VOLUME 78, NUMBER 25 PHYSICAL REVIEW LETTERS 23UNE 1997

Mechanism for SiCl, Formation and Desorption and the Growth of Pits
in the Etching of Si(100) with Chlorine

G.A. de Wijs!* A. De Vita,? and A. Selloni
'Centre Européen de Calcul Atomique et Moléculaire, Ecole Normale Supérieure de Lyon,
46 Allée d'ltalie, 69364 Lyon, Cedex 07, France
2Institut Romand de Recherche Numérique en Physique des Matériaux, Ecole Polytechnique Fédérale de Lausanne,
INR Ecublens, 1015 Lausanne, Switzerland
3Departement de Chimie Physique, Université de Genéve, 30 quai E. Ansermet, CH-1211, Genéve, Switzerland
(Received 18 October 1996; revised manuscript received 22 April)1997

A mechanism for SiGlformation and desorption in the etching of(8i0)-(2 X 1) 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,@iChdsorbed species plus a Cl-free Si atom.
Desorption of SiGl 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 formGi)G6 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

Etching is a surface chemical reaction which occursn detail. Moreover, to explain the observed growth
when a gas-phase species removes part of the surfapattern, CGAW proposed that DV complexes elongated
atoms. Understanding the basic microscopic mechanisneong a dimer row are energetically more stable than
underlying this reaction is important both from the funda-aggregates of DV’s in adjacent rows, both being lower
mental point of view and because it may lead to a bettem energy than isolated DV’s. The relative stability of
control of this process in technological applications. Indifferent DV cluster structures on the Si(100) surface
particular, much attention is focused on the etching of siliis, however, a controversial issue [3], and the way this
con surfaces with halogen molecules and atoms, which isvay be affected by the presence of a Cl submonolayer
a process playing a crucial role in microelectronic devicecoverage is not known.
fabrication [1]. It is known that the products and rates To get insight into these issues, we have carried
of the etching reaction depend strongly on various paseut first-principles local density functional calculations
rameters, including the temperature, the properties of thior the energetics of formation and desorption of $iCl
gas phase species, the surface characteristics (e.g., the dpecies, which are responsible for the etching of Si(100)
fect concentration), as well as the possible presence @t temperatures o850 K and low 6¢, [4,5]. Previous
simultaneous inert gas ion bombardment. In this Lettheoretical investigations of halogen etching of silicon
ter we study thespontaneous etchinj.e., with no ion have been mostly concerned with fluorine [6-9,11], and
bombardment) of perfectly orderedinitially defect-free) examined other aspects of this process [6—11]. Starting
Si(100)-(2 X 1) surface atow Cl-coveragefc, a system from two Cl atoms adsorbed at the dangling bonds (DB'’s)
for which a number of interesting experimental observa-of a surface dimer, we find that a Si(i#) species can
tions are available. be formed via a monochloride-dichloride isomerization

For this surface, the growth of the etch pits induced byreaction which costs-1.4 eV. These SiGla) species
low Cl, fluxes (corresponding t6¢; ~ 30%) at ~850 K are short-lived, with an estimated lifetime of the order of
has been recently studied by Chandadral. (CGAW) 50 ns at 850 K. Thus their direct desorption, requiring
using scanning tunneling microscopy (STM) [2]. Theyan energy of about 3 eV (and a typical time of the order
found that pitting is initiated by the creation single of tens or hundreds seconds), is very unlikely. Instead,
dimer vacancies on terraceand that these one-layer deep we propose that Sigldesorption occurs via a two-step
pits grow preferentially along the dimer row direction, mechanism where the twofold coordinated free Si atom
with some occasional branching to an adjacent rownext to SiCl(a) first diffuses away on the surface, thus
CGAW suggested that creation of a dimer vacancy (DV)inhibiting the decay of this species. The resulting etching
proceeds via desorption of a SjGlnit, while the other rate maintains no apparent memory of Si@) formation,

Si atom (originally forming a dimer with the desorbed and its activation energy is in reasonable agreement with
Si) is either etched in a fashion similar to the first oravailable experimental results. We also find that the
it is ejected onto the surface where it can contribute tdormation of a SiC] on a dimer next to an existing pit
the formation of a Si regrowth island. However, thealong a row has a significantly lower activation barrier
mechanism leading to the desorption of $i@G), whichis  than anywhere else on the surface. We suggest that the
expected to be a short-lived species [2], is not understoodnergetics of SiGlformation is essential for explaining
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the experimental finding of preferential etch pit growth
along dimer rows. (a)
In our calculations, which employ the Car-Parrinello ap-
proach [12], the surface is modeled by means of a silicon
slab six layers thick, containing 16 atoms per layer. Peri-
odic boundary conditions are applied. On the upper sur-
face the Si atoms give rise to 8 surface dimers per unit
cell, while the lower surface is kept in a bulk-terminated
configuration and its dangling bonds are saturated with hy-

(b)

drogen atoms. For several calculations larger slabs, hav- (d)
ing 24 atoms per layer (12 surface dimers), are also used. -

On the upper surface, a few Cl atoms in different configu- 5
rations are introduced. The positions of all Cl atoms as M

well as those of the four topmost Si layers are fully op-

timized using a quenched molecular-dynamics algorithm.

Constraints in the optimization procedure are introducediG. 1. Atomic structure of: (a) two Cl atoms at the DB’s of

using the “shake” algorithm [13]. Only valence electronica surface dimer [2 Sigla)]; (b,c) SiCh(a) + Si(s); (d) M', a

states at thé point of the surface Brillouin zone are treated !0cal minimum for thg dgfusmn of Si2 along the d'rp]er row |

explicitly using a plane wave expansion, while electron-gstg?ns'.:'gv'h?t)é sé?efaer;: S(i Ltg:ﬁ&to%\gfn"gsi'n (?ereegef [I)a;c;fs&h;\:/e

ion interactions are described in terms of norm-conservingmailer size. In (b) and (c) the distance Si1-Si2 is 4.1 A, Si-Cl

pseudopotentials. To check the accuracy of our approachistances are 2.13 and 2.21 A, whereas the distance between the

we considered several reactions involving crystalline sili-Cl in the “quasibridging” position in the middle of the dimer

con, Cbh, SiCl, and SiC} molecules. Calculated reaction and Si2 is 2.54 A.

energies agree with experimental data by better than 5%.

Moreover, for the (dissociative) adsorption energy of Cl implies the breaking of two Si-Si back bonds. For

on Si(lOO_), we obtained, = 5.4 eV, to be compared to ;g process we find a barridf; ~ E;, ~ 3.2 eV [17].

the experimental value of 5.2 eV [14]. _ _ Using a simple kinetic model [18], we can express the
We first examine the process of creating a single dimepyera| etching rater, for the direct SiCl(a) formation-

vacancy. Because of a pairing mechanism ana"’gmﬁesorption mechanism in termsof, k_;, andk,. Since

to that for H/Si(100)-(2 X 1), on Si(100) terraces two kpk_ ;> kg, Rq ~ (kp/k_p)kg. "This corresponds to

Cl atoms preferentially occupy the DB’s of the samegq gverall activation energll..., = E; + E} —E'; =

surface dimer [15]. Starting from this configuration, we 4 ¢ gy Experimentally, in Ref. [5], the activation energy

consider formation of a Sigla) adsorbed species via the ¢, desorbing the so-called state (a mixture of SiGland
monochloride-dichloride isomerization reaction:

2 SiCl(a) ;é SiCh(a) + Si(s), 1)

Si? along [110]

where 2 SiCl(a) and Sis) denote the two monochlori- 0 5 4
nated Si atoms and a free silicon surface atom, respec-
tively. In the following we assume that all elementary
rates, such as; andk-,, have a simple Arrhenius-like
expression, e.gk; = vy exp(—Ey/kgT), whereEy is the
activation energyy is the prefactorkp is Boltzman’s
constant, and’ is the temperature.

We find that formation of SiGla) via the reaction
(1) costs an energ¥, = 1.4 eV, and causes the dimer
bond to break [see Figs. 1(b) and 1(c)]. The formation
barrier E; was determined from a series of constrained 0
minimizations, where the reaction coordinate was the '
intradimer distance Sil-Si2. We obtainEd =2.1eV, 3 4
so that the barrier for the inverse isomerization reaction dg «p (B)

is EXs =E; — E; =0.7eV (see Fig. 2). From this

! I I 0 1 ( 9. 2) FIG. 2. Left panel: barrier for Siglformation (circles: on a
we estimated a lifetimé ¢ ~ 50 ns for the metastable perfect surface: diamonds: near a DV). Right panel: diffusion
SiCh(a) state at 850 K [16]. of Si2 to theM site (see text), along the dimer row. The zero

Desorption of SiCl(a) to yield a SiC}(g) gas-phase of energy corresponds to the configuration of Fig. 1(a). Full
species (at rate,), symbols: local minima on the potential energy surface. Open
symbols: results of constrained minimizations (see text). The

SiCh(a) Lid SiCh(g), (2) dotted line is a guide for the eye.
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SiCl,) was estimated to-2.4 eV, while in the fluorine tion reaction in Eq. (1) is inhibited unless another Si atom
etching of Si(100) the typical values @, for initial  falls into the single atom vacancy, which—as mentioned
F coveragess 1 monolayer were in the range 3—3.7 eV above—is unlikely for entropic reasons. We also found
(depending on the experimental technique) [19]. It isthat movingone of the Cl atoms from SiGlto a neigh-
evident that theE;,., that we have obtained for the direct boring (unoccupied) dimer has a significant energy cost,
SiCl, formation-desorption mechanism is at least 1 eVbetween~0.3 and ~0.6 eV (somewhat different values
too large with respect to experiment, indicating that thisare obtained for “up” and “down” atom sites of buckled
mechanism is very unlikely. dimers located in the same and in different rows). Moving
The structure of SiGla) [see Figs. 1(b) and 1(c)] both Cl atoms from SiC] to the DB’s of a surface dimer
shows that, due to the dimer bond breaking, Si2 har away changes the total energy by less than 0.05 eV,
become twofold coordinated. This suggests that Si2 cane., the two Cl atoms are just as “happy” on Si&s when
easily diffuse away over the surface. Diffusion barriersthey saturate the DB’s of an unbroken surface dimer. This
for a Si adatom on $100)-(2 X 1) are in the range implies an effective pairing of the two chlorines at SiCl
0.6—1.0 eV (see, e.g., Ref. [20]), and can be thus easilgo that SiC] species are most of the time fully occupied
overcome atT ~ 850 K. We find that moving Si2 to (except perhaps at extremely lof,) [24]. The overall
the equilibrium Si adatom site in between two dimersetching rate can be expressed as the coverage of SiCl
at the side of a row [20] (this site will be denotdd)  species times their elementary desorption rate. Our es-
costs only a negligible amount of energy, i.€0.03 eV. timate of the SiC] formation rateR,,, and the fact that
Alternatively, once moved onto the surface, Si2 can gethese arestablesurface species indicate that the etching is
attached to a step edge (in particular, we find that movindimited by the rate of SiGldesorption, i.e.R; ~ k;. The
it into a reservoir with bulk chemical potential releasesresulting activation energy iz, ~ E; ~ 3.1 eV [25],
~0.5 eV). We estimated the barrier for the diffusion of in reasonable agreement with experiment [5,19]. Note the
Si2 to a neighboring/ site, by performing various sets of “loss of memory” of the initial SiGl(a) formation which
constrained minimizations. As in the case of Si adatonhas been caused by the (irreversible) Si2 diffusion and
diffusion, the barrier for motion along the dimer row, subsequent Sigktabilization.
Eyi ~ 1.0 eV (see Fig. 2), is lower than the barrier for  The calculations presented so far refer to the removal of
jumping across the rows; 1.3 eV. The value ofEj;¢; is  one dimer from an otherwise undefected180)-(2 X 1)
not much higher than the barriéf ; = 0.7 eV confining  surface, i.e., to the initiation of a pit. The essential
SiChk(a), notably if we take into account that, due to features of this process do not change if we now consider
our reduced sampling of the potential energy surfacea dimer at the end of a preexisting pit. In Ref. [2], CGAW
Ejr is only an upper bound to the real diffusion barrierstudied the growth of Cl-induced etch pits under low
of Si2. This suggests that the diffusion away of Si2coverage and slow etching conditions. They found that
after the formation of SiGla) is a process which has a the preferential linear growth of etch pits along dimer
reasonable chance to occur. To approximately evaluat®ws is not due to coalescence of isolated (diffusing)
the overall rateR,,, of this process, we start by noting DV's, but to the successive etch-removal of neighboring
that once Si2 has moved onto the surface, there are stimers along the growing pit. To explain these results,
many places where it can go (e.g., it can get attachethey proposed that the energy cost of removing a dimer
to a step edge) that its return to the original dimer sitenext to a DV along a row is~0.1 eV lower than that
is statistically ruled out. From simple kinetics we thenof removing a neighboring dimer from the adjacent row,
get Rout ~ (kp/k—y)kaitr, Wherekqigr is the elementary both processes requiring less energy than the removal of
rate for Si2 leaving its original site. The correspondingan isolated dimer from a terrace.
activation energy i€}, = Eqiir + Ef — E-; ~ 24 eV To verify these suggestions, we have studied the ener-
(see Fig. 2). Using a typical value db'?® s™! for the getics of two-DV complexes located along a row and in
prefactorvgige, and an approximate valde/v—) ~ 40  adjacent rows by using supercells with 24 Si atgiager.
[21], we obtainR,, ~ 2 s ! at 850 K. For comparison, In agreement with experiment [2,3], our results indicate
we note that this rate is some factors of ten higher thathat it is energetically preferable to have two DV’s at near-
that estimated for the spontaneous formation of a singlest neighbor positions (either along a row or in adjacent
or dimer vacancy on undefected(Bl0)-(2 X 1) at the rows) than at larger distances. However, we find the bind-
same temperature [22], and about one order of magnitudag energies of neighboring DV’s to be substantially the
higher than the largest rates which have been reporteshme within the accuracy of our calculations; we obtained
for the etching of Si(100) with fluorine in the case of 0.10 and 0.08 eV for the two DV’'s positioned along a
initial F coveragess< 1 monolayer [19,23]. In spite of its row or in adjacent rows, respectively. We note that an
crudeness, our estimate Bf,, indicates that the diffusion attractive short-range interaction 0.1 eV between two
away of Si2 after the formation of Sigk) is indeed a DV'’s along a row has been obtained also by previous first
process which is quite likely to occur. principles calculations [26], while calculations employing
The removal of Si2 stabilizes the remaining SiG)  empirical interatomic potentials found an attractive inter-
unit (hereafter denoted Siglsince the reverse isomeriza- action of~0.1 eV between DV’s in adjacent rows and a
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