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ABSTRACT 

Ion-molecule reaction pathways between H-SiNH; 
and NH3 have been examined by ab initio quantum 
chemical techniques using polarized split-valence ba- 
sis sets and including the effects of  electron cowe- 
lation and zero-point energy corrections. The proton 
transfer (PT), hydrogen abstraction (HA), electron 
transfer (ET), and hydride transfer (HT) processes are 
thermodynamically unfavorable. The eliminative ad- 
dition (EA) processes, in spite of their exothermici- 
ties, are also unfavorable, because they have activa- 
tion barriers. The ammonia exchange (AE) process is 
most likely to occur among the reactions between 
H-SiNHS and NH3 without an activation barrier. 
Therefore, H.&NH2+ indicates apparent unreactivity 
toward NH3. This agrees well with the experimental 
result reported by Haller that SiHd’ apparently does 
not react with NH3. 
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INTRODUCTION 
In a preceding article, we investigated the ion-mol- 
ecule reactions between SiH,’ and NH3 theoreti- 
cally for understanding the chemical reaction 
mechanisms in the plasma-enhanced chemical va- 
por deposition (PECVD) of silicon nitride [l]. It was 
predicted that eliminative addition (EA) and pro- 
ton transfer (PT) are dominant processes, but hy- 
drogen abstraction (HA), electron transfer (ET), and 
hydride transfer (HT) are negligible. This is in good 
agreement with recent experimental results re- 
ported by Haller [2] that EA and PT are the pri- 
mary channels observed in the reactions between 
SiHf and NH3. In addition, we suggested that 
HSiNH; and H,SiNH; may be observed indepen- 
dently as the EA products, because the isomeri- 
zation needs a large activation energy of 55.0 kcal 
mol-’ [I]. 

It is interesting to clarify the contribution of 
HSiNH,’ and H,SiNH; whether further Si-N bond 
propagation in the PECVD is possible. However, 
Haller reported that the EA product ions, SiH,N- 
(x  = 2-4), are unreactive toward silane and am- 
monia. He therefore concluded that an ionic chain 
propagation reaction is not responsible for Si-N 
bond formation in the mixed silane-ammonia 
plasma. 

The purpose of the present work is to clarify 
such unreactivity of H,SiNH: toward NH3 theo- 
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retically. According to our preceding study of the 
reactions between SiH,' and NH3 [l], we have in- 
vestigated the following six possible reactions in- 
cluding ammonia exchange (AE) by using ab initio 
quantum chemical techniques: 

(1) EA: H2SiNH: + NH,+ SiN2Hi + H2 

PT: H?SiNH, + NH3 ---f SiNH3 + NH; (2) 

ET: H2SiNHl + NH3 + H2SiNH2 + NH,' (3) 

HA: H2SiNH,* + NH3 + H3SiNH: + NH2 (4) 

HT: H2SiNH* + NH3 + H3SiNH2 + NH; (5) 

AE: H2SiNHi + NH3 + NH, + H2SiNH; (6) 
A further study of the reactions of HSiNH; with 
NH,, as well as the reactions of H,SiNH; and 
HSiNHf with SiH4, will be presented in a subse- 
quent article. 

METHODS OF CALCULATION 
Molecular orbital calculations were performed with 
the GAUSSIAN 92 program [3]. The geometries 
were optimized by the analytical energy gradient 
method of the Hartree-Fock theory by using the 
polarized split-valence 6-3 1G" basis set (denoted 
as HF/6-31G") [4]. The optimized geometries are 
displayed in Figure 1. Theoretical harmonic vibra- 
tional frequencies were obtained from analytical 
second derivatives to verify each equilibrium 
structure as a true energy minimum or a saddle 
point. Zero-point vibrational energies (ZPEs) were 
then scaled by a factor of 0.89 [4]. To obtain reli- 
able energetics, single-point energy calculations 
were carried out at the second-order and third-or- 
der Msller-Plesset perturbation theories [4], and 
at the single- and double-substituted configuration 
interaction (CISD) [5] including unlinked cluster 
quadruple corrections (QC) [6], by using the 6-31G"" 
basis set (denoted as MP2/6-31G"", MP3/6-31G"", 
and CISD + QC/6-31G"", respectively). The cal- 
culated total energies and ZPEs are listed in Table 
1. The relative energies for H,SiNH,' and NH3 were 
obtained (see Table 2). 

RESULTS AND DISCUSSION 
H3NSiNH,' and H2NSiHNH,' are obtained as equi- 
librium structures of the EA product SiN2H:. Fig- 
ures l c  and l e  show the HF/6-31G" optimized ge- 
ometries. H3NSiNH,' has a C, structure witho two 
Si-N bonds whose lengths ofol .675 and 2.035 A are 
comparable to that of 1.706 A in HSiNH2 and that 
of 2.012 A in HSiNHi [l], respectively. On the other 
hand, H,NSiHNHt has a CZy structure with two 
equivalent Si-N bonds, whose !ength of 1.640 A is 
comparable to that of 1.634 A in H,SiNH; [ l l .  
Therefore, H,NSiNH,' and H2NSiHNHt corre- 

spond to a substituted silylene and a substituted 
silyl cation, respectively. H2NSiHNH: is 3.3 kcal 
mol-' more stable than H3NSiNH; at the CISD + 
QC/6-3 1 G" "' level. 

The PT product SiNH3 has two equilibrium 
structures, HSiNH? and H2SiNH. They both have 
C, planar structyres, whose Si-N bond lengths are 
1.706 and 1.573 A, respectively. HSiNH2 is 17.8 kcal 
mol-' more stable than H2SiNH at the CISD + QC/ 
6-31G"" level (Table 2). These are in excellent 
agreement with the previous result reported by 
Truong and Gordon [7] thato the HF/6-31G"' bond 
lengths are 1.708 and 1.576 A, respectively, and the 
energy difference calculated at MP4/6-3 1 1 G"" is 
17.9 kcal mol-'. 

The ET product HzSiNH2 has a C, bending 
structyre (Figure ll), whose SiN bond length of 
1.729 A is distinctly longer than that of 1.634 A in 
HzSiNHr. An electron attached to H2SiNH; leads 
to H2SiNH2. A s  shown in Table 2,  the adiabatic 
electron affinity of H2SiNH,' is 6.27 eV at the CISD 
+ QC/6-31G"" level. Thus, H2SiNH; can act as an 
electron acceptor to form the CT complex with NH3 
similar to SiH,'. This will be discussed later. 

The HA product H3SiNHT was optimized as a 
C, structure in Figure l(m). H3SiNHi has a small 
imaginary frequency of 26i cm-' , which corre- 
sponds to internal rotation. We have failed in re- 
moving the imaginary frequency because of the very 
flat nature of the potential energy surface of 
H3SiNH2. H3SiNH5 has the longer SiN single bond 
of 1.913 A than that of 1.724 A in H3SiNH2. This 
means that an electron detachment causes the in- 
ternal rotation barrier to be lower, because the SiN 
bond is weakened. Table 2 shows that H3SiNH,' is 
204.4 kcal mol-' (8.87 eV) higher in energy than 
H3SiNH2 at the CISD + QC/6-31G"" level. This en- 
ergy difference corresponds to the adiabatic ioni- 
zation potential of H3SiNH2. 

The relative energies for the reactions between 
H2SiNHl and NH3 in Table 2 are not sensitive to 
the basis set but are sensitive to the correlation ef- 
fects. This is similar to the situation of the reac- 
tions between SiH,' and NH3 [l]. In particular, the 
correlation effects are quite large for the ET, HA, 
and HT processes. Since the ET, HA, and HT pro- 
cesses have high endothermicities at any levels of 
calculations (73.6, 72.4, and 145.1 kcal mol-', re- 
spectively, at the CISD f QC/6-31G"" level), they 
are negligible under thermodynamic consider- 
ations. The PT processes have relatively small en- 
dothermicities (2.1 and 19.9 kcal mol-'). The PT 
processes may also be negligible. These are in ac- 
cord with Haller's experimental result for the re- 
action between SiH4N' and NH3 that the ET, HA, 
HT, and PT processes were not detected [2]. On the 
other hand, the EA processes have exothermicities 
of 25.3 and 28.6 kcal mol-'. 

Thus, in order to completely interpret the un- 
reactivity of H2SiNH; toward NH3, the detailed re- 
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FIGURE 1 HF/6-31G* optimized structures: (a) (H3N. SiH,NH,)' (CJ, (b) TSI (C!), (c) H,NSiNH,' (Cs), (d) TS2 (C,), (e) 
H,NSiHNH; (C2J, (f) (H3N. HSiHNH,)+ (Cs), (9) TS3 (Cs), (h) (H3NH. SiHNH,)+ (Cs), (i) (H3N. HNHSiH,)+ (CJ, (i) TS4 (CJ, 
(k) (H3NH. NHSIH,)' (CJ, (I)  HpSiNH2 (Cs), (m) H,SiNH; (C& and (n) TS5 (C2J. Bond lengths are in angstroms. Arrows 
in transition state structures show the eigenvector associated with the imaginary frequency. 
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TABLE 1 Total Energies and Zero-Point Energies (ZPEs)" 
~~~ ~~~~~~~~ 

Species HF/6-31G* HF/6-31G** MP2/6-31G8* MP3/6-31G** CISD i- QC/6-3IG" ZPE 

HZb 

NH;~ 

NH; 
NH2' 

NH? 
NH,' 
HSiNH2 
H2SiNH 
H2SiNHib 
H2SiNH2 
H3SiNH; 
H3SiNH2 
H,NSiNH,' 
H,NSiHNH; 
(H3N. SiH,NH2)' 
(H3N. HSiHNHJ 
(H3NH. SiHNH2)- 
(H3N. HNHSiH2)' 
(H3NH NHSiH,)' 
TS 1 
TS2 
TS3 
TS4 
TS5 

- 1.12683 
-55.12729 
-55.55770 
-55.87324 
- 56.1 8436 
- 56.53077 

-345.08768 
-345.051 17 
-345.43914 
-345.66304 
- 345.99361 
-346.28394 
-400.521 53 
-400.53378 
-401.71 702 
-401.641 65 
-401.6461 5 
-401.65258 
-401.63524 
-401.56779 
-401.59328 
-401.62729 
-401.63440 
-401.65482 

- 1.131 33 
-55.13507 
-55.56482 
-55.88489 
-56.19553 
- 56.54552 

-345.09701 
-345.05877 
-345.45085 
- 345.674 1 3 
-346.00561 
-346.29647 
- 400.54000 
-400.55236 
-401.73904 
-401.66456 
-401.67054 
-401.67509 
-401.65834 
-401.59790 
-401.62346 
-401.65149 
-401.65858 
-401.67988 

- 1.1 5765 
-55.25788 
- 55.70971 
-56.02863 
-56.38295 
- 56.73340 

-345.35355 
-345.32739 
- 345.70552 
-345.93146 
-346.23786 
-346.57244 
-400.96919 
-400.97541 
-402.1 8484 
- 402.1 0964 
- 402.1 1 834 
-402.1 2401 
-402.1 1729 
-402.06455 
-402.08546 
-402.1 0677 
-402.1 1936 
-402.14026 

- 1.1 631 4 
-55.27755 
-55.72540 
-56.0451 7 
- 56.39576 
- 56.74790 

-345.37383 
- 345.34023 
-345.72494 
- 345.95303 
-346.26883 
-346.59745 
-400.99665 
-400.99885 
-402.21638 
-402.1 41 34 
-402.15164 
-402.1 5460 
- 402.1 441 0 
-402.09656 
-402.11335 
-402.1 3706 
-402.1 4593 
-402.1 6834 

-1.16511 
-55.28662 
-55.72914 
- 56.04922 
-56.39870 
- 56.75 1 01 

-345.381 81 
- 345.34991 
- 345.73230 
- 345.96024 
-346.27768 
-346.60443 
- 40 1 ,00447 
-401.00593 
- 402.22397 
-402.1 4990 
-402.15990 
-402.16332 
-402.15370 
-402.10488 
-402.12133 
-402.14542 
-402.15530 
-402.17637 

5.91 
11 .oo 

11.49 
19.55 
20.67 
29.76 
20.07 
17.78 
25.88 
24.33 
29.49 
30.09 
39.59 
37.1 9 
50.31 
47.88 
51.15 
48.51 
48.48 
48.1 6 
46.13 
47.23 
46.35 
47.68 

"At the HF/6-31G' optimized geometries; total energies In au and ZPEs in kcal mol-' ZPEs were scaled by 0.89. 
'Data are taken from Ref. 111 

action pathways for the EA, PT, and AE processes 
are examined: 

H,SiNH; + NH3 + (H3N. SiH2NH2)- 

+ TS1+ H,NSiNHi + H2 (7) 
H,SiNHi + NH3 -+ (H3N. SiH,NH,)' 

-+ TS2 + H,NSiHNH; + H, 

H,SiNH; + NH3 + (H3N. HSiHNHJ' + TS3 
(8) 

-+ (H3NH. SIHNH,)' 

+ HSiNH, + NH,' (9) 
H,SiNH: + NH3 - (H3N. HNHSiH,)' 

--.$ TS4 + (H3NH * NHSiH2)' 

+ H,SiNH + NH,' (10) 
H,SiNH,' + NH3 + (H3N * SiH,NH,)' 
+ TS5 +. (H2NSiH2. NH3)' 
+ NH3 + H,NSiH,' (1  1) 

For the E A  and AE processes, reactions 7, 8, 
and 11, the interaction of Si of H,SiNH,' with NH3 
initially leads to an ion-molecule complex 
(H3N. SiH2NH2)'. The optimized structure is dis- 
played in Figure l(a). The (H3N. SiH,NH,)' com- 
plex has the high interaction energy of -54.6 kcal 

mol-' at the CISD + QC/6-31G*" level. Analogous 
to (H3Si. NH3)- [l], which is an ion-molecule com- 
plex between SiH; and NH,, the high complexa- 
tion energy of (H3N. SiH2NH2)' is ascribed to a 
charge-transfer interaction between the LUMO of 
H,SiNHf and the HOMO of NH3. H2SiNH,' can 
act as an electron acceptor, as discussed above, 
and NH3 as an electron donor. It is worthwhile to 
note here that the complexation energy of 
(H3N. SiH2NH,)' is smaller than that of 
(H3Si 1 NH3)' (76.5 kcal mol-' [ 11); in addition, the 
transferred electron density of 0.319e from NH3 to 
H,SiNH,' in the (H3N.SiH,NH,)' complex is 
smaller than that of 0.344e from NH3 to SiH; in 
(H3Si. NH3)' El]. These results can be explained by 
the electron-donative effect of the NH, group as 
follows. Although the p-T orbital on silicon in 
H2SiNH2' seems formally empty because of its 
atomic charge on silicon (+ 1.015), 0.272e occupy 
the p orbital on silicon perpendicular to the mo- 
lecular plane. This situation is quite different from 
SiHf in that the p orbital on silicon perpendicular 
to the SiHf plane is really empty. It is clear that 
H,SiNH,' is stabilized by back-donation from the 
electron lone-pair of NH2 to the p-T orbital on sil- 
icon. This is further confirmed by the LUMO of 
H,SiNH,' (-4.60 ev) being higher in energy than 
that of SiH; (-6.67 eV). As a result, H,SiNH: is a 
weaker electron acceptor than SiH;. 
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TABLE 2 Relative Energies (kcal mol-')a 
~~ 

Reactions HF/6-31G* HF/6-31G" MP2/6-31G** MP3/6-31G** ClSD + QC/6-31G*' 

H,SiNH; T NH3 
--$ H,NSiNH; - H2 
.-+ H,NSiHNH; t Hz 
-+ HSiNH2 t NHi  
-+ H2SiNH + NHi  
-+ HzSiNHz + NH; 
-+ H,SiNH; - NH2 
-+ H3SiNHz + NH; 
+ (H3N. SiH2NH2)- 
---f (H3N. HSiHNH,)' 
-+ (H3NH. SiHNH,)- 
-+ (H3N. HNHSiHz)' 
--$ (H3NH. NHSiH2)- 
-+ TS1 
-+ TS2 
-+ TS3 
-+ TS4 
-+ TS5 
H,SiNH; - e 
-+ H2SiNH$ 

H3SiNH2 - H3SiNH; - eb 

0 
- 16.64 
-26.74 

6.45 
27.07 
52.06 
39.72 

127.74 
-54.93 
- 10.06 
-9.62 
- 16.29 
-5.44 
36.57 
18.54 
- 1.70 
-7.04 
- 18.53 

0 
- 142.05 

( - 6.1 6) 
0 

181.58 
(7.87) 

0 
-16.70 
-26.86 

5.69 
27.40 
52.1 5 
42.08 

129.36 
-54.39 
- 10.08 
- 10.56 
- 16.06 
-5.58 
32.03 
13.96 
-2.53 
-7.86 
- 19.89 

0 
-141.66 

(- 6.1 4) 
0 

181.91 
(7.89) 

0 
-25.12 
-31.43 

4.23 
18.36 
77.89 
82.84 

156.53 
-56.71 
-11.96 
-14.15 
-20.35 
-16.16 

16.62 
1.46 

- 10.80 
- 19.59 
-31.37 

0 
- 143.33 

(-6.22) 
0 

209.34 
(9.08) 

0 
-25.57 
-29.36 

2.63 
21.43 
74.20 
73.79 

148.72 
-56.28 
-11.62 
- 14.82 
- 19.32 
- 12.76 

16.76 
4.19 

-9.59 
- 16.03 
-28.77 

0 
- 144.68 

(-6.27) 
0 

205.60 
(8.92) 

"Calculated using the HF/6-31 G' Optimized geometries Energies including ZPE corrections 
'Data in parentheses are given in eV 

0 
-25.25 
-28.58 

2.14 
19.87 
73.60 
72.35 

145.11 
-54.58 
- 10.53 
-13.54 
- 18.32 
-12.32 

18.00 
5.64 

-8.37 
- 15.45 
-27.34 

0 
- 144.58 

(-6.27) 
0 

204.43 
(8.87) 

The transition states (TS1 and TS2) of the EA, 
Reactions 7 and 8, are shown in Figures l b  and Id. 
The transition vectors, associated with imaginary 
frequencies of 18852' and 1787i cm-I, correspond 
to the 1.1- and 1.2-H, eliminations from 
(H3N . SiH2NH,)-, respectively. Table 2 indicates 
that Reactions 7 and 8 have barriers of 18.0 and 
5.6 kcal mol-', respectively, at the CISD + QC/6- 
31G""' level. Therefore, the EA processes are un- 
favorable. This is the reason why the EA is not de- 
tected experimentally [2]. However, the activation 
energy of Reaction 8 is relatively small. Although 
the reaction is too slow to be detected in the gas 
phase, it may contribute to surface reactions. Since 
Table 2 reveals that correlation effects are large for 
the activation barriers, more sophisticated meth- 
ods, e.g., MP2(fu11)/6-31G" for geometry optimi- 
zation, may have used to evaluate the barriers more 
accurately . 

In order to predict further reactivity of the EA 
product H,NSiHNH;, the LUMO of H,NSiHNH,' 
is compared with that of H,SiNH;. The LUMO of 
H,NSiHNHT (-2.68 eV) is higher in energy than 
that of H,SiNH; (-4.60 eV). The p-7r orbital on sil- 
icon in H2NSiHNH; is occupied by 0.383e, which 
is larger than that in H,SiNH:. This leads to the 
prediction that H2NSiHNH; will be less reactive 
toward NH, than H,SiNH;. 

For the PT processes, Reactions 9 and 10, 
reactant complexes, (H3N. HSiHNH,)* and 
(H3N. HNHSiH,)', and product complexes, 
(H3NH . SiHNH,)- and (H,NH. NHSiH,)', were 
considered. The optimized structures are dis- 
played in Figures I f ,  l i ,  lh ,  and lk, respectively. 
The transition states (TS3 and TS4) of the PT are 
shown in Figures lg and lj.  Both the transition 
vectors, associated with imaginary frequencies of 
1353i cm-' and 940i cm-*, correspond to the pro- 
ton transfers. Table 2 shows that they do not have 
activation barriers (negative activation energies are 
-8.4 and -15.5 kcal mol-', respectively, at the CISD 
+ QC/6-31G"* level). 

The transition state (TS5) of the AE, Reaction 
11, is shown in Figure In. The transition vector, 
associated with an imaginary frequency of 18361' 
cm-I, corresponds to the AE process. The AE is fa- 
vorable because of its negative activation energy 
of -27.3 kcal mol-' at the CISD + QC/6-31G"" 
level, as shown in Table 2. 

CONCLUSION 
In this article, the reaction pathways between 
H,SiNH,' and NH3 were studied theoretically in 
order to attempt to understand the apparent un- 
reactivity of HzSiNHl toward NH3. Figure 2 sum- 
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FIGURE 2 Energetics (kcal 
mot-') of ion-molecule reactions 
between H,SiNH; and NH3. 

H3SiNH2 + NH2+ ( 145.1 ) 
7 

: H2SiNH2 + NH3+ (73.6) 

, i I,= H SiNH2+ + NH2 (72.4) 
: I  
; , !  
e l !  

: I  ; l !  
: ;  
: :  

, I  

' I  

0 ,  ' ,  

marizes the potential energy profile for the ion- 
molecule reaction between H,SiNH: and NH3 
calculated at the CISD + QC/6-31G""//HF/6-31G" 
corrected with ZPEs. 

The PT, HA, ET, and HT processes are ther- 
modynamically unfavorable. The EA processes, in 
spite of their exothermicities, are also unfavorable, 
because they have activation barriers. The AE pro- 
cess is most likely to occur among the reactions 
between H,SiNH,' and NH3, because the EA has no 
activation barrier. Therefore, H,SiNH,' indicates 
apparent unreactivity toward NH3. This agrees well 
with the experimental result reported by Haller [2] 
that SiH4N+ apparently does not react with NH3. 
This apparent unreactivity could be confirmed by 
a further experiment on the reaction between 
H2SiNH2- and ND3 by using mass spectrometry. 
H,SiND,' should be found as a product. 

Consequently, it seems that one can conclude 
that H,SiNH; contributes little to further Si-N 
chain propagation in the PECVD of silicon nitride. 
However, it should be noted that, in the SiH4-NH3 
plasma, H,SiNH,' is produced by the reactions be- 
tween SiH: (x  = 1-3) and NH3 [ 2 ] .  For example, 
the EA reaction between SiH: and NH3 leading to 
H,SiNH; is highly exothermic (42 kcal mol-') [ll .  
Therefore, taking into account the reactions lead- 
ing to H,SiNH;, the EA process between 
H2SiNH; and NH3, as well as the PT, may occur 
and contribute to the Si-N chain propagation. 
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