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Theoretically, silane and its derivatives (3iHX, n = 0—3, X = F and CI) are found to form hydrogen-
bridged complex with borane (BjHat gas phase. High level ab initio calculations at the MP2/aug-cc-pVTZ
level show that the interaction energi€s) between Sik-,X,, and BH; are—6.43~ —12.06 kcal/mol corrected

by zero-point energy and the basis set superposition error, whereas without the correctibavatnes are
—14.73~ —21.65 kcal/mol. The Sik.,X,—BH3; complexes can be regarded as analoguesldf Bith one
monomer BH replaced by Sikl.X,, although only one bridged bond -SH—B is definitely located via

topological analyses of the electron density. Upon bonding, boron becomes four coordinated by receiving a

hydrogen atom from SilH,X,. In contrast to the compact hydrogen-bridged complexes, the electron-donor
acceptor conformers with a bridged halogen atom are only loosely bdune 2 kcal/mol). The results
indicate that BHis a better hydrogen attractor in these interactions. The predicted.Xitk+BHs; complexation
and hydrogen transfer from SjH,X,, to BH; may help to understand the initial stage reactions in producing
boron doped silicon films by chemical vapor deposition.

I. Introduction correlation treatment during optimization. The optimized struc-
Silane and its halogen derivatives $ilX, are widely used  tural parameters, however, vary only slightly for different post
as source gases in CVD fabricating silicon fil#ng.It has long SCF cglculatl_ons. To facilitate the comparison between systems

been observed thatBs, a p-type dopant, mixed with SiH.X, of various sizes, all of the geometry structures were fully

can catalyze the deposition. Boron doping efficiency and the Optimized at the MP2/6-3tG* level. Frequency calculations

rate of film deposition are greatly influenced by variation of at this level followed to obtain the ZPE and to testify the genuine

the B,Hg concentration and the species of $ikK,.812 Under minima. Interaction energies, defined as total electronic energy

CVD conditions, decomposition and recombination of source difference between SiHnX,—BH3z complexes and the sum of

gas molecules may happen at several stages. The system i§ionomers Sili-,X and B, were obtained through single-

further complicated by surface absorption and desorgfiol. point calculations up to the MP2/aug-cc-pVTZ level. The

The actual experimental condition is thus crucial and can be counterpoise methd¥l was used to evaluate the basis sets

adjusted to control dominant reactions at certain stage. Initially, SUP€rposition errors (BSSE). The Guassian 98 program pack-

B,Hs can decompose at lower temperature than the otherd€°was employed for these calculations.

species®1” Recently, it is found that Bk} a possible decom- Wave functions obtained at the MP2/6-8G* level are used

position product of BHe, can theoretically form a hydrogen- for the topological analyses of the electron densities. The

bridged complex with Si'® The geometrical and electronic  electronic structures are visualized as contour maps of electron

structures of the Silt-BH3z complex exhibit some characters density overlaid with its gradient trajectories. The AIM2000

of BoHe. As a substituent of Sikl SiH.Cl, is able to enhance  progrant! derived from Bader’s “atoms in molecules” (AIM)

boron-doping efficiency significantl§?2 suggesting a stronger  theory? was employed for these purposes.

interaction between Si€l, and BH. It should be noticed that

the Sil—kann—BHg Complexes withn = 1-3 may have two I1l. Results and Discussions

major isomers. One is a hydrogen-bridged conformer, similar

to the SiH—BH3; complex. The other is a halogen-bridged To our knowledge, the SiH,X,—BH3; complexes, though

conformer, with halogens as electron donors to electron deficient simple and important, have not been subjected to any theoretical

BHa. With the hope that high level ab initio calculations would  or experimental investigatior?$:24 The results and discussions

reveal which conformers are favored energetically and provide about the Sild-,X,—BH3; complexes obtained in this work are,

insight into bonding natures in addition to the geometric and therefore, intentionally compared with the more familiar borane

electronic structures, we performed a computational researchadducts BHg,?5-28 BoH7~,29731 and NH—BH3,%2738 in a sense

on the combining systems of SiHX, and BH;. that the hydrogen-bridged conformers are analogues,b§ B

. or B,H7~ with one BH or BH;~ replaced by a Sikd.nXp,

Il. Calculation Method whereas the halogen-bridged conformers are analogues of the
The previous work® showed that the geometry structures of  NH,—BH5 with the electron donor Nkteplaced by a Sild X

SiHs—BH3 are completely different with and without electron  sych comparisons are also motivated by the desire to understand

*To whom correspondence should be addressed. E-mail: swhu@ the possible gas-phase reactions between Sk# and BHs
yahoo.com. as they are both involved in the initial stage of CVD processes.
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Figure 1. Optimized (MP2/6-31+G*) geometry structures of Bls
(), B2H7~ (Il), and hydrogen-bridged SiH.X,—BHs (IV—X) (a);
NHs—BHs; (Ill) and halogen-bridged SiH.X,—BHs; (IV'—X') (b).
Bond lengths are in angstroms. The distances e+5iSi—F, and Si-
Clin free SiH,-nX,, are 1.458-1.481, 1.605-1.637, and 2.0322.060
A respectively.

A. Geometries and Energies.The optimized geometry
structures of Sikl-X,—BH3; complexes are shown in Figure
1, (IV to X). These structures are genuine minima except for
the II'(Cs), VI(Cy), and VII(C) in (a) and V(Cs), VIII'(Cs) and
X'(Cq) in (b), which are saddle points with one imaginary
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Figure 2. Theoretical model and basis set effects on the relative
electronic energies of the monomers and complexes. The vertical axis
is the electronic energy in a.u. (using MP2/6+33* optimized
structures) relative to those calculated at the MP2/6-@1level. The
horizontal axis stands for the theoretical models (1 HF anti®MP2)

and basis sets as, 1. 6-BG* 2. 6-31+G*; 3. 6-31++G*; 4.
6-311+G*; 5. 6-31+G**; 6. 6-311++G**; 7. cc-pVDZ; 8. aug-cc-
pVDZ; 9. cc-pVTZ; and 10. aug-cc-pVTZ.

the same plane defined by-Si1—B show some back-donation
characters toward SiH.X,. The St--H distance is shorter for
halogen-substituted complexes than for simple;SiBHs. The
calculated structures of ;Blg and BH7;~ at this level are
consistent well with experimer#3° and earlier theoretical
results?®:31.34|t seems that the SiH,X,—BHz complexes are
structurally more like the double hydrogen-bridgegHBrather
than the mono hydrogen-bridged aniopH3~, and the char-
acteristic is more evident for halogen derivatives than for the
simple SiH—BHs.

In the halogen-bridged conformers (Figure 1b), on the other
hand, the two monomers are loosely connected. Compared with
the nitrogen in the typical donefacceptor complex ¥NBH3
(1, halogens are much weaker electron donors. The halogen-
bridged SiH-X,—BHz complexes are thus usual van der Waals
contact, and both monomers are essentially in their original
structures. It is still remarkable, however, that most of the
structures prefer a bent to a linear—$4---B configuration,
indicating the probable attraction between silicon and boron or
silicon and a hydrogen atom from BH

To select a proper method for energetic calculations, different
theoretical models and basis sets are tested forNB3, BoHg,
B,H7~, SiHs—BHj3;, and the monomers involved (Figure 2). It
can be seen that, within the framework of the MP2 model,
incorporating triple split basis functions is important to lower
the total energies of the species containing silicon. Thus, these
kinds of basis sets are chosen for evaluating the total electronic
energies and are compared with the results obtained using double
split basis sets (Table 1). The stabilities of the SitX,—BH3
complexes are assessed by interaction energies (dendigjl as
The calculated values @. using different theoretical models

frequency. In the hydrogen-bridged conformers (Figure 1a), the and basis sets are summarized in Table 2. It can be seen that

two monomers Sikl. X, and BH; are connected compactly.
The H-B distance in StH—B is shorter than that appears in
B,Hs (1) and B;H7~ (I1) for SiH4—nX,—BH3 (n = 1-3), whereas
the Si-H distance in StH—B is considerably longer than the
Si—H bond in free Si-nX;, (1.458-1.481) A. This hydrogen-

including electron correlation treatment lowers the energies 12
24 kcal/mol for the hydrogen-bridged complexes (Table 2). As
a result, these SiH.X,—BH3z complexes are essentially not
bonded within the limit of SCF calculations. The structures
shown in Figure la (IV-X) fall apart when optimized at the

transfer effect results in a drastic geometric change of boron HF/6-31+G* level. For B,Hg, BoH7~, and H{NBH3, including

from three-coordinated planar to four-coordinated distorted
tetrahedral. The H in SiH—B is slightly drawn to Si when a

electron correlation is also a fundamental requirement to obtain
structures and energies consistent with the experifiéh2

halogen atom is near its position. This can be understood thatin the case of the halogen-bridged conformers, the electron

the electron-deficient H in SiH—B is attracted by the electron-

correlation effect is considerably smaller. Some of the species

rich halogen. The distance and the orientation of another H in have negative interaction energies at the SCF level.
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TABLE 1: Calculated Total Electronic Energies E and ZPE of SiH;—nX,—BH3?

Hu and Wang

EP ZPE EP ZPE®
H 6-311++g** aug-cc-pVTZ 6-3Hg* X 6-311++g** aug-cc-pVTZ 6-3Hg*
IV(C)  HsSi—H—BHs —318.02408 —318.02511 41.73(0)
V(C)  FHSi—H—BH;  —417.20063 —417.26551 39.49 (0) NC)  HsSi—F—BHs —417.18327 —417.23951 36.58 (1)
VI(C1) FHSi—H—BH;  —516.37250 —516.50172 36.08 (0) W(C) FH,Si—F—BHs —516.35758 —516.47761 33.37 (0)
VI(C) FHSi—H—BH; —516.36968 —516.49952 35.92(1) W(C.) FH,Si—F—BHs —516.35775 —516.47687 33.30 (0)
VI"(C)  FH,Si—F—BHs —516.35693 —516.47585 33.03 (0)
VI(Cy FsSi—H—BHs —615.54539 32.39(1) VHC) FHSi—F—BHs —615.53432 29.72 (0)
VII(Cy CIH,Si—H-BHs —777.18594 38.67 (0) VI(Cy) HsSi—Cl—BHs —777.17199 35.98 (1)
IX(Cy) ClLHSi—H—BH; —1236.34126 3453 (0) IXCy) CIHSi—Cl-BH; —1236.32865 32.13(0)
IX(Cy) ClLHSi—H—BH; —1236.34012 34.55(0) IXCy)) CIH;Si—Cl-BH; -1236.32904 32.05 (0)
X(Cy) Cl;Si-H—BH;  —1695.49699 30.21 (0) 'XCy ClL,HSIi—CI-BH; -1695.48595 27.61 (1)

2 Single-point calculation using the MP2/6-8G* optimized geometry structure®Total electronic energies are in atomic units (g@ero-
point energies are in kcal/mol. The numbers of imaginary frequencies are in parentheses.

TABLE 2: Interaction Energies of B,Hg, BoH;~, NH3-BH3, and SiHs—nX,-BH3?

De (HF) De (MP2) CPC
| | I I v ZPEC® D A D«(CCY D(expy
H
I(Dan) ~19.75  —40.36  —43.01  —47.80  —47.30 6.89 1.94 194 -3652  —25~ —60
1(C2) —2298  —-34.84  —36.75 —39.44  —38.67 4.58 187 1.08 -31.15 -31+8
11(Cy) —23.00 3480 -36.71 -39.39  —38.66 4.44 1.91  1.05 —31.27
IV(CJ) 10.70 —5.14 -9.62  —13.98 -14.73 4.39 275 116  —6.43
V(Cy) 765  —10.62 —1547 2096  —21.65 4.71 345 142 —12.06
VI(Cy) 10.96 -815  —12.83 —18.92  —19.29 4.29 400 154  —9.46
VI(Cy 13.45 -6.26  —11.06 —17.31  —17.91 4.12 437 158  —7.84
VII(CY) 14.89 —4.42 -949  —15.70 4.00 4.76 1.76
VIII(C ) 10.14 -8.46  —13.77 4.54 4.23 1.36
IX(C1) 14.72 -6.54  —12.16 4.13 5.82 1.45
IX(Cq) 16.72 -5.63  —11.45 4.16 6.92 1.53
X(Cy) 18.85 -470  -1061 3.99 7.94 1.55
X
11(Ca,) 2159  —3214 3243  -3569  —33.61 5.84 355  1.04 —2318 311
V'(Cy -0.72 —4.00 —4.57 —5.34 1.80 151 048  —154
VI'(Cy ~0.69 -3.00 —3.47 ~4.16 1.58 116 044  —0.98
VI'(Cy) —0.68 -3.14 —3.57 -3.70 1.50 112 044  —0.64
VI"(CY) ~1.35 —3.00 ~3.06 -3.05 1.23 074 044  —0.64
VI'(CY) —0.26 —2.38 —2.55 1.32 097 041
VI (Cy) 1.49 -3.77 -5.01 1.85 258  0.36
IX"(Co) 1.39 -3.26 —4.25 1.73 248 037
IX'(Cy) 1.57 -3.36 —4.49 1.66 246 035
X'(Cy 1.34 —2.77 -3.68 1.39 235 034

aInteraction energieB. (kcal/mol) calculated at different levels using the MP2/6+&* optimized geometries. The basis sets employed are
6-31+G* (1), 6-311++G** (Il), cc-pVTZ (lll), and aug-cc-pVTZ (IV). See Table 1 for the species and Figure 1 for the structiZeso-point
energy corrections ZPEC (kcal/mol) calculated at the MP2/6@1 level. ¢ Counterpoise corrections CPC (kcal/mol) for hydrogen or electron
donor (D) and acceptor (A) calculated at the MP2/6-831G** level. ¢ Interaction energies with approximate (smaller basis sets) ZPE and BSSE
corrections De(CC) = De + ZPEC + CPC. ¢ Experimental estimation of enthalpy change (kcal/mol) from refs 27, 29, and 33.

Counterpoise (CP) methodsvere used in BSSE corrections  as relative to BHg, BoH;~, and NHBH3. Because incorporating
for interaction energies. Because the interactions of the boranelarge basis sets is computationally difficult for species containing
adducts involve large amount of charge-transfer comporiénts, chlorine, the finial MP2/aug-cc-pVTZ results for these species
the species studied here can be regarded as electron-€lonor can be estimated from the relative values obtained at the MP2/
acceptor complexes with BHBH,~, NH3, and SiH-X, as 6-311H++G** level.
donors, and Bkl as the acceptor, respectively. The full CP Among the SiH-,X,—BH3 complexes, HFSi—H—BH3 (V
corrections for the complexes are the sum of the CP corrections(Cs)) has the largest interaction energyl(2.06 to—21.65 kcal/
for the donors and acceptors, which are energy difference mol). The values are about 336% the energy needed to
between donor (acceptor) with and without the acceptor’s dissociate BHg into BHs. Thus, BHg dissociation may be driven
(donor’s) basis sets. Both donor and acceptor are at the geometnpy the formation of the Sikd.,X,—BH3 complexes. It can be
of the fragments in the optimized complex. It can be seen (Table seen from geometries (Figure 1) and interaction energies (Table
2) that the corrections are significant especially for the donors, 2) that the halogen derivatives are all better stabilizers tg BH
and the values seem to reduce quite slow as the basis sets turnelative to SiH. When substituting Sildin the CVD experiment,
larger (not shown). Controversy remains on the problem of over- the higher bonding tendency of the SiHX,, (with n = 1~3)
correction if ZPE and BSSE are both included in the final report toward BH; probably promotes the observed variations in boron-
of interaction energy?—42 Experimentally, the large discrepancy doping efficiency and other properties.
of the dissociation energies also exists for the known borane B. Topological Properties and Bonding Nature.In B;Hg,
adducts BHe,?” BoH; 7,22 and NHBH3.3 It is, therefore, more  there are 12 valence electrons shared by four termiratB
reliable to give upper and lower limits of the interaction energy and two bridged B-H—B bonds. The B-H—B bonds are thus
and to speak of the stabilities of the SiHX,—BH3z complex three-centertwo-electron bonds and each boron atom is four
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TABLE 3: Electron Density p., Laplacian V?p., and
Ellipticity € of Selected BCP in BHg, B,H;~, and
SiH4-nX,—BH3; Complexe$

Si(B)~H—B B—H3
Si(B)-H H-B B-H(b> B—H(2) B-H(@3)
pc (D) 0.128 0128 0128 0183  0.183

11(C>) 0.105 0105 0159  0.165  0.162
IV(Cy 0.089 0105 0.163 0.174 0.174
V(Cy 0086 0121 0.149 0.176 0.176

VIC9 0085 0133 0142 0176 0.176
VI(C) 0092 0128 0143 0178  0.178
IX(C)  0.090 0.122 0152  0.175 0.176
IX(C9  0.083 0132 0143 0.176 0.176
V2. I(Da)  —0.004 —0.004 —0.004 —0.427 —0.427
1(C2) 0.045  0.045 —0.267 —0.253 —0.245
IV(C)  0.108  0.154 —-0.223 —0.336 —0.336
V(Cy 0.100  0.109 —0.091 —-0.361 —0.361
VIC9 0033 0052 —0.018 -0.362 —0.362
VI(Cy  0.055 0086 —0.028 -0.381 —0.381
IX(C;)  0.083 0.115 -0.106 —0.354 —0.367
IX(C)  0.040  0.017 —0.030 —0.340 —0.340
¢ 1(Da) 1122 1122 1122 0076  0.076

BH. (C) SiH (Ta) I1(C>) 0192 0192 0114 0116  0.105

@) IV(C) 0379 0112 0.003 0089  0.089

V(Cy 0.763  0.148 0026  0.041  0.041

VIC) 4724 0057 0029 0010  0.010

\ k VIC) 2158 0075 0.005 0018  0.018

" o ) N4 Nt IX(C)  0.883 0.191 0.066 0043  0.039
A o

— ) () e B o] el IX(Cy 3.257 0.034 0.002 0.022 0.022
Ci A 3 el ," W B ..\ S iESasa . . .
% e o e W aThe values of BCP for SiH in SiH, arep. = 0.117,V?p; = 0.159,
: € = 0; for B—H in BHjs, they arep. = 0.184, V%o, = —0.451,¢ =
| (D) () IV (C) 0.283.° The partial bridged bond in the SiHX,—BH3 complexes.

BH4 (Czy)

BH; (Day)
(b)

between silicon and boron or silicon and another hydrogen. This
additional bond is thus not formed according to the criterion
provided by the AIM theory. The contour diagrams of electron
density overlaid by the gradient trajectories of severahSiH,—

BH3; complexes are depicted along withHg and BH7~ in
Figure 3. The maps of the SiH.Cl,—BH3; complexes are
similar to their fluorine counterparts and are omitted. Examining
the atomic basins defined by surfaces with zero flux of gradient
trajectory, we can see that the atoms around silicon resemble
B,H7;~ of Cs symmetry, whereas the atoms around boron
resemble BHe. The later resemblance, more significant for
halogen-substituted complexes than simple ;SiBH3, origi-
nated from the attraction between silicon and the partially
bridged hydrogen atom. It is interesting to note that the
electronic structures of the boron part in the SikKn,—BH3
complexes bare some similarities to that of the,Btadical.
Probably one of the subsequent reactions of the, Sh—

Figure 3. Contour map of electron density overlaid with gradient . .
trajectories ofVp for BoHs, BoH;~, BHs, SiHs, BHs, and selected ~ BHs complexes in the CVD process would involve such a

SiHs_nX,—BH3 complexes. Crosses represent nuclei positions while radical. The contour maps of isolated Sibind BH; are also

black circles represent BCP. (a) Projection on the plane defined by depicted to show how the electronic structure changes upon
bridged-hydrogen, silicon (boron), and boron. (b) Projection on the plane bonding.

perpendicular to the plane in (a) and contains silicon (boron) and boron. The bonding nature of the SiHXn—BHs complexes can
further be quantified by three parametér¥ characterizing the
BCP of the bridged bond and the terminal ones (Table 3). The

coordinated. With one more negative hydrogen iogB has
14 valence electrons shared by six pairs of terminaHBonds
and one pair of electrons belong to the-B—B bond so as to first parameter is the electron density at BGR),(reflecting
satisfy the four coordination of both boron atoms. The,SiM,— the total charge accumulation at these points. Typically, the
BH3; complex has also 14 valence electrons and seven hydrogerbridged B(Si)-H—B bond has a lowes. than the terminal BH
atoms. It is, however, questionable that the electrons arebond. In the bridged SiH—B bonds, the SiH parts have a
distributed in a same way asiB;~. Geometrically (Figure 1a), = much lowerp. than the H-B parts. The second parameter is
two hydrogen atoms appear in the same plane with silicon andthe Laplacian of at a BCP ¥%p ), the curvature of gradient
boron between them. Compared with boron, silicon is more path at the BCP. This is a measure of covaléffip(. < 0) or
likely to form bonds beyond four because it has more nuclear ionic (V2o . > 0) bonding nature. All of the terminal-BH bonds
charge and empty 3d orbitals. To understand the bonding nature show negativé/?p ¢, and they are essentially covalent. TV,

we performed topological analyses of electron density. Our of bridged B-H is negative but near zero for,Bg, whereas it
calculations show that no bond critical points (BCP) exist is positive for BH;~ and SiH—,X,—BHs. The ionic feature is
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more evident for the bridged BH bond in SiH_,X,—BHa.
The third parameter is the ellipticitg) at a BCP. For a BCP
with a largepc, € is a measure oft character of the bond,
whereas for a BCP with smal, € is a measure of instability
of the bond. Ther character of the bridged-BH bond is more
evident for BHe than for the other species. The larggalues
for the bridged Si-H bonds indicate their relative instability.
In summary, the Sikl--X,—BH3 complexes are bonded prima-
rily by one bridged StH—B bond. Compared with 81 and
B,H;~, the S-H—B bond is weaker and appears more ionic
characteristics. Although only one-8H—B bond is formed,

some attractive nonbonding interaction between silicon and

another hydrogen atom exist.

IV. Concluding Remarks

The SiH,-nX,—BH3 complexes prefer the hydrogen-bridged
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density based on the AIM theory. The geometry and electronic

structures of the SilHX,—BH3; complexes also show charac-
teristics of the double-bridged,Hs. The Si-H—B bond is
polarized with the H closer to boron. The-Si# bonds are

activated through bridging and thus may be the probable points
of bond broken. The mechanisms of formation and subsequen

fate of the SiH-X,—BH3 complexes, however, require further
investigation.
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