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We present model calculations for the inelastic cross sections of electron collisions with tetrahedral
molecules XH (X=C, Si, Ge when only the molecular “breathing” mode,, is being excited.

The collision energy range is well above the excited thresholds and up to 12 eV, where the adiabatic
approximation for the inelastit matrix is expected to hold. The results show the efficiency of the

t, shape resonance in enhancing the inelastic process and the appearance, in the two heavier targets,
of a furthera, resonance in the inelastic channels of both molecules. The corresponding excitation
rates are also computed together with estimates of the vibrational excitation functiorZ)01©
American Institute of Physics[DOI: 10.1063/1.1336567

I. INTRODUCTION of more direct interestand, at the same time, the computa-
tional development oéb initio methods for treating the ex-
Recent years have witnessed a marked increase of integitation of vibrational and electronic excitations of nonlinear,
est in understanding fairly complicated, multicomponent mopolyatomic targets is still in its infancy.
lecular mixtures evolving under strongly nonequilibrium |n the present study we are interested in the development
conditions, which are in turn created by the action of electri-of nonempirical models that describe the electron—molecule
cal fields, laser fields, and shock wavésin all the above- interactions and the coupling between the kinetic energy of
mentioned cases the often numerous molecular specig@fe impinging electron and one of the target vibrational
which are composing the gaseous mixture become energethodes. This exploratory study will deal with the simplest of
cally excited up to several levels of their vibrational |adder,them, i.e., the tota"y Symmetric breathing mode of tetrahe-
be it within their ground electronic states or in one of theirdra| molecules. We intend to show that, under the physica|
eIeCtronicaIIy excited statés.'l'he necessary efforts have conditions where the mode”ng is app|icab|e’ the present ap-
been fueled by the clear technological interest in such studhroach provides a strong reduction of the computational time
ies, which have been directed to the development of specifighile yielding rather reasonable values for the state-to-state
particle beams, of selected molecular lasers, and to designingoss sections and/or the rates.
low-temperature multicomponent molecular plasmas for  The work is organized as follows. Section Il briefly de-
chemical vapor deposition technology. scribes the interaction forces and the scattering equations we
Electron collisions within the molecular mixtures are of- are using for treating the guantum electron—molecule dy_
ten responsible for creating such nonequilibrium environmamics. In Sec. Il we add the coupling with the nuclear
ments and yet knowledge of the distributions of themotion and describe the adiabatic simplification that we shall
excitation/deexcitation probabilitiesthe particle inelastic use here. Section |V describes our exp|orat0ry Computations
cross sectionsfor even the simpler polyatomic gases like for the cross sections of the three molecules we are examin-
CO,, H0, CHj, etc,, is still very scant despite the important ing, i.e., CH, SiH,, and GeH. Finally, Sec. V will present
role which such species have in making up the relevant mixgyur conclusions.
tures that often initiate the technological process.
The reasons for this marked lack of data of technologicah THE SCATTERING EQUATIONS
interest are both experimental and theoretical, in the sense
that the direct measurement of state-to-state excitation crogs Single center expansions
sections from electron—molecule scattering processes is Regonant and nonresonant low-energy scattering of elec-
fairly hard to carry out in the low-energy regimes which are,ns from polyatomic targets can be studied theoretically
(and computationallyat various levels of sophistication for
¥Electronic mail: fagiant@caspur.it the description of{i) the electronuclear structure of the tar-
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get molecule(ii) the interaction forces between the boundground statgat a given nuclear geometR. Introducing the
particles and the impinging electron, afiil) the dynamical assumption of having only a local" —molecule interaction
formulation of the quantum scattering equatiéns. one can further simplify Eq.3) by writing

Within an ab initio, parameter-free approach one could
start with the target nuclei being kept fixed at their equilib-% d>  1,(l;+1)
rium geometry and their motion during the scattering process—, .~ — 5,
could then be decoupled from the other variables. This sim*
plifying scheme goes under the name of the fixed nuclei
approximatiofi and it strongly reduces the dimensionality of = En: VR RTRI(r(R), 4
the coupled scattering equations for the dynamics. Further-
more, the targeN electrons bound in a specific molecular \ypere the indices, j, or n represent the “angular channel”

electronic statgwhich, for the present purpose, is taken as||h) and the potential coupling elements are given as
unchanged during the scatterjngan be described within a

near-Hartree—Fock, self-consistent figldCH approxima- VPE(r|R) = (XPA(F) [V (r[R)| XPA (7))
tion by using the single-determina(@D) description of the

N occupied molecular orbitaldMOs). In our implementation

of the scattering equations the occupied MOs of the targets
are again expanded on a set of symmetry-adapted angular
functions with their corresponding radial coefficients repre-  The numerical solutions of the coupled equatighwill
sented on a numerical grid!* In this approach, any arbi- produce the relevar-matrix elements, which will in turn
trary three-dimensional function describing a given electronyield the necessary expression for the elastatationally
either one of thé\ bound electrons or the scattering electron,summed differential cross sections, obtained for scattering
is expanded around a single cent8CE usually taken to be by randomly oriented molecules by averaging the scattering
the center of mass of the globall ¢ 1) electron molecular amplitudef (k-f|a,8,7) over all the angular valués.

structure

+ k2

. 2[Ry

= [[ o xpeci varlRxeH(h). )

Fp“(r,F|R)=% rHRA(r[R)XRA(T). (1)  B. Interaction forces

For a target which has a closed-shell electronic structure,

The above SCE representation refers to gltle element s in the present examples, witl.. doubly occupied orbit-
of the pth irreducible representatiofiR) of the point group  als ¢, , the potential can be written, for the case of electron
of the molecule at the nuclear geomeftyThe angular func-  scattering, as first given by its exact statExchange contri-
tions X{#(r) are symmetry adapted angular functions givenpytions
by proper combination of spherical harmoni¢g, (),

M nOCC
) I
XEHP)= 3 BB Yin(P) @  VedN=2 ot 23K, ®

y=1 |I’—Ry|

The quantum scattering equations then evaluate the urwhereJ; andK; are the usual local static potential and the
known radial coefficients of Eq.1) for the (N+1)th con- nonlocal exchange potential operators, respectively. The in-
tinuum electron scattered off the molecular target dexvy labels one of thé/ nuclei located at the coordinafg,

in the center-of-mass, moleculé@rody) frame of reference

d> 1(1+1) o (BF). Electron—molecule scattering cross sectidimsegral
dar2 2 +2(E-el) [TRUIR) and differential which are computed using thé-se poten-
tial of above usually only give some agreement with experi-
oD N mental data of elastic scattering at energies away from reso-
:2| ,hz,ﬁ, dr' Vi (. IR FRA( R, (3 nant features but turn out to be not at all realistic when used
for resonant scattering.
whereE is the collision energf =k?/2 ande,, is the elec- We have therefore employed a further correction that we
tronic eigenvalue for theth asymptotic state. Thpu indi- have already used for electron scattering from large poly-

ces now label the specifiath component of theth IR that  atomic nonlinear targets with a good degree of suctess.
belongs to theath electronic target statdinitial state In particular, we will try to show how the combined effects
coupled with the infinity of excited state IRs labeled collec-of simplifying the exchange interaction between the bound
tively by B. The coupled partial integrodifferential equations electrons and the continuum projectile via a modified semi-
(3) contain the kernel of the integral operatdr which is  classical (local) approach and of treating the correlation-
thus a sum of diagonal and nondiagonal terms that in prinpolarization forces using a global functional model can in-
ciple can fully describe the electron—molecule interactiondeed help us to deal with vibrationally inelastic collisions, at
during the collision. The zeroth-order treatment yields theleast for the present set of tetrahedral molecules, with a
exact-static-exchangéESE) representation of the electron— markedly reduced computational effort and with an accept-
molecule interaction for the chosen target statsually the able reduction of accuracy.
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C. Modeling the interaction fined before,VP“(r|R), and employing standard Green’s

the short-range dynamical correlation effects we have implecontinuum electron
mented a local, energy-independent model potentigl{(r) fPA(r|R)
for electron collisions which has already been discussed in'’
our earlier work®=1! Briefly, the V., model potential con- r
' P =5 any W (! Pl

tains a short-range correlation contributiof,,;, which is 5.JJ||(kr)+§n: Odr i (r,r)Vin(r'[R)TEA(r'[R),
smoothly connected to a long-range polarization contribu- (8
tion, Vo, both terms _belng §peC|f|c for _e!ectron projectile. where the integral on the right-hand side of E§) termi-
The short-range term is obtained by defining an average dy- LTS . . :

. . ; - nates atr’=r (integral equations with this property are
namical correlation energy of a single electron within thecalled Volterra equatiops
formalism of the Kohn and Sham variational orbitals repre- q

. . S The numerical implementation an ilization correc-
senting the bound electrons. The functional derivative of € numerical implementation and stabilization correc

such a quantity with respect to the S@Felectron density of t|ons'for th.e equatlon_szsglven by E() have beer;odlscqssed
. ) . ~__for diatomics befor& 2 and we have recently?° carried
the molecular target provides a density functional description

. . out its obvious generalization for polyatomic systems. Suf-
of the required short-range correlation teffor a general g POy Y

description of density functional theory methods see Parr anﬁCe it to say here that the combined use of a local form of
yang). The long-range part Of ocpis obtained by first con- exchange interactioflike the SMCE outlined befojewith

. o . : the integral formulation for the continuum solutions allows
structing a model polarization potential,,, which

. . ) 0 us to obtain the requireld-matrix elements for each selected
asymptotically agrees with the potential obtained from the . : X

S ST L nuclear geometry with a substantial reduction of the compu-
static dipole polarizability of the target in its ground elec-

. . : . : . tational time, a key element when dealing with vibrationally
tronic state. This corresponds to including the dipole term in . . : .

. . .. Inelastic scattering calculations, even for very large partial
the second-order perturbation expansion of the polarization .
potential wave expansions for Eq1).

The new, full interaction now corresponds 0 Carying e\ sRATIONAL EXCITATION DYNAMICS
out the scattering equations using the static-exchange-

correlation-polarizatiofSECP description of the electron— The crucial question when formulating a theoretical ap-
molecule interaction. proach to the study of low-energy inelastic vibrational exci-
In the present treatment of electron scattering from aation of polyatomic molecules by electron impact is how to
nonlinear, polyatomic molecule we further employed a sim-correctly include the effect of nuclear kinetic energy opera-
pler form of exchange interaction in order to further reducetors on the continuum wave functions for the scattered elec-
the computational complexity. Thus, we replaced the nonlotron. From the earlier studies which went beyond some sort
cal contributions in Eq(3) with a semiclassical approximate of weak-scattering approximatioitslearly reviewed in Ref.
model, already employed and discussed by us in our earli€t4) two types of approaches have been favored for diatomic
work (see, e.g., Refs. 15—],&vhich we called the semiclas- targets:(i) one possibility rigorously takes into account the
sical exchangdSMCE). It treats the bound-continuum ex- effects of the vibrational Hamiltonian by expanding thé (
change interaction more realistically than other simplified+ 1) electron-M-nuclei system in a complete set of eigen-
schemegsee, e.g., Ref. 18n the sense that the local mo- functions of that Hamiltoniahi 2" thereby carrying out the
mentum of the bound electrons is initially disregarded withvibrational close-coupling calculations, afid) another op-
respect to that of the impinging particle thereby leading totion is to approximate the above-mentioned effects by treat-
the neglect of the gradients of molecular orbitals with respecing the internuclear coordinates as a set of parameters on
to the gradient of the wave function for the projectitel’  which the scattering attributes will finally depeffi° This
Hence, the final expression of the exchange forcesapproach constitutes the foundation of the adiabatic nuclear
VMCE(r|k?) is given by an energy-dependent function of thevibration (ANV) approximation and effectively extends the
static interactiony;, and the target total electron density in conventional Born—Oppenheimé@O) theory of bound mo-

terms of its molecular orbitaléMOs), ¢4(r), lecular states within a given electronic state to the continuum
states of the whole electron—molecule system.
VS)I(\/IC r[k3) = HE-Vr)} ' The latter formulation is compqtationally less dgmanq-
ing than the former but, at least in the case of diatomic
1 N 2 targets’! and from our previous experience on a polyatomic
3 [E—Vg(r)]*+ 877821 los(DI?f molecule®? is known to introduce significant errors into the

vibrationally inelastic cross sections for scattering energies
(7) near and within a few eV above the relevant excitation

threshold, while turning out to be more realistic at higher

whereE is the asymptotic collision energg= k> and the collision energie$? As a result, very little experience has
index s runs over the occupied MOs of the targ¥t, is the  been gathered thus far on polyatomic targets’ vibrational ex-

static interaction with the target electronuclear structure.  citations by collision with electrons.

The coupled equatiofB8) can now be recast in an inte- If one therefore starts by first making the observation
gral form by using®?° the potential coupling elements de- that, at the collision energies of interest in most studies, the
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molecular rotations can be considered as slower than the 20
speed of the impinging electron, the rotational degrees of CH,
freedom can be eliminated from the scattering problem, .
which can then be formulated within a body-fixéBF) 15 L
frame of reference. In such an approximation, called the g 12~
fixed-nuclear-orientation(FNO) schemé*? the reduced = ’
system wave function depends on two sets of coordinates—.
only: the internal nuclear coordinates and the three coordi-
nates of the continuum electrom, (mentioned earligr
W¥(r,R,v0|E). The quantum number, collectively signifies
the initial vibrational population which gives the molecular
vibrational energy content by energy conservation as

E=3k} +Eo=3k,+E,. 9)

Cross section [10

Here k§0/2 andkﬁlz are the projectile kinetic energies in the ()

entrance and exit channels. If the zero energy is selected t¢ g
be the vibrational ground state of the molecule, then the en-
ergy lost by an electron during the excitation process, ,

is equal toE, .

If one now imposes further the continuum BO approxi- <
mation onW(r,R,vg|Ey), then one obtains the ANV ap- .°
proximation and the corresponding asymptotic behavior of g
the solutions is obtained by choosing the BF energy to be the §
incident kinetic energy of the projectilék?,: Ey. One then
applies the(rea) K-matrix boundary conditions for each set
of |R| coordinates within each IR that contributes to the
scattering®>3®

CH,

10 |

Present results
o Lohmann et al (1986)

Cross secti

1 ° a o
Upo (1R =i (Kor ) 8 + KEE(R)My (Kor ), (10) o , . ‘ .
R R S o 0 4 8 12 16 20
where j and n are Riccati-Bessel and Riccati—-Neuman (b) Energy [eV]

functions®” The T matrix can then be obtained from the
above-mentione® matrix by Writing (we disregard the ex- FIG. 1. Computed integral elastic cross sectigmsationally summegdus-

e . . . ing the SECP interaction modeling described in the main text. Top panel:
plicit indication of theR dependence to simplify notatipn Partial contributions from four different irreducible representations for the

T= K(l—iK)_l. (11) CH, target. Lower panel: Total computed values and experiments from
- T - Ref. 39.

The approximate FNO—-ANV transition matrices can

then be obtained by numerical quadratures over the relevartwtt. I Hint | i f the |
nuclear coordinates ationally summegintegral cross sections from the low en-

ergy regions of the Ramsauer—Townsé&Rd) minima to the
nglo,vl:<X|T|O,|(R)|XVO>R' (120  broad resonance features at higher energies.
) ] ) ] In Fig. 1 we show, as an example, the computational
Whe_re they's are the V|brat!0nal wave functions for the vi- results for the CH molecule compared with experiments.
brational mode under consideration. o The target electronic wave function was described by a SD,
~ In the present exploratory study we will limit our analy- hear HF expansion which employed 1.082 A as the equilib-
sis to the treatment of the totally symmetric breathing modes;;m bond distance and the D9%asis set expansion. We
of some tetrahedral molecular targets. used a dipole polarizability value of 17&5. The total elec-
tronic energy was found to be 6f40.201 hartrees. The par-
tial wave expansion of the potential was carried out up to
IV. COMPUTED INTEGRAL CROSS SECTIONS Amax= 36 and the continuum electron partial waves went up
to A ma=36. These expansion values led to 20 coupled equa-
tions in theA; IR, 50 equations ifT,, and 30 in theE IR,
As we discussed in the previous sections, the implemenrespectively.
tation of our model treatment of the electron—molecule in-  The top panel in Fig. 1 shows the energy dependence of
teraction within the quantum coupled equations which dethe various IRs which contribute to the total elastic cross
scribe the electron scattering process strongly reduces tteections and they all exhibit the expected behavior, as was
computational effort but should be tested for its reliability in already found in earlier calculations on methane using the
describing the relevant physics. In the following we will exact exchange interactidfi{(i) the broad resonance feature
therefore show that the SCME potential and the CP potentidbefore about 10 eV is mainly due to thesymmetry of the
models are able to reproduce reasonably well the elastic  continuum electron(ii) the totally symmetri@,; component

A. The elastic scattering results
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is responsible for the low energy RT minimum feature; and 60
(iii ) both thee andt, partial symmetries contribute the least SiH,
to the size of the total elastic cross sections.

The bottom panel in Fig. 1 shows a direct comparison,
on the same absolute scale, between our computed total elas¢ | ;
tic cross sections and the experimental values for the same.”
observablé® One clearly sees that the present calculations '
follow very closely the experimental points and that the elas-
tic cross sections are reproduced well by the model interac-
tions we employ in this study. The computational effort for
solving the coupled equations at one energydibrthe con- S
tributing irreps was only of 200 s on a medium-size work- / = Tomee ]
station. //, - T1

Similar calculations were also carried out for the silane 0 Lotz
and the germane molecules to further test the reliability of
our modelistic approach.

The basis set expansion for the target molecular orbitals 80
(MOs) was at the D95 level, with a Si—H bond distance of
1.478a, and a total electronic energy 6f291.225 hartrees.

The potential multipolar expansion went up Q.= 40, 60 |-
which led to 24 coupled equations for the, 60 for thet,,
and 37 for thd components, respectively. Tlg value em-

20

Cross section [10

o
s
o
-
]

(a) Energy [eV]

SiH,

cmz]

-16

ployed was 30.43. %40 |
For the GeH molecule we employed a 6-311GdA.0f) 2
basis set expansion, with a Ge—H bond distance of 1.523 A s ° Wan et al. (1989)
and a total electronic energy of2007.606 hartrees. The & & Sueoka et al. (1994)
O 20 a Szmytkowski et al. (1997)

potential expansion went up %,,,,=50, which led to 35
coupled equations for thee;, 56 for theE, and 91 for theT,
irreps. Thea, value employed was 34 43.

The results of the present calculations, in the same fash- 0 oo 7 8 1o
ion as those shown in Fig. 1, are now given in Fig. 2 for the (b) Energy [eV]
silane target and in Fig. 3 for the germane case.

We see in Figs. 2 and 3 that the agreement for the, SjHFIG. 2. Same as in Fig. 1 but for the silane molecular targets. The experi-

. . . mental data are from Refs. 41-43.

calculation is nearly as good as that found for Ctthile the
computed results for GeHurn out to have the same shape
as the experiments but yield integral cross sections which argnpealing computational simplicity of the present SMCE-CP
about 20% larger than the measurements, with the 'argeﬁﬁodeling of the interaction forces.
differences being below 4 eV of enertfy. Because of this marked reduction of the computational

The experimental data for the latter molecule are, howstort when using the present model of exchange—correlation
ever, much fewer and therefore, in contrast with the bettefoces, it seems reasonable to now extend it to the treatment
known situations of Ciland SiH, the comparison with our o yiprationally inelastic processes.
calculations could not be carried out as extensively as in the
other two examples. Specifically, our earlier calculatfofis
on the elastic differential cross sections for Gak$ed the
model treatment of exchange forces and found very good As discussed in the earlier sections, the ANV approach
agreement in the comparison between computed and mets the evaluation of vibrational inelasticity by electron im-
sured angular distributions. Thus, we feel that the use opact requires the solution of the scattering problem over a
model exchange treatment for integral cross sections wouldroad range of nuclear coordinates and the corresponding
require a more extensive comparison with other experimentquadrature of the-matrix values over the initial and final
before being declared not realistic for the germane systenvibrational wave functiongsee Eq(12)]. In the present, ex-
On the whole, however, we see that our modeling of theploratory calculations we have considered first the totally
interaction forces is providing here an acceptable descriptiosymmetric breathing modes of each tetrahedral molecule,
of the elastic scattering for the three molecules examined. since this vibration usually requires a large amount of energy

The computed cross sections for the elastic integral crossansfer by electron impact. We have already seen for the
sections of all of them are reported, for completeness, irtase of the Chitargef? that the four normal-mode excitation
Table | at the collision energies of the present study. Allcross sections are comparable with each other in size and that
results are considered to be converged within 5%. Each erour earlier computed values compared well with experimen-
ergy calculation required around 100 s on a Digital workstatal findings®® Furthermore, our more recent study on the
tion with a single processor, thus underlining once more theANV approach for all four normal modes of GHRef. 47

Present results

B. The vibrationally inelastic cross sections
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4.0 8.0
Energy [eV]

experiments are from Ref. 44.

12.0

Cascella et al.

TABLE II. Computed energy spacings between the bound vibrational levels
of the v;-mode vibrations for the target molecules. The harmonic oscillator

values are shown at the bottoll values are in cm?).

CH,

SiH,

GeH,

3125.95
6230.61
9313.58
3104.66
3147.39

A€y,
A€y,
A€gz
A€y,
A €harmonic

2314.88
4615.59
6902.54
2300.71
2328.62

2267.24
4519.32
6755.59
2252.08
2283.20

potential energy curves were interpolated numerically and
employed to numerically generate the quantum vibrational
wave functions for the first four vibrational levels of the
three molecules. The energy separations between the bound
states are shown in Table Il. The numerical quadrature of Eq.
(12) was carried out to convergence down to less than 1%
variations. Figures 4 and 5 report our calculations for the
(0—1) inelastic cross sections compared for £HiH,, and
GeH, over the range of collision energy discussed before.
The contributions from the various symmetry components
are also shown for each target molecule. The following com-

ments could be readily made.

(i) The resonance supported by thecomponent con-
tributes the most to the vibrationally inelastic process in all
molecules, in agreement with the relevant physics of the ex-

citation.

(i) The totally symmetrica; component provides siz-

able contributions to the inelastic process beyond the main
resonance region and, for silane and germane, suggests that a

elastic channel.

Second, higher-energy resonant feature can exist in this in-

(iii) As expected, the two other symmetry components to

employed both the exact exchange and the present SMCee continuum electrore andt,, yield negligible contribu-
model and found between them differences in size of ndions to the excitation mode of the .

more than 20% and an improved accord with the existing  (iv) All ANV cross sections do not correctly vanish at
threshold because of the energy mismatch inherent to the

experiments. Thus, to start with tlig-mode excitation could

also provide realistic estimates of the total excitation crossnethod. Hence, as already discussed before, we cannot use

sections for the other two tetrahedral molecules we are

studying here. The calculations were carried out over a range

of 15 values of the internuclear distances, going frem, 0.20
=0.9 A to Ry,,=1.35 A for CH,, from 1.25 to 1.75 A for '
SiH,, and from 1.30 to 1.80 A for GeH The corresponding CH,
_odsp Vo
TABLE |. Elastic scattering. Integral cross sectigh?). “g
E (eV) CH, SiH, GeH, e
g 0.10

1.00 1.231 11.166 8.330 S

2.00 —5.165 48.372 44.805 §

3.00 9.828 69.552 66.620 8

4.00 14.537 65.293 64.127 O 0.05

5.00 18.870 60.326 60.359

6.00 22.322 56.530 58.374

7.00 24.602 53.629 55.206 e : ‘ ‘

8.00 25.769 51.152 52.492 0005 5.0 100 15.0 20,0

9.00 26.095 48.702 49.687 Energy [eV]

10.00 25.880 46.223 47.018

11.00 25.349 43.856 44,564 FIG. 4. Vibrationally inelastic cross sections for ttte—1) excitation of the

12.00 24.657 41.670 42.325 v, mode of CH. The partial contributions from two IRs and the total cross

section are shown.
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Electron-impact vibrational excitation
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FIG. 5. Same as in Fig. 4 but for the Silholecule(top panel and for the ~ FIG. 6. “Hot” band excitation cross sectioftop panel and multiple quan-
GeH, molecule(lower panel. tum excitations(lower panels for the CH, molecule. The partial contribu-

tions shown refer to thg, IR (dashed lines to thea,; IR (dotted line, and
to thee IR (long dashes

computed values below about 2.0 é&e our earlier tests in

Ref. 32. panels theAn=3 excitation cross sections are also shown.
(v) The scattering process yields fairly small cross secHere again the following comments could be made.

tions for all systems, although it markedly increases when (i) The excitations of “hot” molecules turn out to occur
going from CH, (~0.15x10 ¢ cn?) to SiH, (~0.40  with larger probabilities than the excitations of molecules in
X101 cm?) to GeH, (~0.9x10 !¢ cn?) at the reso- their n=0 initial vibrational state. We see, in fact, that the
nances. corresponding cross sections of methane, silane, and ger-
Given the limited decrease of the energy spacings frommane for the (3-2) excitations are about 50% larger than
methane to germansee Table ), these results are in keep- their counterparts for théd—1) excitations. This result is in
ing with physical expectations and suggest that the electrokeeping with what was found to occur for,ldnd N, excita-
collision excitation mechanisms require the coupling withtion by electron impact-3
the bound electrons as the chief driving force. Hence, the (ii) The multiple excitation cross sections shown in the
larger number of such electrons in going from £id GeH, lower panelgand in the insejsof Figs. 5—7 clearly indicate
causes stronger couplings and more efficient dynamical dighat their corresponding probability is markedly reduced by
tortions of the target molecules. one or more orders of magnitude: the weak coupling induced
In the excitation processes that play an important roléby the potential is not able to overcome the strong orthogo-
when modeling molecular plasmas the presence of “hot’nality between vibrational functions that therefore reduces
molecules and of multiple quantum excitations has beerthe size of the integral in Eq14).
found to be significant in simpler diatomics like,HN,, and (i) The additionala;-type resonant enhancement, seen
0,.2*8 |t therefore becomes of interest to see what would ben the inelastic channels for then=1 excitations from the
the role of such inelastic processes in the present case. Fig=0 initial states, persists in the case of excitation from
ures 5—7 therefore report the behavior of the inelastic provibrationally hot targets and becomes even more important
cesses fronm=1 (top panelsand that of the multiple quan- for the multiple quantum excitations. We see, in fact, from
tum transitions(lower panelg In the insets of the lower the insets that th&n=3 excitations show larger contribu-
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0.8 w TABLE lIl. CH,, vibrational excitation ¢;). Integral cross sectiotd?).
SiH, E (eV) 0o-1 002 003 012
06 ! 0.4 0.036 0.0855
9z 0.6 0.023 e e 0.0537
o 0.8 0.017 0.0002 e 0.0405
=] 1.0 0.015 0.0002 e 0.0344
£ 04 2.0 0.016 0.0001 5(7-05) 0.0352
5 3.0 0.029 0.0001 5(6-05) 0.0625
@ 4.0 0.055 0.0003 8(6-05) 0.1177
g 5.0 0.087 0.0008 1.4504) 0.1861
© 02 6.0 0.114 0.0015 1(6-04) 0.2374
7.0 0.126 0.0023 7(6-05) 0.2564
8.0 0.125 0.0029 6(2-05) 0.2497
e ‘ 9.0 0.116 0.0030 6(3-05) 0.2305
00,0 20 8.0 12.0 10.0 0.105 0.0030 7(6-05) 0.2082
(@) Energy [eV] 11.0 0.095 0.0028 7(8-05) 0.1876
12.0 0.087 0.0026 8(3-05) 0.1704
0.03 —— i 13.0 0.080 0.0024 8(6-05) 0.1563
SiH, ' ' 14.0 0.074 0.0023 8(7-05) 0.1446
20e-03 | . 15.0 0.070 0.0021 8(705) 0.1345
Vo .~ 16.0 0.066 0.0020 8(705) 0.1254
— 1.0e-03 | A 17.0 0.062 0.0020 8(6-05) 0.1168
§ 002 0.06400 18.0 0.058 0.0019 8(5-05) 0.1084
5 0 19.0 0.054 0.0018 8(3-05) 0.1003
= 20.0 0.5 0.0017 8(1-05) 0.0924
(=]
2 001}
o
[&]
a quantity given in units of meV over the range of considered
collision energiegFig. 9).
0.00 The results are shown in the upper panel of Fig. 9 and
b 0.0 : we clearly see there the effects of the different resonant fea-
®) Energy [eV] tures exhibited by corresponding cross sections.
FIG. 7. Same as in Fig. 6 but for the target molecule Sidl the symbols (i) In the energy range from 2.0 to about 6.0 eV the
used have the same meaning as before. resonant cross sections of the germane system provide the

largest energy transfer values since both,@Hd SiH, be-
_ o come more efficient only at the higher collision energies.
tions from this higher-energy resonance than fromtshgpe (i) The methane molecule shows the smallest efficiency

of resonance. - _ . in the low energy range since its resonant behavior begins to
To be more SpeCIfIC, we f|na”y I’eport in Tables Ill and p|ay a role On|y from 8 eV and beyond_

IV all the present ComputEd values for all the excitation cross (|||) At the h|gher collision energies the energy exam-

sections considered. ined, transfer values for the methane target are the largest for
In conclusion, we have seen for all three systems that thghe three systems, with Sithnd GeH becoming similar to
dominant contribution to thev; excitation comes from each othefand much smaller than CMHbeyond 8 eV.
single-quantum energy transfers and that an initially in-  The numerical values of the computAdE of Fig. 9 are
creased population of higher vibrational levels in the targeteported in Table V.
molecule enhances the probability of transferring energy by — Another quantity of interest in this context is the colli-
electron impact. We will therefore analyze a bit more insjonal heating function, CHF, which is defined as the ratio
detail in Sec. IV C the actual behavior of some indicators ofpetween a chosen inelastic process and the overall flux into
collisional excitation eff|C|ency that could be obtained from the (e|astic+ine|asti(> Channe|§_9 In the case of the vibra-

the computed state-to-state cross sections. tional excitation of thev; mode only, its definition becomes

C. Excitation efficiency and excitation rates CHF(T,n)zf CHHE,n)f(E, T)dE (14)

One of the simplest quantities to evaluate from the in-
elastic cross sections is the average energy transfét),,
from the initial vibrational leveh=0, usually considered the S o
dominantly populated level in the low-temperature molecular CHFE,n)= L Gl )}

and

o ! (15)
plasmas: Zn=0 T(0-nlE)
S* oomAe where f(E,T) is a Boltzmann energy distribution function
<AE>OZM' (13)  for the beam of impinging electrons and a given number

Zh-0 O(0—n) density,d, of the molecule in units of mol ci.
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TABLE IV. (a) SiH,, vibrational excitation ¢,). Integral cross section 2.0 :
(R?). (b) GeH,, vibrational excitation ¢,). Integral cross sectioA?).
E (eV) 0o1 002 003 012
@ 0.30 0.0508 0.109 z

0.50 0.035 0.074 e

0.75 0.031 0.0007 0.067 =)
1.00 0.402 0.0011 0.0003 0.084 <
2.00 0.3544 0.0117 0.0002 0.660 B

3.00 0.3816 0.0247 0.0006 0.644 @

4.00 0.2047 0.0136 0.0004 0.374 S

5.00 0.1744 0.0101 0.0006 0.339 ©
6.00 0.2102 0.0118 0.0013 0.387
7.00 0.2454 0.0148 0.0019 0.409

8.00 0.2370 0.0154 0.0020 0.377
9.00 0.1934 0.0130 0.0016 0.314

10.00 0.1441 0.0097 0.0010 0.245 Energy [eV]
11.00 0.1050 0.0068 0.0006 0.188

12.00 0.0785 0.0047 0.0004 0.146 0.04 ‘ 50-03

(b) 0.30 0.751 e e 1.746 GeH,

0.50 0.378 0.883 Vo fe0s
0.75 0.238 0.0111 0.556 0.03 | 2603 |-
1.00 0.205 0.0082 0.0006 0.474 -
2.00 0.809 0.0255 0.0037 1665 6 08400 oo
3.00 0.875 0.0228 0.0028 1.631 s -
4.00 0.555 0.0163 0.0023 1.056 = 0.02
5.00 0.476 0.0216 0.0041 0.846 2  Total
6.00 0.445 0.0252 0.0051 0.746 8
7.00 0.360 0.0215 0.0039 0.563 2 ; | At
8.00 0.252 0.0143 0.0021 0.414 S o001t
9.00 0.167 0.0085 0.0010 0.293

10.00 0.114 0.0052 0.0005 0.202 -

11.00 0.083 0.0030 0.0003 0.155 /

12.00 0.065 0.0020 0.0002 0.127 000,75 40

Electron-impact vibrational excitation 1997

Energy [eV]

FIG. 8. Same as in Figs. 6 and 7 but for the target molecule,G8ek their

The temperature dependence of such quantities for theaptions for the meaning of symbols.

v, mode of each molecule is shown in the lower two panels
of Fig. 9, where on the left-hand side we report the range of
values from 1000 to 4000 K and on the right-hand side the

values from 4000 to 10 000 K. In all cases we consider exyherekg is the Boltzmann constant andthe electron rela-
citation from then=0 level only. The germane gas clearly tive velocity in the gas. Herel is the molecular number
shows the largest excitation function which becomes evegensity.
more so in the higher interval of temperature. All values are,  The computed values for the three systems studied here
however, fairly small and become significant for an electrongre presented in Figs. &), 10(b), and 10c) for the excita-
“heating” of the ambient gas only above about 5000 K. As tion rates from the=0 level, the most probable of the mo-
expected, the CiHmolecule exhibits the smallest efficiency, |ecular states being populated at the temperatures of interest.
due both to its vibrational force constant being the largest ofye should also note here again that, although the range of
them all(see Table lland to its smaller dipole polarizability. peing shown is that of interest in the plasma deposition
One should keep in mind, however, that the energies oprocesses,the corresponding electron impact energies are
the electrons at the above-mentioned temperatures are belaw| pelow the expected range of full validity of the ANV
the region where the ANV is expected to be valid and thereredyction. Hence, the absolute level of reliability of these
fore it is difficult to assess here the level of reliability for esyits is hard to evaluate.
such quantities. Itis, on the other hand, still useful to analyze (i) All rates, as expected, are remarkably small and in-
each behavior relative to the other for the three systems. yariably show the ones associated with tha=1 excita-
The next global quantities of interest are the individual,tions to be the largest.
state-to-state, excitation rates, this time as a function of the (jj) The size of the rates clearly increases from methane

ambient gas temperature [Fig. 10a)] to germandFig. 10c)] although they all tend to
3/2 essentially the same high- limiting values of
~10% cm*s L.
(iii) All the multiple excitation processes are much
smaller and remain so even at their highest “saturation”
(16)  temperatures shown. There one sees thatMhe 2 excita-
tions are more than one order of magnitude smaller than

Koo (T)=dm| ——
n—n( (2kaT

o 2
v
de Onon’ ex;{ — )vsdv,
0 ZkBT
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FIG. 9. Computed average energy transfensper panelas a function of 7501000 40'00 70‘00 10000

collision energy for the three molecules discussed in this work. The lower ()
panels show, over two different ranges of temperature, the behavior of the
computed collisional heating efficiency, CHF, defined in the main text. 107%

An=1 and theAn=3 excitations are about three orders of
magnitude smaller.

V. PRESENT CONCLUSIONS T

feasibility of modeling via nonempirical approximations the
vibrational excitation cross sections by collision with elec-
trons of three tetrahedral molecules.

In particular, we have tried to show that the combined
use of simplified interaction potentials and adiabatic dynam- 10
ics is capable of providing a rather realistic description of (g
electron scattering total elastic cross sectidimsegra) at

3
£
7]
In the present work we have explored the computational &
=
X

GeH,

1000

4000
TIK]

7000

10000

TABLE V. Computed average energy transfer valGegV).

E (eV) CH, SiH, GeH,
2.0 1.261 2.299 5.366
3.0 1.171 1.775 3.871
4.0 1.475 1.021 2.584
5.0 1.820 0.932 2.458
6.0 2.029 1.202 2.441
7.0 2.057 1.495 2.098
8.0 1.962 1.528 1.480
9.0 1.815 1.316 1.059

10.0 1.666 1.032 0.752
11.0 1.539 0.788 0.568
12.0 1.442 0.613 0.466

FIG. 10. Computed state-to-state excitation rates for the, GGiH,, and
GeH, molecules as a function of temperature. The rates showa) icorre-
spond toAn=1, 2, and 3 excitations from the=0 initial level of thev,
mode of methane. The results shown(lm refer to the calculations for the
SiH, molecule.(c) The same calculations for the Gghholecule.

low collision energies with considerable savings of compu-
tational time. For the excitation processes, however, the only
possible comparison, given the scant experimental data, has
been for the case of CHwhere the ANV and the off-shell
results already reported in our earlier wifrwere compared
with the same experiment8.The more approximate ANV
dynamical coupling was found to be rather realistic, when
compared with off-shell results, above about 2 eV of electron
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collision energy. We have also found that exact exchangae would still be able to employ this modeling for a more
and SMCE exchange vyielded cross sections for all foudetailed analysis of the interplay between structural proper-
modes at most about 20% smaller for the latter than for théies of a given molecular target gas and the dynamics of its
former. Because of the large errors on the experimental datégteraction with electron beams of energy well above the
however, both calculations fitted well the existing d¥ta. vibrational thresholds, thereby providing further possible
The present study, albeit still preliminary, allows us to comparisons with experiments on other systems.
make the following comments.
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