-
areds.q=2.12 A andds.s=2.44 A. responds to the effective barrier for etching. After desorption

of SiCl,, a dimer vacancy is formed on the surface. In this
way an etch pit is initiated®

Starting from this (energetically favored configuration,
SiCl,(a) may be formed by a movement of one of the ClI
atoms towards the other, so that they will both end up being B. High coverage
bonded to the same Si atofRig. 2). In this monochloride-
dichloride isomerizationprocess the dimer bond is broken
and a twofold-coordinated silicon atom(§j remains. Sche-
matically:

On the saturated surface, forming a SiGpecies via the
isomerization reaction, Ed1) is found to cost 1.3 eV. Sub-
sequent desorption of the Sialnit costs 3.5 eV. Both these
values are close to those obtained at léy. However, con-
trary to what can happen at lo#,, diffusion away of the
remaining Sis) atom is unlikely, because the neighboring
surface dimers are all occupied by Cl atoms. Instead, a Cl
atom (coming from a neighboring dimgmay move on this
empty S(s) atom, thereby suppressing the inverse isomeriza-
tion reaction, in a way substantially analogous to that pro-
posed for the low coverage regime. However, also, this sta-

sults have been reported in detail in Ref. 31, where thidilization process remains unlikely, since it is found to have
mechanism of SiGlformation and desorption has been ap-a_n energy'cost of .a.bOL!t 0.9 eV. In the absence of a m_echa—
plied to discuss the growth of linear pits as observed in thd!iSM for SiC} stabilization, the effective barrier for etching
STM experiments carried out at lod, by Chanderet al 3 is the sum of the SiGlformation and desorption energies,

Here, for completeness, these results are shortly summarizelf+ 1-373.5=4.8 eV. Such a high value suggests that at
fc~1 etching via the isomerization mechanism is an ex-

tremely rare event.

2SiCl(@=SiCl,(a) +Si(s), (1)

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

We studied this mechanism in the limits of Iqanly two
Cl atoms on an otherwise empty Si surfaead highé, (in
which all DB’s are saturated by chlorineThe low 6, re-

A. Low coverage

We estimated the barrier for Sith) formation from a set
of constrained minimizations. The transition state energy is
about 2.1 eV above the energy of the left-hand glte) of
Eq. (1) (Fig. 1). Once the Cl has moved over the barrier the In this section we study the interaction of a Cl atom with
energy drops by 0.7 eV on reaching the rhs configuratiom S{(100) surface whose DB’s are already saturated by chlo-
(Fig. 2, so that the energy cost of Sifbrmation is 1.4 eV. rines. This study should be relevant to the case where atoms,

In Ref. 31 we found that the &) atom can move onto the rather than molecules, are used as etching agents. The Cl
reconstructed surface and diffuse away, thereby preventingtom may also result from other surface reactions, e.g., from
occurrence of the inverse isomerization reaction, and stabihe interaction of a GImolecule with an isolated DB on a
lizing the SiC}, species. Since the barrier confiningssnear  |ocally saturated surface. A £molecule arriving at such an
isolated reactive site dissociates and one of the two Cl atoms
ends up saturating the dangling bond, while the other CI
atom may remain on the locally fully saturated surface. This
is what we actually found by direct simulation for an inci-
dent C} molecule of~0 kinetic energy. We shall then try to
assess the possible effect of such a reactive species on the
fully chlorinated surface. First we consider the binding sites
and diffusion properties of the Cl adatom. Then we consider
the possibility that the ClI adatom combines with a

FIG. 2. Surface SiGlafter the isomerization stephs Eq.(1)] monochloride surface species and desorbs as, SiCl
on an undefected surface without additional Cl atoms. Views are 10O identify the binding sites of the Cl adatom on the
along a dimer row(a) and from above the surfad®). Si-Cl dis-  Saturated surface we calculated the two-dimensional energy
tances are 2.13 and 2.21 A, surfaceE(x,y): the excess atom is kept fixed at various po-

V. ADSORPTION AND REACTIONS OF A ClI ATOM
ON A SATURATED SURFACE
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ing the symmetry constraints imposed in the potential energy
sampling. From the total energy halfway the LM1M1
transition crossing a row, we infer a lower bound for the
barrier of 0.4 eV. However, since the Cl atoms are quite
large, large movements of the Cl at the DB sites are neces-
sary when the excess Cl atom crosses the dimer row. There-
fore it is not unlikely that the actual value of this barrier is
significantly larger. This would imply that the motion of the
excess Cl is anisotropic, and takes place mostly along the
rows.

At temperatures where etchirfgia SiClL, desorption oc-
curs, the LM states discussed above can be easily occupied
by excess Cl| atoms. Thus a surface $iGhit (LM3), or
something very simila(LM2), can be formed. Desorption of
SiCl, from both LM2 and LM3 is found to cost-2.7 eV.

The desorbing species is effectively mobile on the surface: at
FIG. 3. Binding sites for an excess Cl atgblack on a S{100 850 K the Cl atom can diffuse easilgt least along the rows
surface having all DB’s saturated by chlorines. Top view showingand it can attempt to desorb at each LM2 and LM3 visited.
the three outermost layers of Si atofesnpty circle$ and the chlo- This might account for a considerable enhancement of the
rines (shaded sphergs@) LM1: the Cl adatom binds with the sec- prefactor for desorptidft and therefore this may be a rel-
ond row Si atom labeled with®, dg.c=2.29 A. (b) LM2: evant SiC} desorption channel in the etching of Si by CI

dsi.c=2.29 A. (c) LM3: Si-Cl distances are 2.18 and 2.20 A. atoms.

LM3g

S

sitions (x,y) relative to the surface, whereas it is relaxed

. ; VI. Cl, ADSORPTION ACCOMPANIED
along[100] (2), i.e., perpendicular to the surface, such as to

BY BOND BREAKING AND SiCl , FORMATION

minimize the total energy. Also all surface.coordin.ates are AT HIGH COVERAGE
allowed to relax. This approach generally yields reliable re-
sults for a highly reactive surface like($00), see, e.g., Refs. Recently several studies involving molecular beams of

41, 42. FromE(x,y) we obtained indications about three Cl,, F,, etc., impinging on silicon surfaces have been
local minima (LM), which were unambiguously identified reported’~19242529.3045-4{jith these techniques some of
after additional unconstrained minimization. The LM of low- the reaction mechanisms involved in the etching process can
est energy, that we shall denote LNKee Fig. 83)], has the be investigated in a simplified and more detailed way. For
Cl adatom residing in the valley between two dimer rows,the interaction of Gl with Si(100) incident energies up to 6
where it is bound to a second row Si atom. This results in arV have been considered, and several studies have shown
elongation of a bond between this Si atom and a third layesubstantially higher etch rates for, Qranslational energies
atom to 2.69 A. LMZ[Fig. 3b)] is a bridge-bonded configu- higher than 2 to 3 eV/*?8 In this section we try to make
ration, where a dimer bond has been broken and the Cl is inontact with these experiments and focus on the structure
a position bridging the two Si dimer atoms. Finally in LM3 and energetics of models of S3urface species that do not
[see Fig. &)] the excess Cl binds to a dimer Si atom, and acome about spontaneoudlie., via thermal activation but
Si-Si backbond is brokendg;.g=2.63 A). LM2 and LM3  result from the bond-breaking adsorption of, ®holecules

are both~0.2 eV higher in energy than LME.Note that for  (of sufficiently high translational energpn a(locally) fully

LM3 a surface SiCGl unit has been created. chlorinated surface.

Essentially two paths are available for the diffusion of the
excess Cl atom along the rows: on top of the dimers and
through the valley in between two dimer rows. For the latter,
we find that the LM1LM1 barrier is ~0.3 eV. For the At the surface two inequivalent kinds of Si-Si bond can be
former our sampling of the potential energy surface showdroken:(a) a dimer bond, andb) a backbond connecting a
that the bottleneck is the moving away from LM2. A more dimer atom with a second row atom. A Gholecule break-
dense series of constrained minimizations vyields aring these bonds results i@ two or (b) one surface SiGl
LM2—LM2 barrier of 0.4 eV. These results indicate that units, respectively(see Fig. 4 The calculated adsorption
diffusion along the direction of the rows is rather easy, cerenergy for both(a) and (b) is ~1.9 eV (i.e., the energy is
tainly at temperatures of-850 K where surface etching reduced upon adsorptinrFrom Fig. 4 it is apparent that the
occurs14 surface structure relaxes significantly. In the situation de-

Estimation of the barrier for diffusion perpendicular to the picted by Fig. 4a) Cl atoms clearly try to maximize their
rows turned out to be more difficult. This is due to the oc-distances in order to reduce their repulsive interactions. Dis-
currence of large hysteresis effects, related to the breakinirtion in the configuration shown in Fig(®) is also quite
and formation of bonds. Excluding the possibility of ex- severe.
change processes, the only way a Cl atom can cross a dimer For caseg@) we obtained also an approximate estimate of
row, is by passing in between two adjacent dim@ther- the barrier by performing two sets of constrained minimiza-
wise it would bump into other Cl atomsThis route is bound tions for different orientations of the incomingQholecule.
to pass through LM3, as indeed we experienced when relea¥Ve first considered an incident Omolecule parallel to the

A. Energetics of formation and structure of SiCl, species
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FIG. 4. Surface SiGlunits resulting from Gl adsorption caus-
ing dimer-bond(a) and back-bondb) breaking on a saturated sur-
face. To minimize repulsions between Cl atoms, the surface under-
goes severe distortions. [a) the distance between the two central
Cl atoms is 2.96 A.

surface and perpendicular to the dimer bdRi). 5a)]. Ad-
ditionally we kept the Gl and Si dimer flat and constrained
their centers of mass to coincide along the dimer row and
d!mer ,bo,”d d're$3t'9n5- In this way we found th"’.‘t the, Cl FIG. 6. (a) and (b) Configurations obtained after SiCllesorp-
dissociation barriefi.e., the energy threshold relative to the {5 from the configurations shown in Fig(a}, respectively ).
case where Glis at very large distance from the surfat®  The dashed line indicates where there is a tendency towards re-
0.9-1.0 eV. The final configuration for the adsorbed Cl ponding.(c) Configuration obtained from eithés) or (b) after satu-
molecule is that shown in Fig.(4), with two surface SiCJ.  ration of all second layer dangling bonds with CI.

We also considered the case where the incidenti€l

perpendicular to the surface and its trajectory passes througfiiddie of the broken dimer bond, while the other CI atom
the center of a Si-Si dimer bor{drig. Sb)]. The resulting  goes not appear to react immediately with the surface.
barrier is 0.5 eV above the energy of the, @t infinite dis-  Among the possible “fates” for this atom are either to be
tance. In agreement with these results, recent LDF calculascattered backabstraction (see, e.g., Refs. 301%r to
tions by Ohno for the case where one Cl at@nstead of a  “|jand” on the surface where it may disrupt the bridge
Cl, moleculg attacks the surface found that the barrier topgnded structure of Fig.(8), until the configuration of Fig.
break a dimer bond is 0.5 ev.ln our Ca|CU|ati0nS, the final 4(a) (Wh|Ch has~1.8 eV lower energyis reached. Which of
configuration[Fig. 5(c)] has one of the attacking Cl atoms the various possibilities will actually prevail will presumably
incorporated in the surface at a bridging position in thegepend also on the kinetic energy of the incoming molecule.

B. SiCl, desorption

It is plausible to assume that SiGlesorption is an event
without an additional barrier, i.e., the desorption energy co-
incides with the desorption barrier. In fact, after the SiCl
has desorbed a partially rebonded structure, and therefore a
reactive site, remains there where the $i@hs originally
bonded to the surfacg-igs. §a) and €b)]. Since also the
SiCl, itself possesses a few unsaturated bonds, it is likely
that the inverse process of desorption — should it occur — is
entirely spontaneous. As a consequence, the desorption is not
expected to have an additional barrier.

We checked the above assumption for céme We car-
ried out a few constrained minimizations where we fixed the
height of the Si atom of the desorbing SjCGholecule rela-
tive to the height of the center of mass of the two second row
Si atoms to which it was bonded on the surface. Following
the SiC}, until it was 7 A above the second row Si atoms, no
additional barrier was found.

We calculated the energies required for Si@ésorption

FIG. 5. Dimer-bond breaking via Cldsorption. Starting con- from (a) and(b), and obtained 1.4 and 1.9 eV, respectively.
figurations for constrained minimizations with incoming,@er-  The final configurations are shown in Figgagand Gb).
pendicular(a) and paralle(b) to the surface. The final configuration From configuration(a), the second SiGlmay desorb at a
for Cl, perpendicular to the surface is shown(@): the CI-Cl dis-  cost of 2.9 eV. This is far larger than the cost for desorbing

tance is 2.64 A, Si-Cl distances for the bridging Cl atom are 2.29 Athe first SiC}, which can be explained by the release of
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is caused by desorption of Clatoms that saturate the DB'’s
of the surface Si dimers, while the normal ESDIAD signal is
assigned to Cl at surface DV3.Another finding of Yang

et al. is the enhanced CI saturation coverage on defective
Si(100 which is also attributed to excess adsorption of Cl at
DV’s or larger defects.

A. Adsorption at single dimer vacancies

We consider Gl adsorption at a DV on a surface where
the DB’s of the dimers are all saturated by Cl atoms. For the
bare DV[Fig. 7(a)] we find that the second layer Si atoms
approach to a distance of 2.76 A, thus forming two weak
bonds. This behavior is similar to that found for DV’s on the
bare S{100) surface’® Adsorption of Cy may occur in vari-
ous ways. We considered two possibilities, one in which ClI
atoms end up on one side of the row offiyig. 7(b)], and the
other where the CI occupy positions bridging the second
layer Si atoms, thus breaking the “rebondg7ig. 7(c)]. The
latter corresponds to model | of Yarg al. The two configu-
rations are found to have the same total energy, correspond-

FIG. 7. Bonding structures for chlorine at a dimer vacarfgy.  INg t0 @ C} adsorption energy of 3.5 eV. Due to exothermic-
Bare DV with two rebondsof length 2.76 A, (b) and(c) DV with ity of the adsorption, at high coverages these states are likely
two Cl adsorbed(d) DV with four Cl adsorbed. Outside the DV the t0 be populated. However, since adsorption at DB sites is
surface dangling bonds are fully saturated by Cl atoms. Dashethore favorable(by 5.4-3.5-1.9 eV) these states are only

lines indicate weak bonds. metastable. This is consistent with the finding of Yaaal.
that their normal ESDIAD signal reduces upon annealing.
strain resulting from the desorption of the first SiCinit. Breakup and adsorption of a second, Cleading to the

With two SiCl, units next to each other, the surface deformsconfiguration shown in Fig.(d), releases 3.3 eV. Since ad-
so as to avoid that the Cl atoms approach one another to¥rption of a second gt the DV is almost just as exother-
close. Once one Sighas desorbed, the other Sj@ in no ~ Mic as adsorption of the first, this configuratiewhich cor-
way hindered anymore by other surface species. After alsfesponds to model Il of Yangt al) may account for an
the second SiGlhas desorbed, a DV is formed on the satu-€xcess uptake of two ClI atontat one monolayer coverage

rated surface. Gladsorption at such defect is discussed inthe DV has 2 Ol The calculated geometf¥ig. 7(d)], shows
the next section. that, in order to minimize their mutual repulsions, the Cl

Instead of the second SiCHesorbing, a Gl molecule ~ atoms bend both upwards and aside. For the configuration

may first dissociate and saturate the dangling bonds of th@epicted in Fig. ) the angles between the CI-Si bonds and
(not completely rebonded second layer dim§Fig. 6c)].  the surface normal range from 31° to 44°.
For (a) this releases 3.1 eV, fdb) 3.7 eV, resulting in the
same final configuration for botte) and (b). Now SiCl
desorption has become slightly less expensive and the sec- The calculated relaxed configuration for a bare double DV
ond SiC) may leave the surface at a cost of 2.5 eV. The(DDV) on the Cl-saturated surface is shown in Figg)8The
resulting configuration is shown in Fig(ky. second layer Si atoms in the center have a lot of freedom to
Whatever the desorption/adsorption sequence, one maglax along the direction of the row, and therefore two strong
finally end up with a DV with four Cl atoms saturating the rebonds with a bondlength of 2.51 A are present. Saturating
dangling bond$Fig. 7(d)]. The overall exothermicity of the the remaining dangling bonds in the DDV with two,@hol-
process leading from a Cl-saturated dimer to a DV with fourecules gives a total energy reduction of 5.9 eVY/{fFig.
Cl atoms is 4.4 eV. 8(b)]. This is even more than the 5.4 eV for adsorption on
the undefected surface. This can be partly explained by the
fact that the Cl atoms in the DDV are at sufficiently large
distances so that their repulsive interactions are negligible.
In this section we consider adsorption and reactions at oMoreover their adsorption does not affect the buckling pat-
near dimer vacancies which may have formed during theern as it does on the undefected empty surface.
etching process. At the same time, we shall try to make con- To adsorb more Glin the DDV is far less advantageous:
tact with recent electron stimulated desorption ion angulathe adsorption energy for another,G$ only 1.7 eV[Fig.
distribution (ESDIAD) and high-resolution electron-energy- 8(c)].>! Adding a further CJ, i.e., finally having eight Cl in
loss spectroscopy experiments by Yaetcal!' on the influ-  the DDV [Fig. 8(d)], releases just 1.1 eV. These low adsorp-
ence of surface defects on chlorine adsorption dd(8). tion energies can be explained by the energetic cost of break-
Yang et al. found that with increasing surface damage theing the (strong rebonds, combined with the fact that the Cl
Cl* ESDIAD pattern develops a component normal to theatoms tend to get too close together, thus forcing additional
surface in addition to the off-normal components that occudistortions. From these results we infer that the structure of
for a nondamaged surface. This off-normal ESDIAD signalFig. 8(b) is a particularly stable one, i.e., the DDV tends to

B. Adsorption at double dimer vacancies

VIl. ADSORPTION ON DEFECTED Si (100
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SiCl,, respectively. The vanishing desorption energy for the
1st SiC} can be rationalized by considering that in this pro-
cess both the strain due to the tilt of the Si@hits is re-
leased and &complete rebonding of second layer Si atoms
occurs[see Fig. #)]. Desorbing the second SiClleading

to the configuration in Fig.®), only brings the advantage of
rebonding, so that the energy cost is higher, but still very
low, 1.0 eV. These low desorption energies indicate that the
configuration of Fig. 8g) is energetically unfavorable, and it
will quickly evolve to that of Fig. 8). As mentioned previ-
ously, the latter configuration is very stable, and attack of the
rebonds by Gl molecules, to yield second row Si3pecies
[see Fig. &)] is not energetically advantageous. Therefore
this reaction seems unlikely to occur, except at very high
Cl,(g) concentrations, where it may open a channel towards
surface corrugation.

VIIl. SUMMARY AND CONCLUSIONS

In the preceding sections several aspects of the interaction
of chlorine with S{100), that are — in a general sense —

FIG. 8. Bonding structures for chlorine at a double dimer va-relevant to the etching process, have been studied.

cancy (DDV). (a) DDV without CI atoms adsorbe@ength of re-
bonds, denoted bR, is 2.51 A, (b) DDV with four CI atoms

First we studied chlorine adsorption and the formation of
SiCl, species, the most important product of chlorine etching

adsorbed without the rebonds being broken, Si-Cl distances are 2.1 Si(100) at higher temperatures. We considered giCl

and 2.21 A,(c) DDV with six Cl adsorbedRef. 57, (d) DDV with
eight Cl adsorbed: note the two second layer Si@lits.

be occupied by four Cl atom$wo Cl, molecule$ only, with
no excess Cl over one monolayer.

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

Starting from the configuration in Fig.(d we consider

formed through the isomerization mechanism in E, its
stabilization and subsequent desorption. In the limit of low
6, this process can explain the terrace pitting and etching as
observed by Chandest al. by means of STM33! In the
limit of high 6, this process has higher energy cost and
should thus play a very small role in the actual etching.

Next we considered a surface for which the DB’s are
already saturated by chlorines, and discussed both the inter-
action of a Cl atom with this surface and Sj@rmation by
bond breaking through dissociative adsorption of @lol-

Cl, adsorption with SiGl formation via dimer-bond break- ecules with sufficiently high kinetic energy. In agreement
ing on a neighboring dimer along the rdgee Fig. 8a)]. We  with a previous theoretical estimate referring to etching with
find that the energy released in this reaction is 2.2 eV, whictCl atoms*® we determined a barrier for dimer bond breaking
is slightly (0.3 eV) larger than the corresponding energy in of 0.5—-1 eV. These results may be related to experimental
an undamaged region of the surface, i.e., it is somewhanolecular-beam studies which found substantially higher

more favorable to break a dimer bond nedsaturategl DV

than in a defect-free part of the surfaéeHowever, the de-
sorption energies of the resulting SjQlinits are found to be
extremely low,~0.0 and~ 1.0 eV for the first and second

FIG. 9. (a) Two SiCl, species formed via Gladsorption accom-
panied by bond breaking next to a Cl-saturated .The SiCh
unit on the left has desorbed frofa). A strong rebond has been
formed withdg;.s=2.51 A. The remaining SiGlhas substantially
relaxed.

etch rates for Gl translational energies higher than 2
e\/_17,18,20,21

In the last part of this paper we considered a defected
Si(100 surface and studied Lladsorption at single and
double dimer vacancies. This allowed us to make contact
with experiments that provide evidence for the occurrence of
surface defects through the presence of an ESDIAD signal
directed normal to the surfa¢&? We also considered the
energetics of SiGlformation and desorption near a dimer
vacancy, on a fully saturated surface. We found that dimer-
bond breaking is easier in proximity of a preexisting vacancy
and that the structure of Fig(l8 is particularly favored.

An interesting feature which emerges from our study is
the dependence of the L£adsorption and SiGldesorption
energies on the local Cl coverage, both quantities decreasing
strongly with increasind@c,, for coverages above one mono-
layer. The decrease of the Qddsorption energy with cover-
age is primarily related to the fact that at higl,, i.e., when
all DB’s are already saturated, any furthep G@ptake implies
that bonds need to be broken. Thus the clean surface adsorp-
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 value, In summary, in the case of a($00) surface with very
~3.5 eV, is obtained for the adsorption at a dimer vacancysmall (or vanishing defect concentration, the Cluptake
which implies the breaking of a weak bond, whereas breaktends to become very small when the ClI coverage exceeds
ing of the strong rebonds at a DD¥ee Fig. 8 leads to  one monolayer. In addition, the excess chlorine tends to be
adsorption energies as low as 1.7-1.1 eV. A second effe@jiminated quickly via SiGl desorption leading to a reb-
which also contributes to reduce the adsorption energy Withhnded structure. This means that building up a chlorosilyl
increasingf, is the fact that, in order to minimize the mu- |ayep is difficult, because chlorine is mostly confined on the
tual repulsive interactions between Cl atoms, the surfacg,termost layer, and thus the etching is not very efficient.
must distort, which has a further energetic price. In this repgggiple ways to overcome these difficulties are either to use
spect the CI/Si system may behave differently from SySttMJeams of highly energetic £molecules or to introduce ex-

with smaller halogen atoms, namely '.:/S" tended surface defects via, e.g., inert gas ion bombardment.
The same effects can also explain the decrease of the

SiCl, desorption energy with increasingy,. Also for this
guantity very important variations have been found, with val-
ues ranging from 3.2 to 3.5 eldesorption of SiGl species
spontaneously formed via isomerizatipto values of 1.4—
2.9 eV for desorbing the Sigunits formed via dimer-bond ~ This work was carried out within the European Commu-
or back-bond breaking on a saturated surf@ee Fig. 4 In  hity network “Molecular Dynamics and Monte Carlo
the presence of a high local Cl concentration, the surface isimulations  of quantum and classical systems”
highly strained in an attempt to minimize the repulsions(ERBCHRXCT93035}, and was partially supported through
among the Cl atoms. Thus SiCllesorption tends to have a the Parallel Application Technology Progra(RATP) be-
lower energetic price. In addition, if in the region where tween the EPFL and Cray Research, Switzerland, Inc. Cal-
SiCl, desorption has occurred, rebonding can take placesulations were run on the Nec-SX3 of the CSCS at Manno
then a further energy gain can occur. This is particularly(Switzerland and on the Cray T3D of the CENG, Grenoble
evident for the case of Fig(8), where the energies to desorb (France. We thank J.H. Weaver and R. Car for useful dis-
the two SiC} units are found to be extremely lo@@ee Sec. cussions, and S. Baroni for his stimulating support. G.A.W.
VII C). thanks IRRMA for its hospitality.

ACKNOWLEDGMENTS

*Present address: Electronic Structure of Materials, RIM, Toernoo- Vac. Sci. Technol. BLO, 2217(1992.

iveld 1, 6525 ED Nijmegen, The Netherlands. 18A. Szaboand T. Engel, J. Vac. Sci. Technol. 22, 648(1994).

1H. Neergard Waltenburg and J. T. Yates, Chem. F5,.1589  1°A. Szabig P. D. Farrall, and T. Engel, J. Appl. Physg5, 3623
(1995. (1994.

%For a general review on etching with halogens, see, H. F. Winter&y. Teraoka and I. Nishiyama, J. Appl. Phyz9, 4397 (1996.
and J. W. Coburn, Surf. Sci. Rep4, 161 (1992. 21y. Teraoka and I. Nishiyama, Appl. Phys. Lef, 3355(1993.

3L. S. 0. Johansson, R. I. G. Uhrberg, R. Lindsay, P. L. Wincott,?W. Sesselmann, E. Hudeczek, and F. Bachmann, J. Vac. Sci.
and G. Thornton, Phys. Rev. &, 9534(1990. Technol. B7, 1284(1989.

4C. C. Cheng, Q. Gao, W. J. Choyke, and J. T. Yates, Jr., Phy§.3F. H. M. Sanders, A. W. Kolfschoten, J. Dieleman, R. A. Haring,
Rev. B46, 12810(1992; Q. Gao, C. C. Cheng, P. J. Chen, W. A. Haring, and A. E. de Vries, J. Vac. Sci. Technol.2A487

J. Choyke, and J. T. Yates, Jr., J. Chem. PBs8308(1993. (1984.
5J. J. Boland, Science62, 1703(1993. 24D, J. D. Sullivan, H. C. Flaum, and A. C. Kummel, J. Phys.
5G. A. de Wijs and A. Selloni, Phys. Rev. Left7, 881 (1996. Chem.97, 12051(1993; H. C. Flaum, D. J. D. Sullivan, and A.
7L.-Q. Lee and P.-L. Cao, J. Phys.: Condens. MaBer6169 C. Kummel,ibid. 98, 1719(1994).
(1994. 25G. C. Weaver and S. R. Leone, Surf. 228, 197 (1995.
8G. S. Khoo and C. K. Ong, Phys. Rev.3, 2574(1995. 26C. Yan, J. A. Jensen, and A. C. Kummel, J. Chem. Phg®,
9B. I. Craig and P. V. Smith, Surf. Sc262, 235 (1992; M. W. 3381(1995.
Radny and P. V. Smithpid. 319 232(1994. 27K. Karahashi, J. Matsuo, and K. Horiuchi, Jpn. J. Appl. Phys.,
10p_ Kriger and J. Pollmann, Phys. Rev.48, 1898(1993. Part 133, 2252(1994.
Tw. Yang, Z. Dohnkek, W. J. Choyke, and J. T. Yates, Jr., Surf. 28y Teraoka and I. Nishiyama, Jpn. J. Appl. Phys., Pe8812240
Sci. 392 8 (1997). (19949.
127 Dohndek, W. Yang, V. A. Ukraintsev, W. J. Choyke, and J. T. 2°H. Feil, J. Dieleman, and B. J. Garrison, J. Appl. Phg&.1303
Yates, Jr., Surf. Sci392 17 (1997). (1993.

13\M. Chander, D. A. Goetsch, C. M. Aldao, and J. H. Weaver,3°L. E. Carter, S. Khodabandeh, P. C. Weakliem, and E. A. Carter,
Phys. Rev. Lett74, 2014(1999; M. Chander, D. A. Goetsch, J. Chem. Physl00, 2277(1994; L. E. Carter and E. A. Carter,

C. M. Aldao, and J. H. Weaver, Phys. Rev5B, 8288(1995. J. Phys. Chem100, 873(1996.
¥R. B. Jackman, H. Ebert, and J. S. Foord, Surf. 3@6, 183  3!G. A. de Wijs, A. De Vita, and A. Selloni, Phys. Rev. LeT8,
(1986. 4877(1997.

1SA. Szabo P. D. Farrall, and T. Engel, Surf. SE12, 284(1994.  *2R. Car and M. Parrinello, Phys. Rev. Le56, 2471 (1985.

M. A. Mendicino and E. G. Seebauer, Appl. Surf. 88 285  33L. Kleinman and D. M. Bylander, Phys. Rev. Le#8, 1425
(1993. (1982.

YE. X. Campos, G. C. Weaver, C. J. Waltman, and S. R. Leone, F*For Cl and Si we used the pseudopotentials from R. Stumpf, X.



57
Gonze, and M. Scheffldunpublishegl

35R. A. Wolkow, Phys. Rev. Lett68, 2636(1992.

36E. Artacho and F. Ynduia, Phys. Rev. Lett62, 2491(1989.

7). Darowski and M. Scheffler, Appl. Surf. ScB6-58, 15
(1992.

38D, J. Chadi, Phys. Rev. Let3, 43 (1979.

393. J. Boland, Phys. Rev. Let7, 1539(1991).

4OA somewhat lower value of the pairing energy, 0.26 eV, is found
usings andp projectors and @(\/8x 8)R45° surface super-
cell.

41G. Brocks, P. J. Kelly, and R. Car, Phys. Rev. L&, 1729
(1992).

42 Vittadini, A. Selloni, and M. Casarin, Phys. Rev.48, 11191
(1994.

“3The C}, adsorption energy corresponding to two Cl atoméifin
dependentLM1 states is~0.9 eV.

“4pre-exponential factors in desorption rates are discussed in J. T.
Yates, Jr., inMethods of Experimental Physjosdited by R. L.
Park and M. G. LagallfAcademic, New York, 1985 Vol. 22.

4SY. L. Li et al, Phys. Rev. Lett74, 2603(1995.

46M. L. Yu and A. DelLouise, Surf. Sci. Refl9, 285(1994.

4TA. Galijatovic, A. Darcy, B. Acree, G. Fulbright, R. McCormac,
B. Green, K. D. Krantzman, and T. A. Schoolcraft, J. Phys.
Chem.100, 9471(1996.

FIRST-PRINCIPLES STUDY OF CHLORIE.. . .

10 029

48T Ohno, Phys. Rev. Letf70, 962 (1993.
431t should be noticed that in a previous publication by the same

group(Ref. 4 the normal component of the ESDIAD signal had
been attributed to a special Cl bridge-bonded state where the CI
atom is in-between the two Si atoms of a surface dimer. The
more recent interpretation of the normal ESDIAD signal, which
relates it to the presence of surface defects, does not seem to
exclude the occurrence of bridge-bonded CI on a surface dimer,
for which other studies provide strong indicatioffi®efs. 5 and

6).

S0various surface defects on clean{XI0) have been studied in J.

Wang, T. A. Arias, and J. D. Joannopoulos, Phys. Revi7B
10497(1993.

Slinstead of the Gl breaking a single rebond and the Cl atoms

saturating both resulting dangling bor{dige in Fig. 8(c)], both
rebonds might be broken and the Cl's inserted in a bridge-
bonded configuration similar to Fig(d. However, starting re-
laxation from such a configuration results in one Cl being ex-
pelled, so that a rebond is formed again. This resulting final
configuration has-0.1 eV higher total energy.

52|n Ref. 31 an analogous result was found for Siformation via

the monochloride-dichloride isomerization reaction. In fact for-
mation of this species is about 0.3 eV less costly in proximity of
a DV along a row than in an undamaged region of the surface.



