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Summary. Structure and stability of molecular clusters modelling halogen (F, C1) double bridges 
between silicon atoms, H3SiFESiH 3 (1), H3SiF2SiF 3 (2), H3SiC12SiH 3 (3), and H3SiC12 SIC13 (4), have 
been investigated by an ab initio pseudopotential method. Asymmetrical bridges Si-X...Si with one 
strong Si-X bond and one weak Si...X bonding interaction (X= F, C1) result from the geometry 
optimization using the LP-31 G basis set. Dissociation energy calculations using the MP2/LP-31G*// 
LP-31G procedure and considering the basis set superposition error provide a decrease of stability 
of the structures in the order 2 > 4 > 3 > 1. The results are discussed with respect to formation and 
decomposition of halogenated reaction overlayers formed during the etching of silicon by halogen 
atoms. 
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Ab-Initio-Berechnungen von Silizium-Halogen-Silizium-Doppelbriicken 

Zusammenfassung. Struktur und Stabilit/it von molekularen Clustern, die Halogen(F, C1)-Doppel- 
brticken zwischen Siliziumatomen modellieren, H3SiF2SiH 3 (1), H3SiF2SiF 3 (2), H3SiC12SiH 3 (3) u n d  
H3SiC12SiC13 (4), werden mittels eines Ab-Initio-Pseudopotentialverfahrens untersucht. Bei der Geo- 
metrieoptimierung unter Verwendung des LP-31 G-Basissatzes ergeben sich asymmetrische Briicken 
Si-X...Si mit einer starken Si-X-Bindung und einer schwachen bindenden Si...X-Wechselwirkung 
(X = F, C1). Dissoziationsenergieberechnungen durch das MP2/LP-31 G*//LP-31 G-Verfahren unter 
Berficksichtigung des Basissatziiberlagerungsfehlers liefert eine abnehmende Stabilit/it der Cluster in 
der Reihenfolge 2 > 4  > 3 > 1. Die Resultate werden im Zusammenhang mit der Bildung und dem 
Zerfall von halogenierten Reaktionsschichen, welche w/ihrend des reaktiven )~tzens von Silizium mit 
Halogenatomen gebildet werden, diskutiert. 

Introduction 

Reactive etching is the removal of surface atoms by interaction with reactive species. 
The mechanisms of elementary etching reactions are of particular interest due to 
the fundamental role in the processing of microelectronic devices. Considerable 
effort has centered on reactions of halogen atoms as well as halogen-containing 
molecules with silicon surfaces [1 - 12]. 

Fluorine atoms or some fluorine containing molecules (e.g. XeF2, BrF3, C1F3) 
etch silicon spontaneously [5]. In a first step of a fluorine etch process a thick 
(about 6 monolayers) reaction layer is formed before the desorption of SiF4 (but 
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also SiFn, n < 4) species starts. The reaction layer consists of highly fluorinated 
silicon, is non-polymeric and exhibits poor connectivity [-4- 8]. In comparison to 
fluorine, chlorine atoms or chlorine-containing molecules (C12) etch silicon more 
slowly at room temperature. The desorption of silicon chlorides already sets in at 
submonolayer coverages, whilst for fluorine a rather thick corrosion phase is formed 
at first [-9- 12]. 

Essential processes during the etching are the weakening and breaking of Si- 
Si bonds. Possible intermediate structures could be silicon-halogen-silicon bridges 
(within reaction or corrosion layers). 

There are many theoretical studies about silicon-oxygen-silicon bridges, e.g. 
[,13- 15]. Plans et al. have shown how oxygen breaks a covalent Si-Si bond and 
forms a local configuration similar to that of SiO2 [16]. 

Halogen bridges have been hardly investigated. Using molecular clusters and 
the MNDO method Barone et al. [,17] have found that halogen bridges are the 
most stable position for the chemisorption of F, C1, Br, and I on the Si(100) surface. 
Ignacio et al. [18] have obtained a minimum on the ab initio potential energy 
surface for the charged molecule H3Si-F-SiH3 + corresponding to a linear but very 
flexible symmetrical Si-F-Si bridge configuration. By local-density theory and ab 
initio pseudopotentials Van de Walle et al. [19] have demonstrated that insertion 
of F into a Si-Si bond becomes possible because of relaxed steric constraints in the 
near-surface region. The lowest-energy configuration occurs for a F atom sym- 
metrically located between two Si atoms, with a Si-F distance of about 1.9/~. 

A more favourable position for fluorine atoms should be found outside of the 
Si-Si bond. The formation of such nonlinear bridges requires smaller steric relax- 
ation of the surrounding Si atoms. Double bridge structures have also not been 
regarded till now. They allow to explain the dissociative chemisorption, e.g. of 
halogen molecules, as a local process at a Si-Si bond. 

Assuming a double bridge model the breaking mechanism of a Si-Si bond can 
be represented by the following reaction: 
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X =  F, C1; A' = Si, X; A = Si 

If A and A' are silicon atoms, then structure I is a model for a bulk Si-Si bond. If 
A is Si and A' is a F or C1 atom, then the structure I represents a simple model 
for a surface SiF3 or SIC13 group and SiF4 or SIC14 is being desorbed, respectively. 
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In this s tudy the geometry and the stability of the molecular clusters 1 - 4 are 
investigated using an ab initio pseudopotential method: 
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x, y, and z are marks for distinction of  the atoms. These clusters are presented in 
the starting geometries. The real geometries result from the optimizations. 

In order to reduce the computational expense the bonds directed from Si atoms 
to other Si bulk atoms are saturated by hydrogen atoms. These ensure that every 
Si atom has its proper atomic coordination. This is a standard technique for 
modelling local structures of  solids [13 - 18, 20]. 

Within the last part of this study the results of the calculations are interpreted 
in connection with the silicon etching processes. 

Methods  

Because the real structure of the clusters is not known from the beginning, one has 
to assume that strong bonds and weak bonding interactions can occur. The geometry 
of strong bonds is well described within the HF-SCF level. This is also a possible 
approximation for the geometry of weakly interacting strongly polar systems. Be- 
cause of  the high electronegativity differencies between Si and F as well as Si and 
C1 the electrostatic forces are dominant  in comparison to the dispersion and in- 
duction forces. However, for the calculation of binding energies the dispersion and 
induction energy should be considered by the correlation energy [21]. 

Using the LP-31 G split valence basis set and an effective core potential pro- 
cedure [13, 22, 23] the geometry parameters of  the reactant I, intermediate II, and 
product  HI and IV molecules were completely optimized. For comparison, in some 
cases, the geometry optimization was also executed using the 3-21 G basis set [24, 
25]. 

The ab initio calculation of the energies of formation AvE and dissociation ApE 
requires the consideration of the electron correlation. The correlation energy was 
estimated by means of second-order Moller-Plesset perturbation theory (MP2) [28]. 
For  these calculations the basis sets of the non-hydrogen atoms were supplemented 
by a set of d polarization functions with exponents of  0.39 (Si, C1) [27] and 0.8 
(F) [23] (LP-31 G*). The basis set superpositon error of  ApE was estimated by the 
counterpoise correction method [28]. The ab initio calculations were performed 
by the GAUSSIAN 80 [23] and H ONDO 7.0 [29] program systems. 
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Results and Discussion 

The essential geometry parameters, the energies of formation, and the energies of 
dissociation of the optimized bridge structures I! are presented in the Tables 1 - 4 .  
The data of the structures I, III, and IV may be ordered from the author. 

Geometries 

A special procedure is employed for the structure 2, H3SIF2SiF 3. The geometry 
optimization with the LP-31 G basis set provides a linear single bridge (<(Si  x- 
F x. ..Si y) = 180°). Investigations of disiloxane have shown that oxygen d functions 
are necessary for obtaining a reasonable Si-O-Si bond angle [13, 14]. Therefore, 
the dependence of the energy upon the SiX-FX... Si y angle (see Fig. 1) was calculated 
using additionally d polarization functions on F and Si atoms (LP-31 G* basis set). 
For these calculations the other geometry parameters were fixed at the values of 
the LP-31 G geometry. Two minima, one for the double and one for the triple 
bridge, were found at about 131 ° and 229 °, respectively. The linear bridge (180 °) 
is a saddle point with an energy about 3 kcal mol - ~ higher than the minima. The 
complete optimization using the 3-21 G basis set provides 137.9 ° and 224.5 °. The 
MP2/LP-31 G* and the SCF/3-21 G energies show that the double bridge is more 
stable by 0.3 and 0.4 kcal tool-1 than the triple bridge. For the further discussions 
the geometry and energies of the double bridge structure are used. 

The geometry optimizations of the structures 1 - 4 lead to asymmetrical double 
bridges (with the above-mentioned exception of the LP-31 G basis set). Each bridge 
consists of one strong (short) Si-X and one weak (long) Si...X bond. The clusters 
are van der Waals-like cyclic dimers. The H3SiX2SiH3 clusters change from Cs to 
Ci symmetry. 

For the fluorine clusters 1 and 2 the geometry parameters can also be compared 
with results obtained by  an all electron method. The ab initio pseudopotential 
values agree relatively well with the 3-21 G data. 
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Fig. 1. Dependence of the relative energy AE 
[kcalmo1-1] upon the SiX-FX...SF angle Ede- 
grees] of structure 2 using the LP-31 G* basis set 
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Table 1. Calculated distances (AB) [~], angles (ABC). torsion angles (ABCD) [degrees], energies of 
formation AFE and dissociation AoE (with the correction of the basis set superposition error ApE cc) 
[kcalmol- 1] for H3SiF2SiH 3 (1) 

(SVF x) (Si~F y) (SixSi y) (SVFXSi e) 

3-21 G 1.652 2.806 3.833 116.2 
LP-31 G 1.628 2.807 3.799 115.3 

(SVH0 (SVH) ( F x S i X H 9  (F~SVH) (SFFXSiXH) 

3-21 G 1.482 1.472 105.5 110.4 62.7 
LP-31 G 1.470 1.461 105.3 109.6 62.3 

- AFE ApE ApE cc 

3-21 G 147.6 11.5 
LP-31 G 150.9 9.5 
LP-31 G* 198.0 4.9 1.7 
MP2/LP-31 G* 260.9 7.1 1.6 

Table2. Calculated data (see Table 1) for H3SiF2SiF 3 (2) 

(SFF y) (SiXF x) (SVF y) (SiYF0 (SixSi y) (SiXFxSiY) 

3-21 G 1.610 1.684 2.936 2,016 3.454 137.9 
LP-31 G 1.586 1.656 3.691 1.889 3.545 180.0 

(SiYF 2) (SiXF) (FYSiYF z) ( F Y S i Y F )  (SiXFYSiYF) 

3-21 G 1.606 1.593 99.4 116.3 73.1 
LP-31 G 1.596 1.586 98.1 118.0 76.3 

(SiXH0 (SiXH) (FxSi%I0 (FXSFH) (SFFXSiXH) 

3-21 G 1.470 1.468 104.9 107.1 60.8 
LP-31 G 1.456 1.456 104.9 104.9 60.0 

-- AFE ADE AD ECc 

3-21G 161.7 17.1 
LP-31 G 160.7 19.2 
LP-31 G* 199.1 13.6 7.4 
MP2/LP-31 G* 266.1 17.6 5.8 
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Table3. Calculated data (see Table 1) for H3SiC12SiH 3 (3) 

A. Jenichen 

(SixCV) (SixC1 y) (SixSi y) (SiXClXSiY) 

LP-31 G 2.143 3.622 4.673 105.4 

(SiXH9 (SVH) (CVSiXH z) (ClXSiXH) (SiYCVSiXH) 

LP-31 G 1.464 1.458 105.5 107.4 61.0 

- AFE ADE AD ECc 

LP-31 G 77.9 4.9 
LP-31 G* 110.8 2.5 1.8 
MP2/LP-31G* 146.3 4.8 3.1 

Table4. Calcul~tted data (see Table 1) for H3SiC12SiC13 (4) 

(SiYC1 y) (SixC1 x) (SixC1 y) (SiYC1 x) (SVSF) (SixCVSi y) 

LP-31 G 2.081 2.138 3.759 3.634 4.864 112.2 

(SiYC1 z) (SiYC1) (ClYSiYC19 (ClYSiYC1) (SVClYSiYC1) 

LP-31G 2.080 2.070 107.3 110.6 62.1 

(SiYH z) (SiYH) (CIYSiXH z) ( C V S i X H )  (SiYClXSiXH) 

LP-31 G 1.461 1.461 106.5 107.0 60.2 

-- AFE ADE ABE CC 

LP-31 G 62.8 3.7 
LP-31 G* 107.4 1.8 0.9 
MP2/LP-31G* 146.7 5.5 3.4 

Energies 

All the bridge fo rma t ion  react ions are exothermic.  The  AFE(MP2/LP-31  G*) in- 
crease in the order  

2 < 1 ~ 4 ~ 3 .  

The dissociat ion energies within the H F - S C F  level decrease in the order  

2 > 1 > 3 > 4 .  

The  cons idera t ion  o f  the corre la t ion energy (containing induct ion  and  dispers ion 
energy) by  M P 2  m e t h o d  leads to a s t ronger  stabil izat ion o f  the ha logena ted  clusters 
2 and  4. Therefore ,  the sequence changes to 

2 > > 1 > 4 > 3 .  
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The additional correction for the basis set superposition error calculated by the 
counterpoise method leads to [ADECC(MP2/LP-31 G*)] 

2 > 4 > 3 > 1 .  

The largest corrections are necessary for the fluorine clusters, especially for 2. The 
result is a drastic reduction of  the dissociation energies and of  the differencies 
between the dissociation energies. However,  the structure 2 is the most  stable one 
within all levels of  approximation. One has also to consider that the counterpoise 
method overestimates the basis set superposition error so that the true dissociation 
energies are higher than the corrected values ApE cc  [-21]. 

Interpretation of the Results 

The increase of  the Si-Si distance during the bridge formation is considerably larger 
for chlorine than for fluorine. Therefore, by reason of  sterical constraints, chlorine 
atoms form bridges at the surface whereas fluorine atoms can form bridges below 
the surface preferentially [6, 10]. 

The energy released during the bridge formation by fluorine is considerably 
higher than that by chlorine. Therefore, because of  different local heating, the 
fluorine etch rate is higher than that o f  chlorine. For  efficient etching by chlorine, 
external heating is necessary. 

Highly fluorinated structures (as 2) are more stable than corresponding chlor- 
inated structures (as 4) so that the desorption of  SIC14 is easier than that o f  SiF 4. 
This fact is in agreement with experimental findings. Thermal desorption spectra 
of  halogenated surfaces present the lowest temperature desorption peaks near 450 K 
(SIC14) [10] and 550 K (SiF4) [-7, 8]. 
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