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Molecular dynamics simulations with semiempirical quantum chemistry have been used to investigate the
reaction dynamics of ground-state silicon ions with molecular hydrogen for translational impact energies
between 0.5 and 10 eV. The validity of the employed PM3 method is demonstrated in comparison to high-
level ab initio CCSD(T) calculations. Reaction cross sections for both SiH+(ν,J) formation and complete
dissociation are determined for different initial vibrational and rotational excitation states of the H2(ν0,J0)
molecules. Heating the commonly used room temperature hydrogen plasma to a maximum possible
experimental value of 1000 K only results in a very modest increase of the reactive cross section for SiH+

production by about 25%. The use of selective laser excitation of the reactants, however, permits us to increase
the reactivity drastically. In this latter case, initial rotational laser excitation enhances the reactivity of our
system as much as vibrational excitation, illustrating that only the amount of the initial excitation and not its
precise nature influences the reaction dynamics. Furthermore, we show how the initial vibrational, rotational,
and translational energies of the H2 reactants control the final energy distributions of the SiH+ products. The
mechanisms leading to the observed reaction dynamics are discussed.

1. Introduction

The reaction dynamics of even small systems can be quite
complicated because of numerous competing reaction paths.1

Therefore, understanding how changes of the initial conditions
affect the reaction dynamics and the product energy distributions
has become an important question in physical chemistry. A
variety of reactions has been investigated for this reason: either
with various impact energies2,3 or with initial electronic excita-
tion of the reactants.4,5

In the present study, we focus on the reaction dynamics of
molecular hydrogen H2(ν0,J0) with silicon ions Si+(2P) to form
SiH+(ν,J) or to dissociate completely. This reaction has evoked
continuous interest for several reasons. First, the role of hy-
drogen atoms in semiconductor materials is very important to
improve our understanding of nanotechnology devices.6,7 For
instance, hydrogen is known to passivate efficiently various
surfaces as amorphous silicon by saturating dangling bonds.
Those passivation reactions can radically change the electrical
and optical properties of the involved devices. Second, the title
reaction has become a model system to experimentally study
the dynamics of ion-molecule reactions.8 Finally, this reaction
plays a significant role in chemical vapor deposition (CVD) of
silicon in the electronic industry and even in astrophysics due
to the existence of SiH+ in interstellar space.9

Despite its apparent importance, the reaction kinetics of ionic
silicon with molecular hydrogen has not been investigated in
great detail. Experimentally, Armentrout et al. measured the
reactive cross section of the title reaction.8 In a recent theoretical
work, trajectory calculations were performed at a hydrogen
temperature of 305 K corresponding to the experimental con-
ditions of Armentrout.10 This temperature corresponds energeti-

cally to H2 molecules in their vibrational ground state and in
their first rotational state (ν0 ) 0, J0 ) 1). The simulation results
were in excellent quantitative agreement with the experimental
findings for the reactive cross sectionσ as a function of relative
impact energyE0.10,11 For the first time, it was shown under
which conditions the reactants follow a direct or a complex-
mediated reaction path.

For a room temperature hydrogen gas, the maximum reactive
cross section was found to be limited to 1.64× 10-16 cm2 at a
relative kinetic impact energy of 4 eV. In the present work, we
therefore explore the question whether thermal heating of the
hydrogen gas or selective laser excitation of the H2(ν0,J0)
reactants could possibly increase the reactivity of our system
beyond the values previously found in experiments and numer-
ical simulations.

2. Computational Details

We already demonstrated elsewhere that the semiempirical
molecular orbital method PM312,13 yields energies and geom-
etries of all intermediates and products for the reaction of Si+

with H2 in remarkable agreement with experiment and ab initio
calculations.10,11,14However, a yet more convincing proof for
the validity of our calculational method would be a direct com-
parison between the potential energy surfaces (PES) obtained
from the PM3 method and from high-level ab initio calculation
as, for instance, coupled cluster calculations as CCSD(T).
Therefore, we present three different potential energy curves
obtained with the GAUSSIAN 98 suite of programs15 for the
Si+ interaction with atomic hydrogen in Figure 1. From simple
inspection of this figure, we conclude that the semiempirical
PM3 method yields Si+-H interaction energies in good agree-
ment with the results of high-level ab initio calculations.
Especially, we like to underline that the equilibrium distance
and the depth of the potential well are perfectly reproduced by
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the two investigated methods; i.e., for all interatomic distances
larger than 1.3 Å the two curves coincide quantitatively within
about 1%. Only for interatomic distances shorter than 1.05 Å
might the absolute potential energy values differ by as much
as 1 eV, i.e., about one-third of the total potential well depth.
For the present study, however, the fraction of atoms that
approach each other that closely is less than about 5%. For
realistic plasma reactor conditions (as for low-temperature
PECVD), the situation becomes yet more favorable: we
estimated that the portion of Si ions and H atoms that get closer
to each other than about 1.3 Å is completely negligible; i.e.,
for those deposition plasma conditions, we expect that the PM3
potential values agree within 1 or 2% with those given by
CCSD(T) calculations. In addition, we like to point out that
the PES curves resulting from PM3 and CCSD(T) calculations
presented in Figure 1 remain rather parallel even for very small
distances. Consequently, the resulting interatomic forces are
nearly identical due to the very comparable slopes, even for
those very short interatomic distances. Only due to this
similitude between the two PES curves was it possible to
reproduce the experimental results by Armentrout et al. so well
with the PM3 method.10

To demonstrate yet further the validity of the PM3 method
for our present reaction system, we show the SiH2

+ potential
energy surface obtained from both ab initio CCSD(T) and
semiempirical PM3 calculations in Figures 2 and 3, respectively.
For both figures, a linear configuration between the three atoms
was employed. Recalculating both PESs with a 120° angle
defined among the three atoms, we again find two potential
energy surfaces that are nearly identical. Due to the very
satisfactory similarity between the two potential energy curves,
we prefer in the following to profit from the advantages of a
“direct dynamics” simulation using PM3 quantum chemistry
instead of fitting the CCSD(T) PES. This choice becomes further
sustained by the fact that the necessary PM3 simulations are
not much more expensive to calculate than those with typical
model potentials.

Consequently, all trajectories presented in the following are
simulated using the semiempirical molecular orbital method
PM3 to determine the interatomic potential energies at each time
step. Our criterion for a converged, self-consistent field is that
the total energy at two successive iteration steps differs by less
than 10-9 kcal/mol. All trajectories are evaluated by solving
the classical Newtonian equations of motion with the Venus-
Mopac computer program16 using a fifth-order Gear algorithm.17

The time step of the numerical integration of these equations is

chosen to be 0.001 fs; all trajectories are followed over 3000
fs. For each impact energyE0, between 100 and 500 trajectories
are analyzed that all conserved their total energy to better than
1%. For each trajectory, the impact parameterb is randomly
chosen between 0 and 1.5 Å and the impact energy is randomly
sampled with a width of 10% around the investigated collision
energyE0.14 A reaction is considered direct when only one inner
turning point occurs, which corresponds to half a rotational
period of the reaction complex.18 For complex-mediated reac-
tions, the complex lifetimeτ is determined from the time interval
between the first and the last turning point of the complex.

In the present work, we extend our previous study to H2

molecules that are vibrationally and/or rotationally excited prior
to their ion encounter and test the influence of their internal
energy excitation on the Si+(2P) + H2(ν0,J0) f SiH+(ν,J) + H
reaction. The collision energyE0 and the initial internal energies
Eν0,J0 of the H2 reactants are fixed at the beginning of each
trajectory. Taking as reference the energy of the silicon ion and

Figure 1. Potential energy curve for the SiH+ molecule calculated
with the semiempirical PM3 method in comparison to high-level ab
initio CCSD(T) calculations (see text).

Figure 2. SiH2
+ potential energy surface calculated with the high-

level ab initio method CCSD(T) (see text).

Figure 3. SiH2
+ potential energy surface calculated with the semiem-

pirical PM3 method (see text).
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the hydrogen molecule at an infinite distance, we can express
the energy balance for the creation of SiH+ as follows:

whereD0 are the dissociation energies of 4.47 and 3.22 eV for
H2 and SiH+, respectively,18 Eν0,J0 is the initial ro-vibrational
energy of the H2 molecules,Eν,J is the internal energy of the
SiH+ products, andErel is the relative translational energy
between the separating products. Consequently, the energy
available to the reaction products is

In the following, we will vary the collision energyE0 from 0.5
to 10 eV to calculate reactive cross sections as well as rotational
and vibrational energy distributions of the SiH+ products.

3. Results

Donnelly et al. showed that by increasing the radio frequency
power and the H2 pressure, the plasma temperature can be
increased to a maximum value of about 1000 K.19 These extreme
conditions result in higher film growth rates, which is one of
the main challenges in the electronic industry. Consequently,
we will begin our present study with experimental conditions
similar to those where the H2 molecule temperature is around
1000 K. The most probablevalues of the vibrational and
rotational quantum numbers in a Boltzmann distribution at 1000
K are ν0 ) 0 and a value slightly higher thanJ0 ) 2. The
aVeragerotational quantum number at this temperature, how-
ever, is close toJ0 ) 3. Because we are interested in the
maximum effect a realistic plasma heating to 1000 K might
have on our title reaction, we chose the (ν0 ) 0, J0 ) 3) state
for the initial excitation of the hydrogen molecule. In Figure 4,
we show how the reactive cross sectionsσ depend on the relative
translational impact energy of the reactants. The maximum cross

section for SiH+ formation is now 2.2 Å2 at approximatively 4
eV which, however, corresponds to an increase of only about
25% in comparison with the room temperature case. Increasing
our present experimental plasma temperature of about 300 K
to a temperature as high as 1000 K would consequently only
result in a quite negligible increase in reactivity for the SiH+

production.
Therefore, we will investigate in the following if selective

laser excitation of the internal degrees of freedom could possibly
result in a considerably higher increase of the reactive cross
section. At room temperature, the reactive cross section increases
from its minimum to its maximum value when the impact energy
varies by about 1.8 eV. Therefore, we choose a laser excitation
that roughly corresponds to an increase of internal energy of
also about 1.8 eV. According to the chosen spectral transition,
this energy allows us to either favor the rotational or the
vibrational degree of freedom of the H2(ν0,J0) reactants.
Consequently, we will consider two distinct, initial quantum
states for the hydrogen molecules: (ν0 ) 0, J0 ) 14) and (ν0 )
3, J0 ) 1). Thus, we propose a crossed molecular beam
experiment where rotationally and vibrationally cold hydrogen
molecules are state-selectively excited with a laser prior to their
interaction with silicon ions.

As shown in Figure 5a, the cross section of the Si+ + H2 f
SiH+ + H reaction now rises to a maximum of 4.8 Å2 at 2.5
eV. Thereafter, the cross section again decreases due to the
opening of the complete dissociation channel Si+ + H2 f Si+

+ H + H (see Figure 5b). The general shape of these two curves
is very similar to that previously found for hydrogen at 1000 K
and at room temperature.8,10 In the present case with selective
initial internal energy excitation of the reactant, however, the
maximum SiH+ cross section is about 3 times higher than in
our previous investigation at room temperature. Besides, the
threshold energies for both SiH+ formation and complete
dissociation are shifted by about 1.5 eV toward lower energies
in comparison to those obtained for room temperature hydrogen
H2(ν0)0,J0)1). Those effects were entirely negligible in our
above study at a temperature of 1000 K. Therefore, we will

Figure 4. Calculated reaction cross sectionsσ as a function of relative
impact kinetic energy for a thermal excitation of the H2 reactants to
1000 K corresponding to H2(ν0)0,J0)3): (a) for SiH+ production and
(b) for complete dissociation. The continuous lines only serve as a guide
for the eye.

-D0(H2) + Eν0,J0
+ E0 ) -D0(SiH+) + Eν,J + Erel (1)

Eν,J + Erel ) D0(SiH+) - D0(H2) + Eν0,J0
+ E0 (2)

Figure 5. Calculated reaction cross sectionsσ as a function of relative
impact kinetic energy for an initial laser excitation of the H2 reactant
to (ν0 ) 3, J0 ) 1) and (ν0 ) 0, J0 ) 14), both corresponding to an
internal energyEint of 1.8 eV (see text): (a) for SiH+ production, Si+

+ H2(ν0,J0) f SiH+(ν,J) + H, and (b) for complete dissociation, Si+

+ H2(ν0,J0) f Si+ + H + H.
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use the reactant preparation by laser excitation in the following
to analyze the role of the initial internal energy for the dynamics
of the title reaction in more detail. Figure 6 shows the evolution
of the internal energyEint for SiH+ products as a function of
the relative translational energy between the separating products
for impact energiesE0 of 2 and 9 eV. These two different impact
energies correspond respectively to indirect and direct scattering
processes.10,14 As demonstrated in these two figures, (a) and
(b), the internal energy follows a straight line, as should be
expected from energy conservation (see eq 2). We remind the
reader that our data points forEint scatter somewhat around the
straight line because we randomly varied the impact energy by
10% for different trajectories (see section 2). The vibrational
energyEvib seems to be randomly distributed for both impact
energiesE0. We have observed a very similar vibrational energy
dependence in our previous studies without any H2 internal
energy excitation.14

To understand the behavior of the vibrational energy better,
we determined the vibrational energy distributions of the SiH+

products separately for initial vibrational, rotational, and
translational excitation of the H2 molecules. Examining the
simulated trajectories in detail, we can clearly distinguish direct
and indirect reactive scattering processes and analyze them
separately. In Figure 7, we show the average lifetimeτ of those
SiH2

+ complexes that result in SiH+ production. For each impact
energy, the half-width of the lifetime distribution corresponds
to about 35% of the lifetime. The SiH+ formation becomes
entirely direct for impact energies exceeding 6 eV. We point
out that the slope of the corresponding logarithmic display of
the SiH+ product resolved lifetimes indicates a barrier height
of 2.2 eV. This energy barrier gives the energy necessary to
overcome the complex to form the final SiH+ product, in
excellent agreement with the value we previously determined
for hydrogen at room temperature.10

The SiH+ vibrational energy distributions calculated for an
initial internal excitation of the H2(ν0,J0) molecule to (ν0 ) 3,
J0 ) 1) and (ν0 ) 0, J0 ) 14) are displayed in Figure 8a-d for
a collision energy of 2 eV. In panels e and f of this figure, we
show the corresponding distributions for room temperature
H2(ν0)0,J0)1) molecules with an impact energy of 3.5 eV. This

latter collision energy has been chosen in such a way that the
available energyEν,J + Erel as defined in the last section (see
eq 2) takes the same value in all three cases. The upper panels
show the vibrational energy distributionsPdir(Evib) obtained only
from direct reaction processes. In the lower panels, we display
Pcom(Evib), resulting only from indirect complex-mediated pro-
cesses. In the latter case, there are clearly two distinct distribu-
tions (see Figure 8b,d,f): one at lower vibrational energies (<0.8
eV) corresponding to a short-lived, loose complex formation
and the other one at higher vibrational energies corresponding
to more stable H2Si+ complexes. The short complex lifetimes
do not exceed 80 fs, which only corresponds to a few vibrational
periods of the SiH+ molecule.18 The resulting complex lifetime
is hence too short to transfer a large amount of energy to the
vibrational degree of freedom, as will be discussed below in
more detail. Therefore, we propose to assign the low-energy
distributions in Figure 8b,d,f rather toquasi-directthan complex-
mediated processes. The involved energy transfer processes
should, thus, be closely related to direct ones. The lifetimesτ
corresponding to the second distributions around 1.8 eV are at
least 5 times longer, permitting efficient energy transfer to the
product vibration. Interestingly, the same vibrational energy
distributions are obtained for different initial ro-vibrational and
translational excitation states, as shown in Figure 8 for both
direct and complex-mediated reaction paths.

Figure 9 presents the evolution of the vibrational energy of
the SiH+ products averaged separately for direct and indirect
processes. The vibrational energy〈Evib〉com averaged only over
trajectories involving an intermediatethree-atom-complex(i.e.,
indirect processes) is shown in Figure 9a. The vibrational energy
increases with impact energy until 4.5 eV and decreases
thereafter. Figure 9b shows that the vibrational energy〈Evib〉dir

averaged only over direct trajectories increases with impact
energy until 6 eV, when it starts to “saturate” around 1.4 eV.
Clearly, the product vibrational energies are considerably higher
for the indirect, complex-mediated process than for the direct
one. The vibrational energy〈Evib〉 averaged over both direct and
indirect processes is shown in Figure 9c. For the latter〈Evib〉
calculations, we considered the respective probabilities for the
two processes. In fact,〈Evib〉 increases until 6 eV, when it
approaches a saturation value of about 1.4 eV.

The evolution of rotationalErot and relative translationalErel

energies averaged separately over the two reaction paths are
displayed in Figures 10 and 11, respectively. Again, there are
two clearly distinct regions: one above and one below 6 eV.
As will be discussed in the following section, this change in
slope can be attributed to a transition from indirect to direct
reaction processes.

Figure 6. Internal and vibrational energy of SiH+(ν,J) products as a
function of relative translational product separation energyErel for two
different impact energiesE0.

Figure 7. Calculated H2Si+ complex lifetimeτ as a function of kinetic
impact energyE0 for complexes leading to SiH+ formation. The
continuous line corresponds to an exponential fit.
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4. Discussion

We showed that thermal heating of the hydrogen gas to a
temperature as high as 1000 K increases the reactive cross
section for SiH+ formation by only 25%. Consequently, we

explored the use of selective laser excitation of the hydrogen
reactants and we demonstrated that such a preparation scheme
can drastically enhance the reactivity of our system. In Figure
5a, the reactive cross section for SiH+ production strongly

Figure 8. Vibrational energyEvib distributions of the SiH+ products: upper panels for SiH+ formed through a direct reaction path, lower panels
via a complex-mediated reaction path. The vertical scale represents the number of trajectories that led to SiH+ production for different initial
excitation states of the H2(ν0,J0) reactant, all corresponding to a total energy of 3.8 eV: (a) and (b) (ν0 ) 3, J0 ) 1) with 2 eV impact energy; (c)
and (d) (ν0 ) 0, J0 ) 14) with 2 eV impact energy; (e) and (f) (ν0 ) 0, J0 ) 1) with 3.5 eV impact energy.

Figure 9. Averaged vibrational energies as a function of kinetic impact
energy: (a) averaged only over indirect processes, (b) averaged only
over direct processes, and (c) averaged over both possible reaction paths.

Figure 10. Averaged rotational energies as a function of kinetic impact
energy and reaction paths: (a) averaged only over indirect processes,
(b) averaged only over direct processes, and (c) averaged over both
possible reaction paths.
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depends on the energy of the incoming particles and has a
maximum of 4.8 Å2 at 2.5 eV. This maximum cross section
resulting from internally excited H2 reactants is about 3 times
higher than the one previously determined for room temperature
hydrogen.8,10This behavior clearly demonstrates that the internal
reactant energy enhances the reactivity of our system much more
efficiently than the translational impact energy. This important
result has previously been observed experimentally for initial
electronic excitation of one of the reactants for Cs+ H2 reactive
scattering where the cross sectionσ [Cs(7P1/2)] is 4 times higher
than σ [Cs(7P3/2)].20 Moreover, the cross sections for H2

molecules initially in their (ν0 ) 3, J0 ) 1) or (ν0 ) 0, J0 )
14) states show the same variation with kinetic impact energies.
Consequently, both initial excitation states equally enhance the
reactivity of our system despite the fact that vibrational energy
is often considered the crucial energy form to favor chemical
reactions. The present results show that the three atoms “lose
the memory” of their initial conditions when they interact, as
will be further discussed in the following.

Further comparing our present results with previous room
temperature calculations, we find that the maximum SiH+ cross
section is shifted by about 1.5 eV toward lower collision energies
for reactants with increased internal energy. This energy amount
roughly corresponds to the difference in initial internal energy
excitation of the H2(ν0,J0) molecules (i.e.,E(ν0)3,J0)1) - E(ν0)0,J0)1)

) 1.5 eV). In the same sense, the calculated cross section for
the complete dissociation channel has now a threshold of about
3 eV (see Figure 5b). This threshold energy is again about 1.5
eV lower than in the case where the H2 molecules are at 305 K
(ν0 ) 0, J0 ) 1) where complete dissociation only starts to take

place aboveD0(H2) ) 4.5 eV.8 For the laser excitation con-
ditions (Eint ) 1.8 eV), this threshold is lowered by the
difference in initial internal energy of the H2 reactants. In our
study of a thermal excitation of the hydrogen gas to 1000 K
such a shift is too small to be detected; i.e., the internal energy
difference is not sufficient to cause a significant shift in the
reaction threshold.

We now turn our attention to the mechanisms of vibrational,
rotational, and translational energy transfer in the reactive
scattering processes of Si+ with H2. As shown in Figure 6, we
have investigated the SiH+ internal Eint and vibrationalEvib

energy dependence on the relative translational product separa-
tion energyErel for two different impact kinetic energies. The
vibrational energy seems to be randomly distributed for both
impact energies, which is not the case for the total internal ener-
gy Eint that follows a linear dependence withErel, as expected
for energy conservation. One might consequently ask if this
randomness represents the true nature of the investigated reactive
scattering or if it simply results from our simulation method;
i.e., the impact parameterb is randomly chosen in our molecular
dynamic simulations, which might intuitively influence the
reaction dynamics. Figure 12 shows the vibrational product
energy as a function of both impact parameterb and complex
lifetime τ for an impact energy of 2 eV. The vibrational energy
turns out to be largely independent of the impact parameterb,
whereas it shows a clear increase with the complex lifetimeτ.
There is no sign of vibrational energy dependence on the impact
parameter either for indirect or for direct processes; the latter
ones are represented by black circles situated at the lowest
vibrational energies. Therefore, we propose that the vibrational
energy transfer becomes clearly enhanced with increasing
lifetime of the SiH2

+ intermediate complex. This result is in
excellent agreement with our previous findings shown in Figure
8, where the highest vibrational energy transfer is obtained for
longer complex lifetimes corresponding to the second distribu-
tion as shown in the lower panels (see Figure 8b,d,f).

One question which remains is why the vibrational energy
distribution versusErel presents the same random behavior also
at E0 ) 9 eV (see Figure 6). At 9 eV impact energy, the SiH+

production is completely direct and there is no more intermediate

Figure 11. Averaged translational product separation energies as a
function of kinetic impact energy: (a) averaged only over indirect
processes, (b) averaged only over direct processes, and (c) averaged
over both possible reaction paths.

Figure 12. Correlation between vibrational energyEvib, impact
parameterb, and complex lifetimesτ for SiH+ products.
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complex formation favoring the vibrational energy transfer.
Accordingly, we again analyzed the evolution ofEvib andErot

as function of b, but we could not find any correlation.
Consequently, the redistribution of internal energy over rotation
and vibration appears simply random at 9 eV. This observation
is in accordance with the “lost memory” hypothesis suggested
by Bonnet et al.21 This idea is further supported by our
observation that theEvib distributions at 9 eV present the same
behavior for excitation of the vibrational, the rotational, or the
translational degree of freedom. Indications for such strong
three-body interactions was previously suggested by Mahan et
al. for the dynamics of the C+ with H2 reaction.22

To understand the underlying Si+ and H2 scattering dynamics
better, we analyzed our results separately for direct and indirect
reaction paths. We tentatively attributed the decrease of the
averaged vibrational energy above 4 eV (see Figure 9a) to the
decrease of the complex lifetime as a function of impact energy,
as shown in Figure 7. The SiH+ formation becomes entirely
direct for impact energy exceeding 6 eV. This energy is again
about 1.5 eV lower than the value we found for H2 molecules
at room temperature.14 Increasing the impact energy beyond 7
eV, we find that the vibrational SiH+ product energy remains
roughly constant around 1.4 eV, as shown in Figure 9b,c. This
observation can probably be understood by the high internal
energy of the SiH+ molecules; i.e.,〈Eint〉 ) 〈Evib〉 + 〈Erot〉 is
about 2.3 eV forE0 ) 6 eV (see Figures 9c and 10c).
Consequently, the SiH+ dissociation energy of 3.2 eV can
readily be reached considering that the width of the internal
energy distribution∆Eint is about(0.9 eV, as can be seen in
Figure 6; i.e., above an impact energy of 6 eV, a further increase
in vibrational energy leads more and more to dissociation of
the SiH+ products due to the violence of the direct reaction
channel.

Concerning the rotational energies of the SiH+ products, we
note a clear dependence on the kinetic collision energy. The
averaged rotational energy linearly increases with impact energy.
However, there are clearly two distinct regions: one above and
one below about 6 eV (see Figure 10c). The change in slope at
6 eV can be attributed to the transition from indirect to direct
reaction mechanisms. As can be concluded from the respective
slopes for both mechanisms, the efficiency of translational to
rotational energy transfer is higher when mediated by the
intermediate complex, but not as high as for the vibrational
energy transfer. Comparing Figure 10a,b, we can note that the
rotational energies have the same order of magnitude for indirect
and direct processes until 6 eV impact energy, which is not the
case for the vibrational energies (see Figure 9a,b). In this latter
case, the averaged vibrational energies〈Evib〉com for the indirect
process is 2 times higher than for the direct one, suggesting a
strong transfer enhancement due to the intermediate complex
formation. In other words, the rotational degree of freedom
experiences less enhancement from the intermediate complex
than the vibrational one because the SiH+ product cannot rotate
freely in the intermediate complex because it is hindered due
to collisions with the remaining H atom. The dynamical reason
for this is that the typical motion of the triatomic complex is
Vibration involving all three atoms equally, and not the hindered
rotation of a diatom with respect to the third atom. This view
has been previously discussed by Brass et al.23 who showed
that the inclusion of the vibrational degree of freedom is
essential, if one wants to make a realistic model of a long-lived
molecular complex.

We easily distinguish also two different regions for the
translational energy dependence: one below and one above 6

eV, characterizing again direct and indirect reaction paths,
respectively (see Figure 11c). For kinetic impact energies above
6 eV, the energy transfer to the translational degree of freedom
gets more efficient than the transfer to the rotational or
vibrational ones. Consequently, less energy is left for the internal
degrees of freedom, which is in excellent agreement with our
findings relative to the vibrational and rotational energy
distributions, especially forEvib thatsaturatesfor this range of
E0 because the vibrational energy transfer takes more time than
the rotational and especially than the translational one.

5. Conclusion

We studied how the reactive scattering dynamics is influenced
by vibrational and rotational excitation of molecular hydrogen
prior to its interaction with silicon ions. Using semiempirical
quantum molecular dynamics, we demonstrated that the reactiv-
ity between H2(ν0,J0) and Si+(2P) becomes enhanced by the prior
internal energy excitation of the hydrogen molecules.

We showed that thermal heating of our plasma from 300 to
1000 K will only result in a very minor increase of the maximum
reactive cross section by about 25%. Because a temperature of
1000 K rather represents a maximum value for possible plasma
heating in our reactors, we explored the influence of a possible
laser excitation of the H2(ν0,J0) reactants. In this case, we
demonstrated that both the absolute amplitude of the reactive
cross section and the shift of its maximum toward lower impact
energies only depend on theamountof initial internal excitation
and not on its precisenature; i.e., initial rotational excitation
enhances the reactivity of our system in the same way as prior
Vibrational excitation.

At impact energies lower than 6 eV, the scattering dynamics
is governed by intermediate complex mediated processes,
whereas direct mechanisms become predominant at higher
translational collision energies. For the latter, the most efficient
energy transfer channel is clearly from the impact kinetic energy
of the reactants to the relative translational energy with which
the products separate. Although there is still also some energy
transfer to the rotational energy of the SiH+ products at those
high collision energies, the product vibrational energy saturates
above 6 eV. For impact energies below 6 eV, on the other hand,
we showed that the temporary formation of an intermediate
three-atom-complex clearly favors the energy transfer toward
the vibrational degree of freedom of the SiH+ products. Notably,
we illustrated that the amount of vibrational energy transferred
to the SiH+ product is clearly determined by the lifetime of the
intermediate complex.
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