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Abstract. Therole of metastable argon atoms and secondary el ectrons produced in |ow-pressure Ar-silane mixture under
electron-beam activation is studied theoretically. The model includes consideration of the energy degradation of primary
beam-electrons and production of fast secondary electrons. The influence of high-energy primary and secondary electrons
on the direct ionization of gas mixture, formation of argon metastable atoms, and dissociation of silane molecules is
analyzed for awide range of electron beam energy, argon pressure, and silane concentration. The influence of metastable
Ar,, on the dissociation of SiH, is studied on the basis of balance equation for metastable argon atoms, and ambipolar
equations for ions and | ow-energy E-beam plasma el ectrons.
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1. INTRODUCTION

Silane-argon mixtures have been intensvey studied due to the importance of silane (SiH,4) in microeectronics
and semiconductor industry [1]. Different methods of plasma chemical vapor deposition from discharges are used
for production of amorphous silicon thin films. In the last decade, the method of electron-beam assisted deposition
of silicon thin films from supersonic gas jets containing argon with silane addition is intensively used [2-4]. This
method has some attractive features compared to conventional plasma enhanced chemical vapor deposition
(PECVD) methods. In discharge plasma, the eectron digtribution function (EDF) for energies higher than the
threshold of silane dissociation decreases very rapidly with the increase of energy. In contrast, in E-beam plasma
EDF is formed due to degradation of secondary electrons produced by primary electrons under gas ionization, it
decreases gradually with the increase of energy, and produces a more effective excitation and dissociation of silane
molecules than in discharge plasma.

In different types of argon-silane discharges, argon is not simply a buffer gas but has an important influence on
the dissociation rate in PECVD of amorphous silicon films due to the influence of metastable atoms [5-6]. Since
metastable atoms are already in an excited state, it takes only a small amount of additiona energy, typicaly a few
eV, to ionize them (4.1 eV in the case of metastable argon). Moreover, collisions of metastable argon atoms with
SiH, in argon-silane discharges cause dissociation of silane molecules with largerate constant [7].

Electron-beam plasma was studied with the help of Monte Carlo method [4,8]. Spatia-dependent aspects of
electron degradation were considered. However, in these papers the role of metastable argon atoms was not studied.
The aim of this work is to develop a comprehensive model of electron-beam activation of argon-slane mixtures on
the basis of Boltzmann eguation. The presented modd includes the consideration of spatia-energy distribution
functions of primary and secondary electrons, formation of metastable argon atoms, and their influence on
dissociation of silane molecules diluted in argon.

2. DISTRIBUTION FUNCTION OF PRIMARY AND SECONDARY ELECTRONS

We will consider beam electrons moving initially in z-direction in the Ar-SiH, mixture (N4, is the density of
argon and Ngjn4 is the density of silane addition). The energy losses for primary beam electrons can be considered in
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one-dimensiona approach for the highly anisotropic distribution function of primary electrons depending on the
length of penetration z In a small-angle-scattering approximation, distribution function was obtained from the
Boltzmann equation as described in [9] in more details. High-energy secondary electrons play an important role due
to specific energy dependencies of cross sections for the excitation of argon and silane by an eectron impact.
Distribution functions of high-energy secondary electrons can be determined on the basis of kinetic model presented
in [9] and modified for the case of Ar-SiH4 mixture.

Theintegral Boltzmann equation for isotropic part of distribution function f (F ,€) in the Ar-SiH, mixture will be

written in the form:
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where v=(Ar, SiH,), ¢%(€) is cross sectlon for excitation of | level of atom (molecule) of y-sort by an eectron
impact, €'} isthe excitation threshold (energy loss) in this process, ¢'; (€) is the cross section of ionization by eectron
with energy e, |, is the ionization potential of molecule of y-sort; q,(E,e) is the spectrum of generation of secondary
electron with energy ¢ in the ionization of y-molecule by primary eectron with energy E; c(r)=ny(r)/ ny(0) is the
dimensionless function of primary electron beam profile, ny(0) is a characteristic number density of primary
electrons on the beam axis, a=Ngboy, b is the characteristic radius of electron beam; Ng=(Na+Nsa) is the density of
the mixture, Car=Nar/(NartNsna) and Ceipa=Ngina/(NartNsipa) arethe relative concentrations of Ar and SiH,.

Cross sections for energy excitation were taken from [10] for argon and from [11,12] for silane. Energy spectrum of
secondary electrons produced in ionizing collisions was assigned as Lorenzian curve:
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where ég » (0.8-1.0)l, (for argon, €, » 12.5eV, for S|Iane ST 9.3 eV) and &ar(€) and & 54(€) are defined as
Eal©)=0{""(&)/[Car 6/'(€)+Csa 6'(8)], & sa(€)=Cari™ " (€)/[Carci"'(€)+Caiaci™ (€], ©)
The digribution function of secondary electrons in equation (1) isnormalized as follows
s (E)VE Q' f.(1,e)/ede=n,(F)/n,. (4)
Then the excitation rate of j-th molecular state will be equal to
F(N)/FP(0) = QE t(f,0)s  (e)de, (5)

where F"(0) = N, (0)v,s, (E,) istheionization rate by the primary electrons on beam axis.
With the help of Fourier-Bessel transformation f (t,e) can be presented in the form:
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where G(|F - F(|,e) is the Green’s function of the initial Boltzmann equation. The function p(v,€) is the Fourier-
Bessel image or a“spectral function” of the distribution function f (f,e) and must be determined from the equation
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The expression (6) with the Green’sfunctlon represents “exact” solution of the Boltzmann integral equation (1)
and p(v,e) isuniversal function for the given kind of gas-mixture.

In Fig.1 the dependence of the function p(v=0,€) for secondary electrons is presented for different concentration
of monasilane in argon. This function is equal to energy distribution function for secondary el ectrons averaged over
radial direction. It is seen that the increase of silane concentration leads to reduction of secondary eectron
distribution function, especially in low-energy region. It is an obvious consequence of molecular addition to rare gas.
In low-energy region, energy losses in molecular gases are higher than in noble gases due to dissociation and
excitation of vibrational states.
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FIGURE 1. The function p(v=0,€) for secondary electrons for different concentration of monosilanein argon.

FIGURE 2. Radia distribution of frequencies of tota ionization by secondary electronsin 1%SH ;+#99%Ar mixture at total gas
density Ng=k-10"°cm®: (- -- -+ -, k=1), solid line (k=10), dashed line (k=0.1); neutral dissociation of SiH, (-m-m-m-, k=1); Ar
metastable production (- A - A - A -, k=1). Electron beam energy is 1 keV, beam current is 1 mA.

In Fig.2, theradial distribution of frequencies of total ionization, neutral dissociation of SiH 4, and Ar metastable
production by secondary éectrons in 1%SH,+99%Ar mixture are presented. It is seen that in E-beam plasma at
total gas densty Ng=1-10"°cm’®, dissociation frequency is higher than ionization frequency and the frequency of
metastable argon atoms production. It should be stressed that in alow-temperature plasma of glow or RF discharges
the rate of metastable argon atoms production is usually higher than ionization rate from the ground state of argon by
direct electron impact.
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FIGURE 3. The frequency of SiH, dissociation by an electron impact depending on the dimensi onless penetration length zN 4o,
for different additions of Ar: dashed lines — contribution of secondary electrons, solid lines — contribution of primary electrons.
FIGURE 4. The dependence of frequency of SiH4 dissociation on the gas pressure for z=1 cm.

With the help of developed models for primary and high-energy secondary electrons, al e ectron-gas excitation rates can be
obtained. In Fig.3, the dependence of dissociation frequency on the penetration length ZNgo is presented for constant density of
SiH, with different additions of argon. It is seen that neutra dissociation by primary electrons is dmost equal for different argon
pressures, while dissociation by secondary electrons is increasing with the increase of argon pressure. It reflects the fact that the
spectral function p(v,e) for secondary eectrons is higher for small concentrations of silane in Ar-SiH, mixture,
especially in alow-energy region, see Fig.1. The dependence of total frequency of SiH, neutral dissociation by an



electron impact on the gas pressure for z=1 cm is presented. It should be stressed that almost al increase of neutral
dissociation rate of silane at constant density is provided by secondary eectrons only.

3. BALANCE EQUATIONS FOR METASTABLE ARGON, LOW-ENERGY
SECONDARY ELECTRONSAND DISSOCIATION OF SILANE

Metastable levels of atoms serve as important intermediate states in many low-temperature plasmas. Argon
atoms have two metastable levels lying closely to each other ((3p°4s)*P; and (3p°4s)°P, levels), at 11.55 and 11.72
eV above the ground state respectively. (Lifetimes of these levels are 38 and >1.3 s). The *P, level is populated by a
fraction of 10-20% of the 3P, level. Two resonant levels (3p°4s)°P, and (3p°4s)'P; are lying closely to the metastable
levels at 11.62 and 11.83 €V, with lifetimes equal to 8.4 and 2.0 ns respectively. These levels can decay to the
ground state by emission of radiation. However, due to reabsorption, these emissions are trapped in gas, and due to
collisions, al these four levels are closaly coupled with each other and can have a rather long effective common
(collective) lifetime [5].

Thresholds of SiH, dissociative ionization and neutral dissociation are 11.6 and 8.4 €V, respectively. It means
that collisions between argon metastable states and SiH, molecules can cause dissociative process of silane with
high rate constants [6,7].

For determination of metastable argon atoms concentration and their influence on silane dissociation in argon-
silane E-beam plasma, a fluid model for Ar,, and slow € ectrons was developed. The main processes in argon-silane

plasmaarelisted in Table 1. Rate constants were taken from [7,13-16].

TABLE 1. Production and 10ss processes in argon-silane mixture under E-beam activation.

Processes Name of process Rate coefficients

1,2 | Arte—Ar'+e Electron-impact excitation by fast Boltzmann equation

electrons

3 Art+e.—Ar™+hy Radi ative recombination Ka=1-10""cm’s'[13]

4 Ar're—Ar+2e Electron-impact ionization [14]

5 Ar'te—Ar+e Super-elastic collisions [10]

6 Ar™+Ar"SAr'+Ar+e Pooling ionization Kpoo=6.4-10"cm’s [13]

7 Ar™+Ar—Ar+Ar Two-body collision K,5=2.3-10""cm’s'[13]

8 Ar"+2Ar—Ar, +Ar Three-body collision ksg=1.4-10%cm°s'[13]

9 Diffusion of Ar™ to the wall Da"=54 cm?s™ [13]

10 | Ar'+2Ar—Ar, +Ar lon’s conversion [16]

11 | Ar,"+e—2Ar Di'ssociative recombination 9.1-107-(300/ T(K))***

cm’s'[15]

12 | Ar'+SH,—Ar+SiH;" Argon ions — silane reactions 0.17-10Pcm’s®

—SiH,"+2H 0.39-10"%cm’s*
—SiH"+H+H, 0.810%%cm’s* [7]
—S"+2H+H,
13 | Ar(°P)+SiH;—Ar+SiH,"+2H Silane— Ar metastables reactions | kq,=4.8-10"%cm’s™; 94.7%
Ar(Po)+SiHs;—Ar+SiH +H+H, 5.810%m3sY;  4.9%
—Ar+Si+2H+H, 0.4% 7]
14 | SiH;+e—SiH; +H+ertes Dissociative ionization [7]
—SiH, +2H+e+e;
—SiH+H+H,+erte,

15 | SiHs+6—SiHz+H+e Dissociation into neutral Branching ratio=17%; 36%
—SiH+2H+e fragments ~83%; 43%
—SiH+H+H+e& =~ 0%; 12%
SSi+2H+H +e ~ 0% 9%[7]

The production rate for metastables is connected with the direct electron impact excitation from the ground-state
argon atoms, including cascading from high-energy argon levels. It was obtained on the basis of integral Boltzmann
equation (Tablel, processes 1, 2). These rates are proportional to the electron beam current (~Jp), and were
calculated with the help of eectron distribution function obtained from the integral Boltzmann equation. Metastables



can be aso produced via radiative recombination (process 3).The main mechanisms of argon metastable atom losses
are the wall recombination (process 9), quenching in collisions with SiH, molecules (process 12), electron-impact
ionization and excitation from the metastable levels (process 4), and argon metastables quenching into resonance
argon levels by low-energy dectrons (process 3), super-éastic collisions with electrons (process 5); polling
ionization, two-body and three-body recombination (processes 6-8). The only metastables loss process, which is
proportional to electron beam current, is process 12.

The kinetics of slow-electrons creation in E-beam plasma include energy degradation of high-energy secondary
eectrons, ambipolar diffusion to the chamber walls, and losses in recombination process. At high pressure
conditions, the main mechanism of recombination is dissociative recombination of electrons in collision with Ar,"
(process 10). The concentration of Ar," is governed by the process of conversion, 2Ar+Ar*—Ar+Ar," [16]. The
process 11 is very important for the regulation of ionization degree in E-beam plasma at high pressures.

The dissociation of SiH, in silane-argon is governed by the processes listed in Table 1 (see, also [7]) which could
be complimented by electron-slane attachment processes [7]. In this paper, we just calculate the total neutral
dissociation rate.

In the paper, concentrations of argon metastable atoms were calculated for the electron beam passing along the
axis of a cylindrical chamber (radius R=5-20 cm) with the help of balance equation including source terms for

production, Sprod ,and losses, ST (the processes are listed in Table 1):
17a ﬂn 0 m m
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where D, =54/p(Torr)cm?s™ is the coefficient of diffusion of argon metastable atoms, p is the gas pressure in Torr.
For slow electrons and argon ions, the equation of ambipolar diffusion was used
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where D=D;TJT,, D; is the diffusion coefficient for argon ions [16]. For simplicity, electron density was taken equal
to argon ion’s density, and slow electron temperature was Te=1€V. In equation (9) at high gas pressures (p>1 Torr)
and high beam currents (J,>100mA), the dissociative recombination (process 11) was taken into account under the
assumption that all argon ions arein the Ar,"-form (separate equation for argon ions conversion was not considered),
ions of silane were not taken into account due to small concentration (<10%) of silane.

1E+13 3 1E+18 3
1E+12 3 1E+17 3
] 3
& 1E+11 3 ~ 1E+16 =
3 2] 3
~ 3 Py 3
) 3 o 3
“i 1E+10 3 > 1E+15 =
d 3 3
1E+9 = 1E+14 =
1E+8 T I T I 1 I 1 I T 1E+13 T I T I T I T I T
0 1 2 3 4 5 0 1 2 3 4 5
r, cm r, cm

FIGURE 5. Radial distribution of density of slow electrons (- A-A-A- Ng =10", -m-m-m- Ng:1014) and argon metastables (solid
line Ng=10", dashed line N;=10"), E,=1keV, b=0.1 cm, R=5 cm, 1%S|H4

FIGURE 6. Radia distribution of silane dissociation frequency by an electron impact (- A - A - A - N;=10", -m-m-m- N;=10"*) and
by metastables (solid line Ng=10", dashed line N;=10"), E,=1 keV, b=0.1 cm, R=5 cm, 1% SiH,.

All balance equations are strongly coupled, source term of slow electron production is also coupled with the
model of gas ionization (Boltzmann equations for primary and secondary electrons), and were considered self-



consistently by an iterative method. Equations (8, 9) were calculated with the hep of double-swept method. As
boundary conditions for densities of ions and argon metastable atoms zero values were chosen.

With the help of fluid modd, the dissociation rate of silane by argon metastable atoms (process 13) was obtained.
Numerical calculations were made for awide range of gas pressures p~0.01-10 Torr, electron beam energies E,~0.5-
10 keV, and SiH, concentrations (1-10%). In Fig.5, the radial distributions of densities of slow electrons and argon
metastables are presented for gas density Ng=10", and Ng=10"cm™ (E,=1 keV, b=0.1 cm, R=5 cm, 1% SiH,). In Fig. 6, the
radia distributions of neutral dissociation frequency of SiH, are presented for the same conditions. It is seen that in theregion
of narrow eectron beam (b<<R), the dissociation of SiH, by argon metastables can be comparable with (or even
higher than) the direct dissociation of SiH,4 by an eectron impact. However, outside the e ectron beam the density of
metastable argon atoms decreases rapidly due to quenching by silane molecules (process 13), and the direct
dissociation of SiH, by an eectron impact is dominant.

3. DISCUSSION AND CONCLUSIONS

The model of argon-slane mixture activation by an eectron beam was developed. The modd includes
consideration of the energy degradation of primary beam-electrons and production of fast secondary e ectrons based
on the solution of Boltzmann equation, and the fluid modd for argon metastable atoms and slow eectrons. The
model permits to obtain spatia and energy distribution functions of primary and secondary electrons, and
frequencies of excitation, dissociation, and ionization produced in E-beam plasma by high-energy eectrons, which
are used in the fluid model as source (production) terms.

The influence of argon as a buffer gas on the neutral SH, dissociation rate in argon-silane mixture was
investigated. It was shown that under constant SiH, dendty, the dissociation rate of silane is increasing with the
increase of argon density (for silane concentration in the range of 1-10%). Such an effect was observed in
experiments and was explained previously by the influence of argon metastable atoms (in low-temperature RF
discharge plasma [6]). In E-beam plasma, this effect is caused mainly due to secondary electrons impact. The
distribution function of secondary electrons in Ar-SiH, mixture is re-arranged. With the dilution of silane by argon,
the distribution function of secondary e ectrons decreases substantially in the region around the threshold of silane
neutral dissociation.

The influence of metastable Ar,, on the dissociation of SiH,4 in argon-silane E-beam plasmais aso studied. It was
shown, that the dissociation of SiH, by argon metastables can be comparable with the direct dissociation of SiH,4 by
an eectron impact in the region of E-beam, however, outside the electron beam the density of metastable argon
atoms decreases rapidly due to quenching by silane.
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