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Based on a new global potential energy surface of SiH2+ (X?A1), the exact quantum dynamical calculation for the
H(S) + SiH' (X'=%) — Hy + Si* reaction has been carried out by using the Chebyshev wave packet method. The initial
state specified (v; =0, j; = 0) probabilities, integral cross sections (ICS) and thermal rate constants of the title reaction are
calculated. All partial wave contributions up to J = 90 are calculated in exact quantum calculation including the full Coriolis
coupling (CC) effect. The dynamical behaviors of probabilities, ICSs and rate constants are found to be in accord with an
exothermic reaction without potential barrier. By comparing the probabilities of CC with the corresponding centrifugal
sudden (CS) approximation ones, it can be concluded that neglecting CC effect will decrease the collision time, increase
the amplitude of oscillation and lead to overestimation or underestimation of the reaction probability. For ICSs and rate
constants, it is found that the deviation of CC and CS ICSs is small in the most of collision energy range except for the
range of 0 eV-0.05 eV, while the deviation of both rate constants is considerable in the temperature range of 16 K-1000 K.

Keywords: Chebyshev wave packet method, reaction probability, integral cross section, rate constant

PACS: 34.50.Lf, 82.20.Db, 82.20.Pm

1. Introduction

During the past decades, the construction of accurate
global potential energy surface (PES) of the methylene ion
CH2+ and related dynamics investigation have aroused great
interest because of their importance in atmospheric chemistry
and astrophysics.!!-%! Comparatively speaking, the global PES
of SiH2+ system and related dynamical calculations are sel-
dom reported. For the silicon semiconductor industry, SiH*
and H are known to be two reactive intermediate species in
chemical-vapor deposition process, and the investigation on
H + SiH™ reaction is of great practical significance.!”) Fur-
thermore, SiH' and H are known to be abundant in interstellar
space, and the study of H+ SiH™ reaction can help us un-
derstand the physical and chemical processes taking place in
astrophysics.[®! In 2019, our research team!® firstly reported
an accurate global ground state PES (hereafter GMS-PES) for
SiHj (X?A1) at multireference configuration interaction level
including Davidson corrections by the many-body expansion
method. Using the coupled states (CS) approximation, we also
carried out Chebyshev wave packet dynamical calculations for
the reaction

H(*S)+SiH" (X'2") - Sit CP) + Hy(X'E)). (1)

However, the CS approximation has been proved to be inaccu-
rate in some chemical reactions due to neglecting the Cori-
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1011 15 order to obtain accurate

olis coupling (CC) effect.!
dynamical results and quantitatively investigate the influence
of CC effect on the H+ SiH™ reaction, an accurate Cheby-
shev wave packet calculation considering full CC effect is per-
formed based on GMS-PES of SiHJ (X?A1) in this work.

It should be noted that there are no experimental and other
theoretical results of H+ SiH™ reaction up to date. Therefore,
we briefly review some experimental and theoretical results
of other reactions associated with the title reaction as follows.
From the experimental side, Elkind and Armentrout!!'?] mea-
sured the total cross section as a function of reactant kinetic
energy of Si*(*P) +H, (X'E]) — SiH* + H reaction with
a guided ion beam mass spectrometer and obtained the bond
energy for SiH' subsequently. In 1985, Si™ and SiH' were
monitored in a laser photo fragmentation spectroscopic inves-
tigation of SiHj ion by Curtis et al.,!'*! which indicated that
SiHJ ion can dissociate into two competitively chemical chan-
nels, H+ SiH" and Sit + H,.

From the theoretical point of view, with multi-
reference configuration interaction (MRCI) calculation, a
three-dimensional potential energy function for X?A; and
A?B; states of SiH;r was constructed in 1994 by Bauer et
al.'" They also calculated the transition wavenumbers be-
tween X?A; and A’B; states based on the potential energy
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function, and the theoretical and experimental molecular pa-
rameters agree well. In 2002, Vach et al.l'>l performed a
molecular dynamics simulation to obtain the reactive cross
sections of Si*(?P) + H, reaction in the collision range of
0.3 eV to 10 eV based on a semi-empirical PES of SiH; Sys-
tem. In 2004, Chaabane ef al.['® carried out an investigation
of molecular dynamics simulation with semi-empirical quan-
tum chemistry on Si* (?P) 4 Hj reaction in the energy range of
0.5 eV and 10 eV, and the reaction cross sections for different
rotational and vibrational excitation of Ha(vo, jo) and reaction
mechanisms were discussed, which indicated the final energy
distributions of the SiH™ products were controlled by the ini-
tial translational, rotational and vibrational energies of H,.

In this paper, based on the GMS-PES of SiHi (X?A;)
system, 1 we carry out an accurate quantum dynamical cal-
culation of H+ SiH™ reaction by using the Chebyshev wave
packet method with considering full CC effect. Chebyshev
wave packet can be used to study the systems with large mass
due to the more advanced scaling laws over time-independent
methods.!'72!1 As the wave packet propagates in real space
without approximation and reaction properties of all energy
points can be calculated by a single wave packet propagation,
the Chebyshev wave packet propagation scheme used in the
present paper have been proved to be accurate and efficient. [8]
The paper is organized as follows: the theoretical and compu-
tational methods used in this paper are described in Section 2.
Section 3 presents the main results of the accurate quantum
dynamics with considering full CC effect including reaction
probabilities, integral cross sections (ICS) and rate constants
for the title reaction and discusses in detail the influence of CC
effect on the SiH" + H reaction. Finally, Section 4 concludes
the present work.

2. Theoretical approach

In the reactant (H+ SiH™) Jacobi coordinates R (distance
of H from the center of mass of SiH*), r (internuclear distance
of SiH'1) and v (the angle between R and r), the Hamiltonian
of SiHJ (X?A) system can be described as

1 92 1 9?2 2

2R ORE 20,977 2upR?
fz
t oz TV RLY), @

P(E) = x Im
B = B Pente <k

where 6 = arccos ((E —H™) /H™) is the Chebyshev angle, r¢
defines the dividing surface in the product channel and g;(E)

is the amplitude in the initial wave packet, which can be ex-

Y (2—8w)e *y

where the quantity . = mgimy/(ms; +my) is the reduced
mass of the SiHT, UR = myg (mSi—l—mH)/(ZmH + mSi) is
the three-body reduced mass of the H+ SiH™ system, and
V(R,r,y) is the interacting potential energy of SiHj (X?A;)
system which can be obtained from PES. The rotational an-
gular momentum operator and the orbital angular momentum
operator of SiH™ are denoted as }'\and L, respectively, which
can be expressed as

P={-jp=P+P-2Lj~Tef~Tjr. O

In Eq. (3), J denotes the total angular momentum operator, .J;
and J. are the body-fixed z components of total angular mo-
mentum operator and diatomic angular momentum operator,
and J, (/) and j, (j_) are the corresponding raising (low-
ering) operators. The last two terms in Eq. (3) are CC effect
terms, which are ignored in CS approximation.

As neither discretization nor interpolation errors are in-
troduced, the stable and accurate recursion relationship in the

Chebyshev wave packet scheme are employed! 8-

|Wk+l> :D(Zﬁnormlll/k> _D‘V’k71>> (k > 1);
|II/1> - DI:Inorm |1I/0>7 (4)

where Hyorm = (I:I —H')/H™ is the normalized Hamiltonian
with H* = (Hyax & Hiin) / 2, in which Hyax (Hpin) is the up-
per (lower) bounds of spectral range. The wave packets are
multiplied with Gaussian shaped damping function at the grid
edges to enforce the outgoing boundary condition,

1 ’ X S Xd,
D(x) = { e*dx(xfxdy’ X > xq,

where x4 is the onset of the damping and d, controls the extent

(x=R,r), &)

of the damping. The initial wave packet is
—(R—Ry)2 /282
|yo) = Ne™ "-R0°/2%" cos (koR) | @) ©)

In Eq. (6), N is normalization constant, kg, Ry and O are initial
momentum, central position and width of initial wave packet,
respectively, and |¢;) is a specific rovibrational eigenfunction.

By using a flux-based approach,?? the initial state-
specified total reaction probability is expressed as

. o
¥ d)e ¥ 5(-n) 5w > NG

kl

pressed as

a(E) = <i\/ (trki /27) RA (kiR) ‘ wO> . @®)

In Eq. (8), h](l2 ) (kiR) is the second order Hankel function.
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The initial state-specified ICS is calculated by summing
up the reaction probabilities for all quantum numbers J’s of
the total angular momentum for a given collision energy E,

T
i (E) = ————— 2J+1)PP (E 9
le.]l( C) (2‘]1 + ])k%ljl Jg‘(ll( + ) Ui]ili( C)’ ( )

with &2 . = 2uRE. P,

vjili
tal reaction probability for the partial wave J and parity p at

(E.) is the initial state-specified to-

a given collision energy E.. The initial states-specified rate
constant is given by

ey (T) = I 8 v
Vidi o kBT ﬂ[.LRkBT

X / Oy (Ec)e B/ EdE.,  (10)
0

where f, kg, and T are the degeneracy factor, Boltzmann con-

stant and the temperature, respectively.

3. Result and discussion
3.1. Potential energy surface and minimum energy path

The contour plots of SiH} (XA ) system for bending an-
gle /[H-Si-H]™ = 90° and collinear (/[H-Si-H]" = 180°)
geometries are shown in Fig. 1. Obviously, a smooth behavior
is exhibited at both long-range and short-range areas, which
indicates the high quality of the GMS-PES. Due to the ex-
change symmetry of hydrogen atoms for the SiH; (X?A ) sys-
tem, a perfectly symmetrical behavior is evident in Figs. 1(a)
and 1(b). The remarkable feature is the local minimum lo-
cated at about Ry, = Ry = 2.80 ag in Fig. 1(a), which im-
plies that there is a potential well for bending angle /[H-Si—
H|* = 90° geometry. In Fig. 1(b), there is a transition state at
the R;H = R;H, = 2.77 ap with an imaginary vibrational fre-
quency of 1118.88i cm~! for SiH* (SiH'") stretching mode
and the saddle point at RéTiH =4.53 ap and R;H, =2.85 ap (or
R;H = 2.85 agp and R;H, =4.53 ap).1) As there is no deep
potential well in Fig. 1(b), the linear [H-Si—H]™ structure is
not very stable.

The minimum energy paths (MEP) at fixed bending an-
gle /[H-Si-H]™ = 90° and collinear (/[H-Si-H]" = 180°)
geometries for H+ SiH™ — Si™ 4 H, reaction are depicted
in Fig. 2. The MEP is defined as a function of the minimum
potential energy varied with RuuRg;y; for SiHj (X?A;) sys-
tem, where Ryy and R;iH are the distances of H-H and Si—
H™ atoms, respectively. As can be seen, the energy released
from the reactant H+ SiH™ to the product Si* 4 H, is about
1.32 eV, which implies that the title reaction is exoergic with-
out threshold. The red solid line in Fig. 2 is the MEP for a per-
pendicular configuration (/[H-Si-H]™ = 90°). There is only
a deep well about 1.70 eV and no barrier exits in the perpen-
dicular configuration, which is in accordance with the contour
plot of Fig. 1(a). For a collinear approach (black dash), there
is a deep well of about 1.40 eV and a barrier of about 0.20 eV.

These features of the contour plot and MEP mentioned have
decisive effects on dynamical behaviors of the title reaction,
which will be discussed in detail below.
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Fig. 1. Two contour plots for different configurations. (a) Contour lines
for bending angle Z[H-Si-H]™ = 90° figuration starting from —5.82 eV. (b)
Contour lines for bending angle /[H-Si-H]™ = 180° starting from —4.63 eV.
Both tow panels are drawn with an increment of 0.20 eV.
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Fig. 2. The MEP of the different approaching angles (£[H-Si-H]" = 90° &

180°) for H+ SiH™ — Si™ -+ H; reaction.

3.2. Reaction probabilities

By using the Chebyshev wave packet method, the accu-
rate quantum dynamical investigation is employed on H(%S) +
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SiH"(X'E") — Si* (*P) + Hy(X'E]) reaction based on the
GMS-PES for SiHj (X?>A;) system. Through a systematic
test of the convergence with J = 0, the optimum computa-
tional parameters in Jacobi coordinates are determined, which
can be found in Ref. [9]. Due to the existence of deep poten-
tial well in reaction path and huge mass of SiHj (X?A1) sys-
tem, the large computational parameters and plenty of partial
waves bring out a huge challenge to our quantum dynamical
calculations, ! especially for the exact quantum calculations
considering full CC effect. In order to get the exact ICSs and
rate constants of the title reaction, the probabilities of all the
partial waves up to J = 90 are calculated in the collision energy
of 0 eV-1.0 eV. The number of partial waves in CS approxi-
mation is 100,!) which is larger than the corresponding ones
of exact calculations in the same collision energy range. As
seen in Eqgs. (2) and (3), the increment of centrifugal poten-
tial barrier becomes faster with the increase of J when the CC
effect term is introduced into the Hamiltonian, which will re-
duce partial waves for exact quantum calculation in the same
collision energy. In this work, the expensive computations are
only carried out on probabilities of J = 0,5, 10,...,90 for the
title reaction, and the others are obtained by cubic spline inter-
polation method. %3]

The reaction probabilities of J = 0, 20, 40, 60 and 80 with
exact quantum calculations are displayed in Fig. 3 for collision
energy up to 1.0 eV. The distinctive feature is zero threshold
for the probability of J = 0, which is owing to the barrier-
less insertion pathway of exothermic reaction. The reaction
threshold shifts towards higher energy as J increases, which is
consistent with J-shifting method®*! or capture model.[?3:2%]
As so far, there are no experimental and other theoretical
results of H+ SiH™ reaction compared with the results of
this work, however, H+ CH" reaction has been investigated
extensively.[>332728] Furthermore, the topographical proper-
ties of CH; (12A’) are essentially same with SiHi (X?A;)
system, [ hence, the variation tendency and resonance struc-
ture of reaction probability, ICS and rate constant of H+ SiH™
reaction are compared with the ones of H-+CH™ reaction.

As the same with the H+ CH™" reaction, the strong os-
cillation structures of reaction probabilities are displayed in
Fig. 3, which can be attributed to the formation of a SiHEL
complex supported by stationary points of the SiH}L (X2A4)
PES.[°] The reaction probability oscillates strongly in the low
energy range and the amplitude of oscillation is reduced with
increment of collision energy presumably as the lifetimes of
resonance states become shorter. Compared with H+CH™ re-
action, the oscillation amplitude of reaction probabilities for
H+ SiH™ reaction is relatively smaller,’® which is because
that the potential well depth of SiHEL system is shallower than
that of CH; and the resonance amplitude is mainly determined
by the potential well depth.>°! For example, the maximum
depth of CH2+ system in Cpy symmetry is 4.74 eV,[°! which

is larger than the potential well depth of SiH; system men-
tioned above. Although these two reactions are exoergic, the
energy released for H+ SiH™ reaction is 1.32 eV, which is big-
ger than the exoergicity (0.496 eV) from the reactant H+CH™
to the product C* + H,. Therefore, the reaction probabilities
of H+ SiH™ reaction are larger than the ones of H+CH™ re-
action overall.

As displayed in Fig. 4, the reaction probabilities for J =
10, 20, 30, 40, 50, and 60 of the exact quantum calculations
with considering full CC effect are compared with the corre-
sponding results of CS approximation. Obviously, both CC
and CS results show sharp oscillating structures in the colli-
sion energy of 0 eV-1.0 eV for H+ SiH™ reaction due to the
deep well of SiH2+ system. However, the oscillation ampli-
tudes of reaction probabilities for CC calculations are much
smaller than the corresponding CS results. This is because that
the CC effect dominated by long-range forces will increase
the collision time by orientating the reactants and decrease the
lifetime of resonance states.!! 2% For low J’s (J = 10 and 20),
the CC probabilities are larger than the CS ones at low colli-
sion energy (about E. < 0.75 eV) and become slightly smaller
than the CS results with the increment of collision energy.
For high J’s (J = 30, 40, 50 and 60), the CC probabilities
are smaller than the CS ones at low collision energy. When
J =30, 40 and 50, the CC results are slightly larger than the
CS ones at high collision energy (about £, > 0.70 eV). While
J = 60, the CC results are much larger than the CS ones above
0.55 eV. Overall, the differences between the CS and CC re-
sults are observed to be remarkable in the region where the
reaction probabilities of CS fluctuate greatly. While, in the re-
gion with small oscillation of CS probabilities, the results of
CC are basically consistent with those of CS. In CS approxi-
mation, SiH" molecule is confined to k = 0 (the projection of
total angular momentum J onto the body-fixed z axis) quan-
tum state, which will decrease the collision time, increase the
resonances and lead to overestimation or underestimation of

the reaction probability.[11:2%-30]
.o 7=0
0.4h
0.2
0.6k J=20
0.4f
£ 0% . . . .
Z o6 J=40
& o0a4f
E 8'37 /\,:VWWM
0.6} J=60
0.4f
0.2
0.8} —
0.4f
3 1 1 1 M”_’d‘/
0
0 0.2 0.4 0.6 0.8 1.0

Collision energy (eV)

Fig. 3. The exact reaction probabilities varied with collision energy of 0 eV—
1.0 eV for J =0, 20, 40, 60 and 80.
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Fig. 4. The reaction probabilities of CC and CS calculations for H+ SiH" — Sit 4 H; reaction at J = 10, 20, 30, 40, 50, and 60.

3.3. Integral cross section and rate constant

The ICSs of CC and CS calculations are plotted over the
collision energy range of 0 eV-1.0 eV in Fig. 5. It is obvi-
ous that both ICSs have no threshold. They decrease sharply
with the increase of collision energy in the low energy region
and then decrease slowly as collision energy increases. The
trend of ICS for H+ SiH™ reaction varied with collision en-
ergy is similar to H+ CH™ reaction, which is determined by
reaction mechanism of an exothermic reaction without poten-
tial barrier. After a weighted sum of all reaction probabilities,
the oscillatory structure of ICS for CS approximation is still
relatively obvious. While for CC ICS, the oscillatory struc-
ture has been smeared out mostly. As discussed in Ref. [29],
CC effect has a significant influence on resonance by breaking
the resonance complex. In the exact quantum calculation with
considering full CC effect, ICS becomes smoother and less os-
cillating compared with the CS ones. In the collision energy
range of 0 eV-0.05 eV, the ICSs of CC are much larger than
CS ones. When 0.05 eV < E. < 0.1 ¢V, CS and CC ICSs are
roughly equal. When 0.1 eV < E; < 0.5 eV, the CC results are
slightly smaller than CS ones. When 0.5eV < E; < 0.7 eV, the
CC results are basically same with CS ones. When 0.7 eV <
E. < 1.0eV, the CC results are slightly larger than CS ones.

According to Eq. (10), the initial state specific (v; = 0,
ji = 0) thermal rate constants for H(%S) + SiH"(X'Z+) —
Sit(?P) + Hg(XlZg) reaction are calculated from the energy
resolved ICSs. The rate constants varied with temperature
range from 5 K to 1000 K for both CC and CS calculations

are displayed in Fig. 6. The rate constant of CC calcula-
tions increases sharply in the temperature range from 5 K to
75 K and then creeps up in the range of 75 K-175 K. From
175 K up to 1000 K, the CC result decreases slightly and are
nearly constant. While for CS rate constant, a monotonic in-
creasing behavior is shown. Overall, the CS result increases
rapidly in the temperature range from 5 K to 100 K and then
grows gradually above about 100 K. By comparison, CC and
CS results are well consistent below 16 K. In the range of
16 K-100 K, CC rate constant increases more rapidly than
CS ones, and the deviation of them becomes larger with the
temperature increasing and reaches the maximum value about
at 100 K. For instance, when T = 25 K, the CC rate con-
stant is k = 9.2 x 1071 cm3-molecule ™! - s~! the CS result
is k=7.0 x 100 cm3®-molecule! - s~!, and the relative error
is 24.1%. When T = 100 K, the CC and CS rate constants

I, respec-

are 1.7 x 1072 and 9.4 x 10'° cm?®-molecule™ - s~
tively, and the relative error is 44.4%. In the range of 100 K—
1000 K, the CC rate constant decreases slightly while the CS
ones gradually increase, and the relative error of them obvi-
ously decreases. Compared with the reaction of H+ CH™, the
rate constants of these two reactions are in the same order of
magnitude at the same temperature, and further observation
shows that the varied trend of CC rate constants of H+ SiH™
reaction is more similar to the ones of H+CH™ collision.[?)

From the ICSs and rate constants discussed above, it can
be seen that the deviation of CC and CS ICSs is small in the
most of collision energy range except for the range 0 eV—
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0.05 eV. But for rate constants, the deviation of them is con-
siderable in the temperature range of 16 K—1000 K. In order
to quantitatively investigate the effect of ICSs in the range of
0eV-0.05 eV on the rate constants in the range of 0 K-1000 K,
according to Eq. (10) the function of proportion Pr(T') varied
with temperature 7 is calculated by

008 o Ece Ee/keT 4,

Pr(T) = 01.000001 |
Jo.000001 Ece~Ee/koT dE,

1)

where the numerator is the integration of partition function
Ece E/kT gyer collision energy E. below 0.05 eV, while the
denominator is the total integration of 0.00001 eV-1 eV. In or-
der to ensure the convergence of integral calculation, the lower
limit of integration is 0.000001 instead of zero. The calculated
function of proportion Pr(T') varied with temperature 7 is dis-
played in Fig. 7.
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Fig. 5. The ICSs of CS and CC calculations for H4 SiH™ — Si™ + Hj reac-
tion over collision energy of 0 eV-1.0 eV.
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Fig. 6. The initial state (v = 0, j = 0) specified rate constant of H+ SiH" —
Sit +H, reaction for CC and CS calculations obtained on the GMS PES.

In the above figures, the effect of ICSs in the range of
0eV-0.05 eV on the rate constants in the range of 0 K-1000 K
can be described as follows: when 0 < T < 16 K, the effect
is almost zero, so the CC and CS rate constants are basically
same, and when 16 < T < 1000 K, the contribution of ICSs
in the range of 0 eV-0.05 eV to the rate constant at a given

temperature drop from 100% to 11%. Especially in the tem-
perature range of 16 K-250 K, the value of proportion func-
tion Pr(T) is larger than 50% as displayed in Fig. 7, which
indicates that the ICSs in the range of 0 eV-0.05 eV have a
decisive effect on the rate constant. Therefore, it seems that
the ICS of CC is consistent with the CS ones almost in the
whole range of collision energy except for 0 eV-0.05 eV, but
for rate constants, the deviation of CC and CS results is con-
siderable in the temperature range of 16 K-1000 K. Consid-
ering the great gap between the rate constant of CS approxi-
mation and exact quantum calculation, it is believable that the
CC effect is of great importance and cannot be ignored for
H(%S) +SiH" (X'E*) — Sit (*P) + Ha(X'E]) reaction.

100H
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Fig. 7. The function of proportion Pr(T') varied with temperature 7.

4. Conclusion

Based on the global accurate GMS-PES of SiHj (X?A;),
the Chebyshev quantum wave packet method is employed to
study the dynamics of H(?S) + SiH" (X'E*t) — Sit(?P) +
H, (Xl)lg) reaction in this work, and the initial state speci-
fied (v =0, j = 0) probabilities, ICSs and rate constants are
provided. The dynamical behaviors of these calculated results
are according with an exothermic reaction without potential
barrier. In order to investigate the effect of CC on the title re-
action, a large number of partial waves (J < 90) in the collision
energy range of 0 eV-1.0 eV are included, which brings out
a huge challenge to exact quantum calculations with consid-
ering full CC effect. By comparing the CC probabilities with
the corresponding CS ones, it is found that the CC effect dom-
inated by long-range forces will increase the collision time by
orientating the reactants and decrease the lifetime of resonance
states, which means that neglecting CC effect will decrease the
collision time, increase the amplitude of oscillation and lead to
overestimation or underestimation of the reaction probability.
For ICSs and rate constants, it is found that the deviation of
CC and CS ICSs is small in the most of collision energy range
except for the range of 0 eV-0.05 eV, while the deviation of
both rate constants is considerable in the temperature range of
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16 K-1000 K, which can be quantitatively illustrated by the
function of proportion Pr(T). In conclusion, the CC effect is
of great importance and can not be ignored for the title reac-
tion.
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