"Supersonic Gas Jets Activated by an Electron Beam®
Gennadi I.Sukhinin

Institute of Thermophysics,
Novosibirsk. 630090. Russia

Supersonic gas Jets activated by an electron beam are
used 1in flasma chemistry for thin films deposition of
Si02, a-Si:H, etc [1-2].

This method has several advantages in operating, con-
trolling and investigating the deposition” process, and
embodies two modern tendencles in plasma chemistry: a) the
use of supersonic Jets for direct and quick gas iranspor-
tation to the surface on which plasma-chemlcal process
takes glace; b) the use of electron beams for the activa-
~tion o s phase or surface reactions Instead of the con-
ventional DC or RF discharges.

A very interesting feature of the method 1s thatl the
actlvating electron beam (E,=10keV, Jyp=10mA) has the power
P,=100W but deposits Into a gas jet less than 1W (two or
three orders of magnitude 1less than In conventional CVD
methods). However, relatively high growth rates (~2nm/s)
have been achieved [21].

Another important feature of the method is very small
residence time of activated particles on their way from a

source nozzle to a substrate: =10 4sec. In low density
free Jets, 1t leads to an important conclusion: in the
first approximation, film growih 1is determined b¥ surface
processes and the flow rates of molecules activated by an
electron beam and secondary electrons in a free jet.

In this paper, a model for the method of electron-
beam activation of gas Jet 1s presented. It takes into
account electron energy distribution function generated by
an electron beam (in Ar-SiH4 nonuniform suﬁersonic et).
The model reveals ways to increase the method efficlency
b{H c}ptimizmg E-beam energy, gas Jet parameters, and
%h 4 A{hrgtio, and outlines the advantages and limits of

e method.

1. Integral Boltzmann Equation for secondary electrons.
For the determination of EEDF spatial dependence in

steady state conditions, 1t 1is necessary to solve integral
Boltzmann equation for electron distribution function with
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a source term describing secondary electrons generated in
gas by an electron beam:

3p- expl-ao, (e)t(F,F)]
4T '? - F/IE

{ X F)q(Ep,e) + Om(e)L(F’,e) + Zoy(e+eg)L (B’ etey) +
J

t(F,e) = af ng(F’). (1)
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where %(E,e) 1s the spectrum for the generation of secon-
dary electrons with the energy e dur molecule ioniza-
tion by the electrons with the energy E normalized by the
condition CE-I>.2

J  q(E,e)de = 1
O

g(l")=nb(i’-)/nb 1s the dimensionless function of electron
eam profile; my, 1is a characteristic number density of

primary electrons on the beam axis; n.(¥) 1is &as density
normalized by n,. In Eq.(1), all quantfties are normalized
iIn the following way: cross sections- by the value of

00=10"'%cn®; energles - by 1 eV: distances - by characte-
ristic radius of electron beam, 1y; and dimensionless
parameter o=n,rv.g, is introduced.

The quantity <(¥,%’) 1s proportional to the "optical
length" and equal to
T(F,F) = |F - B

In a constant density gas.
EEDF, f(¥,e), 1s normalized in the following way

Em 0.5
ns (F,e)/m, = 04 (Eu)f de(Ewse)® S1(F,e),

where ng(¥,e) 1s number density of secondary electrons

having ener§y greater than e at point ¥. Then, the excita-
tion rate of j=th molecule state will be equal to

En
Fy(F) = Opy g decy(e)t(F,e), uny=nghuVyo, (Ep),
J

where &,; is the rate of lonization by the primary elect-
rons; E,=(Ex,-I)/2. For simplicity, we will su pose that
all cross sections are isotropic ones. For t e elastic
scatteri (J=m), we will take momentum cross section
Om(e) with the average energy loss gnp=(2m/M) in collision
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with molecule hav mass M. o;(e) 1s 1lonization cross
section, I 1s lonization threshold, O:(€)=Om(e) + 230;3(€)
+ 04(e) is the total cross section of electron—moiecule
collisfon. Such choice corresponds to the conventional
apgroximation of distribution” function expansion into
spherical harmonics.

It 1s convenient to solve Eq.(1) for constant gas
density using Fourier-Bessel transformation. Secondary
electron distribution function then can be expressed 1in
the form (in a uniform gas)

&5 XETEF)?
f(?,@) = f 4T '? _ ?f‘a

where G(¥,%’,e) 1s the Green's function of the initial
Boltzmann equation which is equal to

sinlvt(¥,7/)]
©(¥,F%)
The function p(v,e) satisflies the equation

G(F.%’,e), (2)

00
G(F,F’,e) = ,,% J awv p(v,e). (3)
o

oy(e)p(v,e) = A('V,e){Q(Ebye) + 203(etey)p(v,e+ey) (4)
J

2e+I Em
+ [ deoy(e)q(e,e-e-1)p(v,€) + [ degy(e)q(e,e)p(V,E) },
e+l 2e+l

A(w,e) = LL(e) arctg(pis))s  AW=0.e) = 1

Eq.(2) with the Green's function (3)_ represents an
vexact™ solution of the Boltzmann integral equation (1)
for an arbitrary spatial secondar%r electrons_source of
generation. The function p(v,e) 1s the Fourier-Bessel ima-
ge or a "spectral function" of the distribution function

£ (¥,e) and must be determined from the equations (4).
2. Diffusional approximation.

As it is seen from the solution of Eq.4, the depen-
dence of spectral function p(v,e) on v/a at given enerlgy e
has a characteristic form: for small v/a 1% 1s equal to
the almost constant value p(O,e) and then 1t transiers to
the asymptotic dependence corresponding to the equatlon
(4) for large values v/o. The analysis of the numerical
solution shows that spectral function p(v,e) can be appro-
ximated by simple ILorentz's dependence with the accuracy
higher than 10% for the whole range of values v/az:
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p(w,e) »~ py(v,e) + pd(e)/[1+(v/aod(e))a] (5)
where Vv,€) = A(v,e)q(Ey,e)/0.(e);: 0g(e) and the func-
tion pf(1e() ca)n be (obta)%fe(]f rreom tqu.)(zi):&( )

(Ca(e) ~ 0¢(e)/3); pa(e) ~ p(v=0,e)

In the range of "frequencies® V<00 () which makes an
essential contribution to' the value of Integral (3), the
Inequality p(v,e)> p,(0,e) 1s fulrilled usually. Fhus.

pafe) » p(0,e). The distribution function f(¥,e) ta(F,e)
arter Integration (3) can be bPresented as follows

fa(F,e)
pa(e) (a0a(e))®
&F (B )ng(B)T(E,B7)
= 4m |7 - ¥/

Thus f4(F,e) 1s diffusionlike distribution function of
secondary electrons roduced by an electron beam.
Expression (6) 1s modified to take into account a spatial
nonuniformity of a gas.

3. Gas jet activation.

Further, we will consider the case of silane - argon
mixture expansion from the sonic nozzle, d, 1s its diame-
ter. An electron beam crosses the gas Jet at zy, (Fig.1).
Silane and argon concentrations are equal to cs and c,
(s £ 0.1 €cy ~0.9-1.).

(6)
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Fig. 1. Gas jet activated by an electron beam.
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One atomic gas density distribution along the free Jet
axls, z, and In the radial direction, p, for z d, can be
approximated by the expression

Ng(2,p) = (Mo/2T) (d./23)2/ (22+p505), (7)

where B~2, n, is stagnation density of argon-silane mix-
ture. Variables z and p given below are normalized by 2.

The "optical 1length"™ for secon electrons 1n
supersonic gas Jet 1s approximately equal to
IF - /|
TEF) v e, - (8)
rr

r =V 22p%%, T =V 2B

E%Pations (6) can 1nte§rated for density distribution
(7). Then excitation rate for j-level of x-kind molecule
can be expressed as

X
Fy (F) o . CEyE) 2 SDCBIE - Fp)

~ CxD = (2)
I m T | - ¥

N V04 (Ep)

B < NoJo & oa(X,J)

om 22 T
where ®§ 1s the excitation rate of corresponding molecule

level in a uniform gas by a uniform electron beam, when
secondary electrons energy distribution function 1is

obtained from EqQ.(4) and equals to pa(e) (Fig.2). All ¢§

are normalized by total(gfimary electrons ionization rate.
EaraTeger o0a(X,J) depends slightly on the kind of energy
eve s

Excitation rate in the whole Jet can be obtained from
Eq.(9) and expressed in the form:
nodf

a
03 (B)a cx¢§ T(a,2b/0s s T/ 20 ), O= °

T~

J (10)

47y,

In Eq.(10), the function ¥(a,zn/ds,Tv/Z») takes into
account the overlapping of the gas Jet profile, ng(r), and
the electron beam profille, ¥»(r). It describes the escape
of secondary elecirons from the gas Jjet for relatively
small gas densities at the point where an electron beam
crosses the axis of the gas Jet, and the contraction of
the EFDF to the electron beam profile for high gas
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densities.

For a» 1 (po>10Torr, d.~Zp~icm) T—>1 but the &as
will be excited oniy in the "volume" of electron beam and
some part of gas In the jet will not be activated. For
a <1 the majority of secondary electrons will be gone
away from the Jet. Thus, the optimal condition for gas Jet
activation is owi.

Fig. 2. EEDF of

1600 Secon electrons
100 In Ar-SiH,; mixture.
Sllane concentration:
10 1. - 0.1%,
M 3. - 99%.
* o.1
0.01
©.001
0.0001

The presented model provides the ground for estima-
ting %gs activation In supersonic jets by an electron beam
and choosing the optimal conditions. Some examples of EB-
activa%c])n Of argon-silane Jets are given in accompanying
paper .

In conclusion, we point out that the efficiency of
the gas Jet activation ‘can be considerably increased by
reducing electron beam energy from E=10keV to the values
of 1keV or lower, where primary electrons energy loss fun-
ction 1s larger.

Another way to increase the efficiency is to combine
the electron beam excitation with the use of electric
flelds witch shift a large low energy electrons group into
an Intermediate energ¥ reglon. Under such an arrangement,
the electron distribution function will be formed both by
the ener, loss of high ener secondary electrons
produced an electron béam and by energy gain from the
electric field.
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