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The primary dissociation channels of SiH4 were investigated using computational 

chemistry. The results showed the very similar properties to those of CH4. The main 

dissociation product was SiH2 and the second dissociation product was SiH3. SiH was 

produced through SiH3 to SiH+H2 dissociation by electronic excitation. H abstraction 

reactions by H and SiH3 were also calculated for SiH4, Si2H6, Si3H8 and Si9H14 

(100) cluster model. The energy barriers of H abstraction reactions were lower 

than those of SiH3 abstraction reactions. This means considerably important 

for deposition in SiH4/H2 process plasma.  
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1. Introduction 

 To understand gaseous reactions in molecules such as CH4, CF4, SiH4, and SiF4, 

dissociation channels are substantially important to investigate, therefore many researchers 

have discussed for a long time. These molecules have Td symmetrical structure, and are 

typical examples of symmetrical nonlinear molecules affected by the Jahn-Teller effect. 

CF4 and SiF4 are little affected by the strong Jahn-Teller effect,
1-3)

 however CH4 and SiH4 

are strongly affected by the Jahn-Teller effect. Indeed, the vacuum ultraviolet 

photochemistry of CH4 and the product channel fields were discussed by Wang et al.
4)

, in 

which the quantum yields of distinct product channels were estimated as CH3+H (0.291), 

CH2+H2 (0.584), CH2+2H (0.055), and CH+H2+H (0.07). Exploring potential energy 

surfaces for photo-dissociation of CH4 was reported using ab initio studies 

(multi-configuration self-consistent field method with augmented configuration consistent 

polarized valence triple-zeta basis set; MCSCF/aug-cc-pVTZ),
5)

 and multi-configuration 

time-dependent Hartree (MCTDH) approach.
6)

 The results support the conclusions of 

Wang et al. Vacuum ultraviolet spectrum and photochemistry of SiH4 were reported by 

many researchers.
7-9)

 Velasco et al.
7)

 studies the electronic spectrum of SiH4 and 

Jahn-Teller Rydberg series, in which the deformed structures of the C2v, Cs, and C3v 

symmetry were examined to assign the VUV spectrum, using linear Response Coupled 

Cluster Single and Double method (CCSDR), molecular-adapted quantum defect orbital 

(MQDO) approach. Perkins et al.
8)

 inferred for the 147 nm photolysis of SiH4 that main 

dissociation paths were (a) SiH4 to SiH2 + 2H (83%) and (b) SiH4 to SiH3 +H (13%), 

whereas the dissociation path of SiH4 to SiH2 + H2 was completely ruled out, because the 

quantum yields for the decomposition of SiH4 was estimated at approximately 4 (4SiH4 

molecules decomposition per one photon). In view of plasma process, Doughty and 

Gallagher
9)

 considered causes of SiH4 dissociation in silane dc discharges, using mass 

spectrometry, and emission intensity profiles of SiH
*
 and H

*
 (653 nm) were very similar, 

so that the dissociation of SiH4 to SiH
*
 + H2 + H

*
 was inferred in the dc discharge plasma. 

However, they concluded that principal dissociation pathway appeared to be SiH2 + 2H, 

based on the results of Perkins et al.
8)

 Doyle et al.
10)

 also concluded the inferred 

dissociation fragmentation was 0.83 to SiH2 +2H and 0.17 to SiH3 + H, based on a kinetic 

modeling of their system and on the 147-nm (8.4-eV) photo-dissociation experiments of 

Perkins et al.
8)

 Tsuda, et al,
11)

 studied the primary process in the plasma-chemical and 

photochemical vapor deposition from silane, using RHF/3-21G+(*) and 6-21G+(*) to 

estimate the production root of radiative species Si* (
1
P

o
). Though these reports have been 



Preprint of JJAP Regular Papers (Jan. 2014) 55, 7, 07LD07 

3 

presented, the primary dissociation channels of SiH4 in the process plasma are still 

ambiguous. 

  The most abundant radical is SiH3 in the SiH4 containing plasma, in view of published 

data obtained by many measurement methods; mass spectrometric measurements,
12-15)

 

optical emission spectroscopy,
13,16-18)

 laser induced florescence spectroscopy10,
19-21)

 

infrared diode laser absorption spectroscopy,
22-24)

 cavity ring down spectroscopy.
25,26)

 

However, as aforementioned, it was pointed out that the main dissociation product was 

SiH2+2H, based on the results of Xe photolysis of SiH4 by Perkins et al.
8)

 Therefore, the 

main dissociation product channels of SiH2 and SiH3 have still been controversy. 

  H abstraction reaction is also controversy for a-Si and c-Si deposition process. In 

general, SiH3 is also thought to be the main reactant to abstract H atom from the 

hydrogenated Si surface, because of the most abundant radicals and the low reactivity with 

the other SiHx molecules in the plasma.
9,
 
24)

 

 

2. Calculation methods 

We used electron of motion coupled cluster single and double method (EOMCCSD) 

with augmented correlation consistent polarized valence double or triple zeta basis set 

(aug-cc-pVXZ (X=D or T)) to clarify the observed VUV spectrum, employing the 

deformed structures with C2v, C3v, and Cs symmetry, and the potential surfaces along the 

deformed structures were calculated to clarify the primary dissociation channels of SiH4. 

We also calculated reaction potentials of H and SiH3 with SiH4, Si2H6, Si3H8 and Si9H14 

(100) cluster model, using density functional method (DFT) to clarify the H abstraction 

reaction, using Gaussian09 program.
27)

 

        

3. Results and discussion 

3.1 Primary dissociation channels of SiH4 

Figure 1 shows the observed vacuum ultra-violet (VUV) spectrum of SiH4 reported by 

Cooper et al.
28)

 it can be seen from this figure that the assignment of the electron transition is 

very difficult and the excited states are affected by the strong Jahn-Teller effect. The 

assignment for the VUV spectrum has been examined by many researchers.
7, 29-33)

 Velasco 

et al.
7)

 performed to provide data necessary for a better understanding of the electronic 

spectrum of SiH4, by selecting an adequate distorted C2v geometry and using ab initio and 

density functional methods. The three lower Koopmans ionization potentials were 

evaluated and vertical excitation energies for the different Rydberg series converging to the 
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three Jahn-Teller components were inferred. However, the dissociation channels were not 

fully discussed. 

 Therefore, we calculated to clarify the dissociation channels of SiH4 using the 

EOMCCSD/aug-cc-pVXZ (X=D or T). First, supposing the deformed structures to 

represent the observed VUV spectrum, we employed the deformed structures with the 

symmetry of C3v, C2v, and Cs shown in Fig.2. Figure 3 shows the calculated VUV spectrum 

composed of a C2v deformed structure along wagging mode (a) (60%), a C2v one along 

stretching mode (b) (10%), a C3v one along Si-H stretching mode (c) (25%), and a Cs one 

along H-Si-H wagging mode (d) (5%). Assuming the transition probability to triplet excited 

states on the lower spectrum side depicted by the dashed line, the observed VUV spectrum 

seems to be almost represented.  

 

 

Fig. 1. Observed VUV spetrum
28)

 

 

 

Fig. 2 Employed deformed structures to calculate VUV spectrum. 

 

It can be seen from the Fig. 3 that the deformed structure along C2v wagging mode is very 
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important to represent the observed VUV spectrum. If the contribution of this transition is 

lower than 60%, then the monotonously increasing spectrum from the onset to 11 eV 

cannot be represented. Therefore, the excitation probability at this deformed structure 

affected by strong Jahn-Teller effect may be 60% or more. This result may consistent with 

the prediction by Velasco et al.
7)

 

 

C2v(wagging) 60% + C2v(stretching) 10% + C3v(stretching) 25% + Cs (stretching) 5%,   

C2v (wagging),     C2v (stretching),      C3v (stretching),      Cs (stretching) 

Fig. 3 Calculated VUV spectrum of SiH4, using the deformed structures shown in Fig.2. 

The dashed line shows the supposed transition probability to the triplet excited states. The 

higher energy levels than 10.5 eV were not calculated here. The solid line shows the sum 

of the calculated VUV spectral intensities along the deformed structures depicted in Fig. 2. 
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Fig. 4 The calculated potential surfaces for the excited states along (a) C2v wagging mode, 

(b) C2v stretching mode, (c) C3v stretching mode of SiH4, and (d) D3h to C2v wagging mode 

of SiH3 radical. 

 

Figure 4 shows the potential curves for the excited states along the C2v wagging mode 

(a), C2v stretching mode (b), C3v stretching mode (c) of SiH4, and C2v wagging mode of 
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SiH3 radical (d) calculated using EOMCCSD/aug-cc-pVDZ as a function of H-Si-H angle 

and Si-H bond length, respectively. The transition energies to low lying excited state were 

also calculated by EOMCCSD/aug-cc-pVTZ, and it was confirmed the same transition 

energies were obtained. The higher transition energies than 11 eV were not shown here, 

because the higher transition states than 11 eV are not precisely represented without higher 

Rydberg orbitals and also the dissociative properties in the low lying excited states is very 

important in view of electron energy distribution function of the process plasma. The 

vertical lines in these figures are the excitation points with the deformed structures 

depicted in Fig. 2. Comparing these figures, the lowest singlet and triplet excited states 

along the C2v wagging mode are monotonously dissociative, so SiH4 preferentially 

dissociates as excitation to these states takes place by electron collisions in the process 

plasma. In the case of the excitation along the C3v stretching mode, the lowest triplet state 

is preferably dissociative, so the excitation to this state takes place that SiH4 dissociates to 

SiH3 + H. This result is consistent with that obtained Xe photolysis of SiH4 reported by 

Perkins et al.
8)

 and Nomura et al.
23)

 Excitation probability to singlet states is larger than 

those to triplet states and the dissociative tendency is depend on the gradient of the excited 

state potential surface. Therefore, the potential surfaces for the excited states along these 

deformed structures show the very similar dissociation properties to those of CH4; the 

product channels are supposed as the order of SiH2+H2 > SiH3+H > SiH2+2H. This result 

is inconsistent with the inferences of Doughty and Gallagher 
9)

 and Doyle et al.
10)

 However, 

it can be seen from Fig. (4) (b) that the dissociation path of SiH2 +2H is hard to take place 

via the lowest singlet state. Therefore, our results for the dissociation tendency seem to be 

more realistic. Furthermore, this product channels are not proportional to the observed 

radical densities in the SiH4 plasma,
9,24)

 in which SiH3 is the most abundant radical and the 

density of SiH2 is very low. This is due to the high reaction probability of SiH2 + SiH4 to 

Si2H6,
34)

 as pointed out by earlier research results. SiH radical may be produced by one or 

two step reaction, produced via the lowest excited states of SiH3 along H-Si-H waging 

vibrational mode, as denoted in Fig. 4 (c) and (d). Under the low pressure condition in 

which three body reaction does not take place, excited SiH3 (D3h) radical is produced on 

the dissociation pathway and then dissociates to SiH + H2 reaction in one step reaction. If 

the energy quenching takes place through three body reaction under the high pressure 

condition, two step reactions may take place.  

3.2 Reactions in the gas phase and on the surface 

Figure 5 shows reaction potentials of SiH4 + SiH2 (a) and Si2H6 + SiH2 (b) calculated 
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using B3LYP/6-311+G(d,p). These reaction potentials are consistent with the suggestion 

from the measured radical density in which the density of SiH2 is lower than that of 

SiH3.
24)

  

 

Fig. 5 Reaction potentials of SiH4 + SiH2 to Si2H6 (a) and Si2H6 + SiH2 to Si3H8 (b). 

 

On the other hand, H abstraction reaction in the gas phase and on the surface is a little 

controversy. In general, it is believed that H abstraction reaction is mainly caused by SiH3  

radical, not H atom. Figure 6 is the reaction potential of SiH4 + H (a), Si2H6 + H (b), and 

Si3H8 + H (c). In the case of SiH4 + H reaction, the activation energy of the reaction is 

calculated as 0.11 eV by B3LYP/6-311+G(d,p), which gives generally lower energy than 

the experimental value.
35)

 Arrhenius parameters for the reaction of H atoms and SiH4 were 

reported by Arthur and Miles,
36)

 in which the Arrhenius rate expression was presented with 

the activation energy of 0.16 eV. However, the activation energies of Si2H6 + H and Si3H8 

+ H are almost nothing in our DFT calculations.  
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Figure 6 Calculated reaction potentials for SiH4 + H to SiH3 + H2 (a), Si2H6 + H to Si2H5 + 

H2 (b), Si3H8 + H to Si3H7 + H2 (c), and Si3H8 + SiH3 to Si3H7 + SiH4 (d), using 

B3LYP/6-311+G(d,p). 

 

On the other hand, the activation energy of Si3H8 + SiH3 reaction is calculated as 0.272 eV 

by B3LYP/6-311+G(d,p), shown in Fig. 6 (d). The calculated basis set super position error 

(BSSE) is 0.014 eV (B3LYP/6-311+G(d,p)) and 0.06 eV (EOMCCSD/aug-cc-pVDZ) at 

the transient point. Therefore, the activation energy for this reaction may be approximately 

0.33-0.35 eV at the transient point. In the process plasma, thermally activated H atoms 

over 0.2eV may be produced by electron excitation dissociations of SiH4 and H2, and H2 

and SiH4 are also thermally activated around the heated substrate. Therefore, the H 

abstraction reaction from SiH4, Si2H6 by H atoms in the gas phase could not be ignored.  

Figure 7 shows the potential curves of H abstraction reactions calculated using 

B3LYP/6-311+G(d,p) and Si9H14 (100) cluster model. The H abstraction reaction by H 

atom does not show the potential barrier (Fig. 8 (a)), however, the H abstraction by SiH3 

radical shows the small potential barrier of 0.1 eV. As mentioned above, the activation 

energy calculated using B3LYP method and without BSSE correction is generally lower 

than the experimental value. Bakos et al. reported the activation energy of approximately 

0.4 eV using Si9H14 (100) cluster model and density functional method.
37)
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Fig. 7 Reaction potentials for Si9H14 (100) + H to Si9H13 + H2 and Si9H14(100) + SiH3 to 

Si9H13 + SiH4, calculated using B3LYP/6-311+G(d,p). 

 

This means the abstraction reaction of H atoms on a-Si is hardly caused by SiH3 radical, 

and preferably caused by H atoms on the low temperature substrate in SiH4/H2 process 

plasma, and also means SiH3 radical is less reactive and therefore has the long life time. 

The potential barrier of insertion reaction of H atom to -Si-Si- bond is also very low. For 

example, the activation energy of Si3H8 + H to Si2H5 + SiH4 reaction is approximately 0.15 

eV, reported by Varma et al.
38)

 These results mean that H atom is very reactive to cause H 

abstract reaction and insertion reaction to -Si-Si- bond in the SiH4/H2 process plasma. On 

the other hand, SiH3 is less reactive, compared with H atom for the H abstract reaction. 

However, H abstract reaction by SiH3 may take place on the heated substrate and under the 

H depleted process condition, because of the relatively low activation energy. Under the 

appropriately balanced condition of H abstract reaction and H insertion reaction, SiH3 acts 

as the film precursor leading to -crystalline film growth.
39)

  

Figure 8 shows the potential surfaces for negative and positive ions of SiH4 as a function 

of Si-H bond distance, along SiH4
+
 (C3v) to SiH3

+
(D3h) + H and SiH4

+
 (Cs) to SiH2

+
(C2v) + 

H2 deformation. The potential surfaces of the ground state, negative ion state, and vertical 

positive ion state were calculated as a function of Si-H bond distance along the SiH4 (Td) to 

SiH3 (C3v) + H deformation, using EOMCCSD/aug-cc-pVDZ. The observed appearance 

energy of SiH2
+
 and SiH3

+
 is 11.5-11.6 eV and 11.9-12.0 eV, respectively.

40,41)
 Therefore, 

SiH2
+
 ion is preferably produced in the threshold energy region. However, ionization cross 

sections of both ions are almost the same in the higher energy region.
15)

 The structure of 

SiH4
+
 ion at the vertical ionization region was hard to optimize. This may be due to the 

Jahn-Teller effect for the ionized state.
42, 43)

 The vertical dashed line in Fig. 8 denotes the 
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assumed ionization position deformed along SiH4
+
 (C3v) to SiH3

+
(D3h) + H (shown by the 

molecular structures at upper site) and SiH4
+
 (Cs) to SiH2

+
(C2v) + H2 (shown by the 

molecular structures at lower site). The negative ion does not show dissociative properties 

at the low lying vertical electron attachment region. If the fragmented negative ions are 

observed, the higher excited (Rydberg) states may contribute as ion pair formations.
44)

 

 

Fig. 8 Potential surfaces for negative and positive ions of SiH4 as a function of Si-H bond 

distance, along SiH4
+
 (C3v) to SiH3

+
(D3h) + H and SiH4

+
 (Cs) to SiH2

+
(C2v) + H2 

deformation, obtained using EOMCCSD/aug-cc-pVDZ. 

 

4. Conclusions 

  The primary dissociation channels of SiH4 were investigated using computational 

chemistry (EOMCCSD/aug-cc-pVDZ and B3LYP/6-311+G(d,p). SiH4 molecule is a 

typical example of symmetrical nonlinear molecules affected by the Jahn-Teller effect. 

Therefore, the deformed structures were estimated to represent the observed VUV 

spectrum, and then the potential surfaces for the excited states were calculated along the 

deformed structures to clarify the product channels. The results showed the very similar 

properties to those of CH4. The main dissociation product was SiH2 and the second 

dissociation product was SiH3. SiH was produced through SiH3 to SiH+H2 dissociation by 

electronic excitation. 

  This result is inconsistent with the observed radical density. Therefore, reaction 

potentials of SiH2 with SiH4 and Si2H6 were calculated using density functional method 

(B3LYP/6-311+G(d,p)), and it was clarified that the exothermic reactions took place 

(eV) 

Vertical ionization potential 



Preprint of JJAP Regular Papers (Jan. 2014) 55, 7, 07LD07 

12 

without activation energy; the high reaction probability of SiH2 with SiH4 and Si2H6 and 

the low reaction probability of SiH3 radical were confirmed. This is the reason for the 

inconsistency.  

  H abstraction reactions in the gas phase and on the surface were also examined using 

DFT method. The results showed the abstraction reaction of H atoms in the gas phase and 

on the surface is hardly caused by SiH3 radical, and preferably caused by H atom on the 

low temperature substrate in SiH4/H2 process plasma, and also showed SiH3 radical is less 

reactive and therefore has the long life time. Therefore, it is concluded that the H 

abstraction reaction by H atom cannot be ignored.  

  Ionization process of SiH4 is also a matter of argument. The calculated results obtained 

using EOMCCSD/aug-cc-pVDZ showed that SiH2
+
 ion was preferably produced rather 

than SiH3
+
 ion in the threshold energy region. This is caused by Jahn-Teller effect of SiH4

+
 

ion. 
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Figure Captions 

Fig. 1. Observed VUV spetrum
28)

 

Fig. 2. (Color online) Employed deformed structures to calculate VUV spectrum. The 

percent values mean the contribution rate of spectral intensities to represent the observed 

VUV spectrum. 

Fig. 3. (Color online) Calculated VUV spectrum of SiH4, using the deformed structures 

shown in Fig.2. The dashed line shows the supposed transition probability to the triplet 

excited states. The higher energy levels than 10.5 eV were not calculated here. The solid 

line shows the sum of the calculated VUV spectral intensities along the deformed 

structures depicted in Fig. 2. 

Fig. 4. (Color online) The calculated potential surfaces for the excited states 

along (a) C2v wagging mode, (b) C2v stretching mode, (c) C3v stretching mode of 

SiH4, and (d) D3h to C2v wagging mode of SiH3 radical. 

Fig. 5. Reaction potentials of (a) SiH4 + SiH2 to Si2H6 and (b) Si2H6 + SiH2 to Si3H8. 

Fig. 6. Calculated reaction potentials for (a) SiH4 + H to SiH3 + H2, (b) Si2H6 + H to Si2H5 

+ H2, (c) Si3H8 + H to Si3H7 + H2, and (d) Si3H8 + SiH3 to Si3H7 + SiH4, using 

B3LYP/6-311+G’d,p). 

Fig. 7. Reaction potentials for Si9H14 (100) + H to Si9H13(100)+ H2 and Si9H14(100) + SiH3 

to Si9H13(100) + SiH4, calculated using B3LYP/6-311+G(d,p). 

Fig. 8. (Color online) Potential surfaces for negative and positive ions of SiH4 as a function 

of Si-H bond distance, along SiH4
+
 (C3v) to SiH3

+
(D3h) + H and SiH4

+
 (Cs) to SiH2

+
(C2v) + 

H2 deformation, obtained using EOMCCSD/aug-cc-pVDZ. 

 


