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Abstract

A mathematical model was developed to predict the degree of gas dissociation in an H; microwave discharge sustained in a tubular
reactor. Reaction rule coefficients for electron-particle reactions were determined by solving the Boltzmann equation [or the electron
energy distribution {unction (EEDF). These coefficients were parameterized and used in a plasma model to calculate the sell-
sustaining electric field, atomic hydrogen density and electron density in the plasma. The effects of Lotz gas densily (pressure), power,
Now rate, and wall recombination probability were investigated. In the parameter range studied, gas dissociation was enhanced by
lowering the total gas density and/or increasing power. Wall recombination did not affect the atom density lor values of the
recombination probability lower than 2 x 107*, Addition of 1% CH, to the hydrogen discharge had only a minor effect on the
EEDF. Therefore, results reported here can also be used to calculate the electron—particle reaction rate coefficients in the H,/CH,
discharge. The model provides guidelines for controlling H, dissociation in plasma chemical vapor deposition reactors used for

diamond growth.

1. Introduction

Diamond films have been produced by chemical
vapor deposition (CVD) from C/H/O containing gases
energized by hot filaments, plasmas or flames [1-5].
Despite years of intensive research, the mechanisms of
cliamond nucleation and growth are not well understood.
Tt is belicved that atomic hydrogen plays a key role in
the process by generating the precursor radicals and/or
suppressing the formation of graphite [6, 7]. There are
several reports on the calculation of the atomic hydrogen
concentration in hot filament CVD reactors [6, 7, and
references therein]. Plasma reactors are more difficult
to analyze because of the non-equilibrium nature of the
discharge and the complex plasma chemistry. More
specifically, the electron energy distribution function
(EEDF) and electron density must be known before the
atom production rate can be calculated. Therefore, it is
not surprising that plasma modeling studies related to
diamond deposition are scarce [§].

In plasma-activated chemical vapor deposition
(PACVD) of diamond, gases are premixed and then
passed (hrough the plasma where a complex mixture of
radicals, excited states and ions is generated. Deposition
occurs on the substrate which is immersed in the plasma.
This system is not conducive to fundamental studies of
diamond deposition, since the chemical environment
over the growing (ilm is very complex and the substrate
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temperature is difficult to control. For this reason we
are experimenting with an alternative reactor configura-
tion which offers a well-characterized environment to
study diamond film growth [9]. In this system, hydrogen
(or a mixture with oxygen) is passed through the plasma.
The activated gas is mixed just downstream of the
plasma with the carbon-bearing gas. A temperature-
controlled substrate is located beyond the mixing point.
In an effort to model the reactor, we report in this
paper a study of gas dissociation in a pure H, discharge.
Studies of downstream chemistry and plasma models
for H,/O, mixtures will be reported later.

In current practice, the most commonly used gas
mixture for PACVD of diamond is methane highly
diluted in hydrogen. Since the mole fraction of methane
is only a few percent, it turns out that the EEDF in
the H,/CH, plasma is very similar to that in pure H,.
Results for the pure H, discharge reported here can
therefore also be used to calculate the electron—particle
reaction rate coefficients in the H,/CH, plasma.

2. Mathematical model

A schematic diagram of the system studied is shown
in Fig. 1. A pure hydrogen discharge of length L is
sustained in a cylindrical tube of radius R. The plasma
is generated by applying microwave power at a frequency
of 245GHz. Gas flow rate and pressure can be
controlled independently. The goal of this work is to
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Fig. |. Schematic diagram of a tubular reactor in which a hydrogen
discharge is sustained.

calculate the atomic hydrogen density as a function of
reactor geometry, wall material (atom recombination
probability), and operating conditions (pressure, power,
flow rate etc.).

The method of approach is as follows. First, the
Boltzmann transport equation is solved for the EEDF.
Electron transport properties and rate coefficients of
reactions involving electrons are parameterized as a
function of plasma gas composition and electric field.
Then, mass and energy conservation equations are
solved to determine the self-sustaining electric field,
electron energy and density, and atomic hydrogen
density in the discharge. Recently, this approach has
also been successful in analyzing a chlorine discharge
[10]. Some earlier studies of the hydrogen discharge
have been reported [11]. The author, however, consid-
ered low pressure discharges (<5 Torr) assuming a
Maxwellian electron energy distribution, and did not
consider the effect of atomic hydrogen on the EEDF.

2.1. Electron energy distribution

The EEDF is of primary importance in the study of
gas discharges because it controls the electron transport
properties and the rate coefficients of electron—particle
reactions. Since the degree of molecular dissociation
can be quite high, the effects of both molecular and
atomic hydrogen are included in the solution of the
Boltzmann equation.

If E/N is weak enough so that the directed velocity
of the electrons (drift velocity) is much smaller than
their thermal velocity, the distribution function can be
approximated by a two-term expansion in spherical
harmonics. Assuming a spatially homogeneous time-
independent EEDF, the Boltzmann equation reduces
to [12]

2d[ 5, e E*  df
——3da|:8 ) m (V2 (e)+ w?) de

(e SN

- ; jlete)fe+e)ete) ~v@)f(E)(e) (1)

where ¢ is the electron energy, f is the EEDF, m and
M are the electron and neutral mass, respectively, k is

the Boltzmann constant, T, is the gas temperature, & is
the threshold energy of process j, E is the electric field,
w is the angular frequency of the excitation field, and
by is the momentum exchange collision frequency. The
collision frequency for process j is

v;(€) = Noj(e)(2ee/m)'/? 2)

where o;(¢) is the collision cross-section and N is the
neutral species density. Superelastic and electron—
electron collisions are neglected in eqn. (1). The power
transferred per electron is given by

P ¢ u,(e)E?
ne  m (VA() + w?)

&)

where P is the power and n, is the clectron density. In
eqns. (1)—(3), vy, is expressed as a function of energy ¢,
It can be shown using eqn. (3) that the power transfer
is maximized at the resonance condition v,,(¢) = . Since
bm is proportional to N, eqn. (1) shows that the EEDF
depends on both E/N and Ejo. At the limit o> Uny(8)
the EEDF will be a function of Ejw alone (for a given
gas composition). At the other extreme w <« v, (e) the
EEDF will be a function of E/N aloge.

The time dependence of the EEDF is determined by
the relative magnitude of the plasma excitation frequency
() and the electron energy and momentum relaxation
frequencies [13]. If the electron energy relaxation
frequency u,, is much lower than w, time modulation
of the EEDF is nearly absent and a time-independent
distribution is established. If, furthermore, the momen-
tum exchange frequency v,, is much higher than w, the
EEDF does not depend on the excitation frequency,
For an average gasdensity of 5x 107 cm ™3, w = 154 x
10°s71, 0,=70x10°s"", and v, =06 x 10%s"",
Since v, <w < v, the EEDF is time independent and
is only a function of E/N and gas composition.

In the present work, the EEDF was found using a
code developed by Morgan and Penetrante [14]. The
Boltzmann equation was solved for different combina-
tions of E/N (10-70 Td; I Td =10""" Vem?) and mole
fraction of molecular hydrogen Yu, (0.6—-1.0). The
distribution function was normalized so that

o0
f St ?de=1 @)
0
When normalized as in eqn. (4), a Maxwellian distribu-
tion would be a straight line in a semilogarithmic plot
of fvs e

Cross-sections for vibrational excitations, electronic
excitations, dissociation to excited state atoms, and
ionization of H, as well as electronic excitations and
ionization of H were obtained from Janev et al. [15].
The momentum transfer cross-section for H, was
obtained from Christophorou [16], and that for H was
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TABLE 1. Important reactions in a hydrogen discharge

27

Description Reaction Threshold (eV)
Molecular ionization e+ H,(X'E])—»e+HIw+e 154 [RI1]
Dissociative ionization e+ H,(X'Ey)»e+[HI(EZ, and Z,)+e] » e+ H™ +H(ls)+e 18.0 [R2]
Atomic ionization e+H(ls)»e+H" +¢ 13.6  [R3]
Electron-ion rccombination e+ Hj »3H or Hy(v> 5+ H*(n=2) 0.0 [R4]
Dissociation to ground state H e+ Hy(X ) )~ e+ HE(@ ZF, 02y, ¢ T1,) » e+ H(ls) + H(ls) 100 [R5]
Dissociations to excited states e+ Hy(X'Z) ) - e+ H(ls)+ H*(2) 149  [R6]
e+H, (X' ) » e + H*(2p) + H*(2s) 230 [R7]
e+ H,(X'Ef)~e+ H(ls)+ H¥(n=13) 19.0 [R8]
Atomic 2p excitation e+ H(ls)— e+ H*(2p) 10.2  [R9]
Atomic 2s excitation e+ H(ls)—e + H*{(2s) 10.2 [R10]
Molecular excitations e+H,(X'Z;)— e+ Hi(B'Z} 2po) [1L.37 [RI1]
e+ H (X' EF) ~e + HY(C' T, 2pn) 1.7 [RI2]
e+ Hy(X 27 ) e+ HE(E F'I]) 122 [RI3]
Vibrational excitations e+H,(u=0)-e+Hyv=1) 0.5 [R14]
e+H,(v=0)—c+H,=2) 1.0 [RI5]
Volume recombinations H+H+H; —2H, [R16]
H+H+H-H+H, [RI7]
Wall recombination H + Wall = [/2H, + Wall [RI8]
found by integrating differential cross-section data  mined using the EEDF and
[17, 18]. Rotational excitation of H, was inciuded using 12 feo
the “continuous approximation” of the rotational cross- . — (%) J oi(e)f(e)e de (5)
. . . . e J J
section as discussed by Luft [19]. Molecular dissociation m 0
to ground state atoms occurs through three different , . o ve ol ot .
intermediate states, @7, b°E! and ¢ [L,, with The mean electron energy was calculated using
threshold energies of 11.7, 8.5 and 11.7 ¢V respectively. PR,
These were combined into one process with a threshold &)= 0 Jle)e™= de (6)

of 10.0 eV [15]. Cross-sections for these collisions were
obtained from the literature [20-22]. Electron—particle
reactions included in the calculation are listed in Table 1.
Representative cross-sections are shown in Fig, 2.
Electron—electron collisions were not included since the
degree of ionization of the gas was less than 1076, The
rate coefficient of electron—particle reactions was deter-
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Fig. 2. Selected electron collision cross-sections for molecular and
atomic hydrogen. Corresponding reactions are shown in Table 1.

The rate coeflicients were fitted to functions of E/N
using

5
kj= ZO‘ C.(E/N)" Y
n=
except for the molecular ionization coefficient, k;y,,
which was represented better by

ki, = Co exp (= C4/(E[N)) (8)

The coefficients C; (j=0,7) were fitted to functions of
yu, of the form

3
Cj= Z lnny;flz (9)
n=0
where m, are constants. In the range of interest
(30-50 Td and 0.8-1.0 mole fraction H,) the fits were
accurate to within 4%.

2.2, Plasma model

The plasma model consists of a system of three
independent balance equations which determine the self-
sustaining electric field, the electron density and the
atomic hydrogen mole fraction, yy. Since the only
major components in the plasma are H, and H, the
motle fraction of molecular hydrogen is obtained by
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Vi, =1 —y,. The three equations are th'e electron
density balance, the atomic hydrogen density balgnce
and the power balance. For the electrodeless relatively
high pressure discharge examined here, secondar.y
electron emission is not important and the plasma is
sustained by bulk ionization. ‘

The eleciric field and species concentrations are
assumed to be uniform throughout the plasma volume.
The radical density uniformity depends primarily on
the wall reactivity. The radical density is expected to
be uniform across the radius of the tube if diffusion is
fast enough to alleviate concentration gradients. In
quantitative terms, the Thiele modulus @? = k,R/Dy
must be less than unity. Here k, is the surface
recombination rate coefficient, R is the tube radius and
Dy is the radical diffusivity. For the conditions of our
study, % < | is satisfied for most situations except for
unreasonably high wall reactivities.

The plasma homogeneity depends on the electric field
(E) distribution. Indeed E can be non-uniform [23].
However, Ferreira et al. [24] have noted that an argon
plasma model based on spatially averaged quantities
gives nearly the same results as a more elaborate model
which accounts for field inhomogeneities. In fact, the
spatially average field approximation has been applied
quite successfully at dc, rf and microwave frequencies
[25-27]. One can account for plasma non-uniformities
but the complexity of the model increases considerably.
In this work we were interested in the average radical
density in the discharge (to control gas dissociation)
and not in the electric field distribution. Hence the use
of spatially uniform average quantities is justified.

The electron density balance is considered next.
Electrons are produced by ionization of molecular
(reaction R1, Table 1) and atomic hydrogen (reaction R3)
and they are lost by ambipolar diffusion to the walls
and by electron-ion recombination (reaction R4). Hence
the electron balance can be written as:

D,
ki_HENﬂzneJrki'HNﬂiz(,:z“;ne-f-ke_inf (10

where n,, Ny, and Ny are the densities of electrons,
molecular hydrogen and atomic hydrogen respectively,
kin, and k;y are the rate coefficients for molecular and
atomic hydrogen ionization, respectively, D,, is the
ambipolar diffusion coefficient and A is the characteristic
electron diffusion length. Dissociative ionization of H,
(reaction R2), was not included because its rate was
found to be two orders of magnitude lower than that
of reaction RI. The assumption of electroneutrality is
implicit in the last term of eqn. (10) (n, = n.., where n,

is the positive ion density), The ambipolar diffusion
coefficient is given by [28]

T,
Dne=D+(1+,—T-> (1)

8
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where D, is the ionic diffusion coefficient, and T, and
T, are the electron and gas temperatures respectively.
The electron temperature was based on the characteristic
energy of the electrons (g, = kT.), which was found
through the EEDF. HY was determined to be the
dominant jon in the system, and its diffusivity was
obtained from McDaniel et al. [29] as

ko T,
K

ND,=2397x 104 (12)
where the reduced mobility k,=11.1cm?V-ls~1,
Electron impact dissociation (reaction R5) was found
to be the main channel for production of H atoms.
Atoms are lost by gas flow, by volume recombination
(reactions R16 and R17) and by wall recombination
(reaction R18). These terms of the H-atom mass balance
are expressed in mathematical form as:

2% 448 x 107 Qo yy
@ =)V

=2kau,Ny,ne — 2k, NﬁNHz

2
= 2ky Njt = Z kN (13)

where @, is the feed volumetric flow rate in sccm
(448 x 10'" is a conversion factor from sccm to
molecules s™1), V, is the plasma volume and ki (j=d,
H,, v2, v3, w) are rate coefficients for reactions RS,
R16, R17, and R18 respectively. The wall recombination
rate is converted to a volumetric reaction term by
multiplying by the surface-to-volume ratio 2/R, where
R is the tube radius. The corresponding rate coefficient
is given by

8
kw=§ /;]%g{ (14)

where y is the wall recombination probability which
depends critically on the condition of the surface. For
the system studied axial and radial reactant concen-
tration gradients were estimated to be small. Therefore
the assumption of a well-mixed reactor is justified. The
rate coefficients of reactions R16 and R17 are given
by: ky; =267 x 1073 T %% cmS s ! and k,,=1.38 x
10732 cm® s™1, with T, in K [6, 30, 31].

The production rate of atomic hydrogen by dissoci-
ation of vibrationally excited H, was also calculated by
assuming a cross-section similar to that of the ground
state [32] but with a threshold shifted to account for
the excess energy of H¥. In this way, the dissociation
rate coefficient was found to be slightly larger than that
for dissociation of ground state molecules. However,
the mole fraction of vibrationally excited molecules is
expected to be around 001 [33], and hence the
contribution of the excited state to atom production
should be negligible.

The energy absorbed from the field by the electron

B
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cloud is lost to elastic and inelastic collisions with the
gas particles. At steady state, the power balance can be
written as

P 2m
72 Z M<8>kmj”eNj+Z BjijHch + Z l)jijHne
J J J j

P
+ ek g, Ny, e + 8D ks y Nyn, (15)

where P is the input power, {¢) is the mean electron
energy, &; is the energy loss for the jth inelastic process,
and k; is the corresponding rate coefficient. The first
term on the right-hand side (rhs) of eqn. (15) accounts
for the rate at which energy is lost by the electrons
through elastic collisions with atomic and molecular
hydrogen. The second and third terms on the rhs
represent the rate at which energy is lost via inelastic
processes involving molecular and atomic hydrogen
respectively. Finally, the fourth and fifth terms represent
the rate at which energy is needed to bring the electrons
produced by ionization to the average electron energy.
The densities Ny and Ny, are related by
N =Ny + Ny, = 2= (16)
kT,

g

where N is total gas density and p is pressure.

3. Method of solution

In eqgns. (10), (13) and (15) the rate coeflicients of
reactions involving electrons depend implicitly on E/N
and yy, (or equivalently yy). A continuation algorithm
[34] was used to solve the highly non-linear system of
equations. The result was the self-sustaining E/N ({this
is given implicitly by eqn.(10) which expresses the
electron density balance for the self-sustained discharge),
the H atom density, and the electron density. A
parametric study was conducted by varying the total
gas density, gas flow rate, power, tube radius, plasma
length, and wall recombination probability.

4. Results and discussion

4.1. Electron energy distribution function

Results derived from the EEDF for 100% H, were
compared with experimental data [35-37]. The electron
characteristic energy, drift velocity, and elastic collision
frequency differed by less than 20%. The dissociative
excitation rate coefficient differed by less than 25%
from the data of Poole [38]. These differences in electron
transport properties and reaction coefficients are within
experimental error, and are therefore acceptable.

Figure 3 shows typical EEDFs for 100% H, and for
different values of E/N. The distribution functions are
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Fig. 3. Electron energy distribution function for different E/N in
100% H,.

not Maxwellian (a Maxwellian distribution would be a
straight line on this plot). The tail of the distribution
function is depleted by inelastic collisions. As E/N
increases, however, the tail moves to higher energy.

The distribution function can be distorted by the
presence of vibrationally excited molecules [39]. How-
ever, using the results of Loureiro and Ferreira, a
vibrational temperature of T, = 2000 K is estimated for
the present conditions, For this rather low value of T,
the vibrational states should not have a strong influence
on the EEDF, A more detailed study of the hydrogen
discharge, applicable over a wider range of the parameter
space, should also consider the vibrational distribution
function.

The effect of mole fraction of atomic hydrogen yy on
the EEDF is shown in Fig. 4 for E/N = 45Td. The tail
of the distribution moves towards higher energy as yy
increases. This is because atomic hydrogen offers fewer
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Fig. 4. Electron energy distribution function in H/H, mixtures with
molar composition as shown and for E/N =45 Td.
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channels for electron energy loss. Hence the average
electron energy increases with increasing yy.

The rate coefficient for molecular hydrogen dissoci-
ation is shown in Fig. 5 as a function of E/N for
different mole fractions of atomic hydrogen. The tail of
the distribution shifts to higher energy by increasing
either E/N (Fig. 3) or y, (Fig. 4). Since dissociation is a
tail process, the corresponding rate coefficient increases
with E/N and yy. This coefficient is of primary
importance since it controls the rate of production of
atomic hydrogen.

4.2. Results of plasma model
Table 2 shows the parameter values used as a base
case [or calculations and the range of values examined.
In the figures shown below, the base values were used
“except when noted otherwise. Figure 6 shows the self-
sustaining E/N as a function of total gas density. As
density (pressure) decreases, diffusion losses of electrons
to the walls of the container increase. A higher E/N is
then necessary to enhance ionization and replenish the
lost electrons. E/N is only slightly dependent on power.
The power (electron density) dependence is a result of
the non-linear (last) term in eqn, (10), and the dependence
of H-atom density on power.
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Fig, 5. Rate coefficient of H, dissociation as a function of E/N and
for different H/H, mixtures.

TABLE 2. Range of parameter values studied

L T1 I Tt | TTT I T TT I LI ' TTT I TTT I L] -]

38 ; 10 W/em® _;

- =T TS Wiemd

= N -

2 % E

i E :

M =

32 :l 1l I 11 ‘ [ 11 l L1 I 111 I 1 1.1 | [ 1] Ll I:
2010 60107 1010 14108 18108

N (particles/cm?)

Fig. 6. Self-sustaining electric field to neutral density ratio E/N as a
function of total gas density N. Other parameters were at their base
value.

The H mole fraction as a function of gas density is
shown in Fig.7. As gas density increases: (a) more
molecules are available for dissociation, (b) the operating
E/N and therefore the rate coeflicient for dissociation
decreases, (c) the electron density decreases (at constant
power), and (d) the atom recombination rates (reactions
R16 and R17) both increase. Factors (b), {c) and (d)
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Fig. 7. Atomic hydrogen mole [raction and atomic hydrogen density
as a function of total gas densily N. Other parameters were at their
base value.

Name Symbal Range Base value
Feed flow rate Qyp (scem) 50-1000 200

Power density P/V, (W cm™?) 10,0, 15.0 10.0

Total gas density N? (em™3) 25 101716 x 10'8 3.18 x 10'7
Length of plasma column L (cm) 2-10 4

Tube radius R (cm) 1.0-2.5 1.85

Wall recombination probability y 0.0-2 x 1072 2% 1074

“The base value for N corresponds to 20 Torr, 600 K.-

E
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more than counterbalance factor (a). The net result is a
strong decline of H mole fraction with gas density. The
atom density (Nyy), however, does not decline as
sharply. Figure 7 also shows that, at constant gas
density, the H atom mole fraction increases with power.
This is because the electron density and hence the
dissociation rate increases with power.

The contribution of different terms to the electron
density balance (eqn. (10)) is shown in Fig. 8 For low
gas density, electron production by ionization of atomic
hydrogen predominates over that of molecular hydrogen.
This occurs because the atomic hydrogen mole fraction
is enhanced at low N (see Fig. 7). Diffusion and electron-
ion recombination are both important electron loss
processes.

Atomic hydrogen loss processes are shown in Fig. 9.
Volume recombination (reaction R16) is by far the
dominant loss mechanism throughout the pressure range
studied. On the other extreme, convection losses are

0.7 T T[T T [T I T[T I [T [TTT [T 115
0.6 - H, ionization -—E
E —— — H"ionization =
0.5 Ey s Diffusion _
PR ) -—---— Electron-ion rec. -
": 0.4 = -:_-
2 03E 3
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2 F g
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0.1 ~ e =
().():|II|Jll|IlIIIII|IIIIIIII_TTI'+III—
201017 60107 1010 1410 18108
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Fig. 8. Electron production and loss rates as a function of total gas
density N. Other parameters were at their base value.
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Fig. 9. Atomic hydrogen loss rates as a function of total gas density
N. Other parameters were at their base value.

negligible. Wall recombination is the second most
important loss process. Of course, the relative impor-
tance of volume and wall recombination will depend
on wall material and surface pretreatment. At low values
of N, volume recombination (reaction R17) enters the
picture since the atom density increases at lower
pressures.

There is uncertainty regarding the value of the wall
recombination probability y [9]. Even if one pretreats
the inside walls of the tube as suggested in the literature
[40] to reduce recombination losses, the surface condi-
tion changes upon exposure to plasma. In order to
assess the impact of the wall recombination probability
on the atom mole fraction, a parametric study was
conducted. Results are shown in Fig. 10. One observes
that for values of 7 less than about 2 x 107 the atom
density is only slightly dependent on the value of y.
This suggests that other mechanisms (mainly volume
recombination, Fig. 9) are more important for atom
loss. As y increases to 2 x 10~ 2, however, there is strong
depletion of atoms owing to wall recombination.

The most important power loss processes are shown
in Fig. 11 as a function of gas density. Input power is
lost mainly to vibrational excitations, since these
processes have small energy threshold and large cross-
sections. Power loss to molecular dissociation is the
second most significant term. Power loss to elastic
collisions is seen to be quite appreciable.

The effect of reactor size was also studied keeplng
the input power density constant. For low values of y
(<20 x1074), a change in tube radius did not affect
yy significantly. For high values of y, however, increasing
tube radius resulted in higher atom density because of
reduced diffusion losses. For the same reason, the
electron density also increased with radius. The plasma
length was also varied, but its effect on the atom density
was unimportant, Furthermore, it was found that flow
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Fig. [0. Effect of the wall recombination probability y on atomic
hydrogen mole {raction as a function of total gas density N, Other
parameters were at their base value.
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Fig. [1. Power density input to different processes as a function of
total gas density N. Other parameters were at their base value.

rate variations in the range 50-500 sccm had little effect
on atom density. This is because the gas residence time
is long compared with molecular dissociation time
constant, and also processes other than convective flow
dominate the loss of atomic hydrogen (see also Fig. 9).
Last, the gas temperature was changed from 600 to
1200 K. Differences in atom mole fraction were less
than 5%, This is because results are calculated in terms
of gas density N and not pressure. The only places
where T, enters the calculation are eqns. (11), (12) and
(14) and the rate coefficient of reaction R16. The gas
temperature dependence of the ambipolar diffusivity
nearly cancels out (by combining eqns. (11) and (12)),
wall recombination is not a significant H atom loss
process (Fig.9), and reaction R16 does not have a
strong temperature dependence. Furthermore, wall and
volume recombination have opposite temperature
dependencies resulting in minimal net effect of temper-
ature. Of course in order to compare model predictions
with experiment one needs to know the gas temperature,
since one usually measures pressure and not gas density.
The gas temperature can be calculated using an energy
balance and an estimate, through the Boltzmann
equation, of the plasma power which ends up as gas
heating. Alternatively the gas temperature can be

measured by a non-intrusive optical technique [41-43],
although such measurements cannot be performed easily.

The H atom concentration has been measured using
a variety of diagnostic techniques including coherent
anti-Stokes Raman scattering CARS [41], 2-photon
laser induced fluorescence (LIF) [42], vacuum ultraviolet
(YUV) laser-absorption spectroscopy [43], and gas-
phase titration using NOCI [9, 44]. Unfortunately, most
plasma studies are for pressures less than 10 Torr,
outside the range of the present work. Other investiga-
tors examined the high pressure regime (0.5 atm and
above [45]). Surendra et al. [8] and Celli er al. [46]
have studied a hydrogen plasma in a pressure range
comparable to that used in our study. However, their
DC plasma system differs markedly from our microwave
discharge (for example, beam electrons are not expected
to play a role in the microwave discharge) making
comparison difficult.

4.3. CH, addition

The electron energy distribution function was calcu-
lated for a mixture of methane with molecular and
atomic hydrogen. Cross-sections for electron impact
processes of methane were taken from the literature
[47-51]. Results for H,/H =90/10 and CH,/H,/H=
1/90/9 by volume are shown in Table3 for E/N=
40 Td, which is a typical value of the self-sustaining
field.

The electron energy and drift velocity are unaffected
by adding methane, whereas the electron impact
coefficients for high energy processes (excitation and
ionization) are slightly different. Therefore, the EEDF
calculated for pure hydrogen can also be used for
evaluating electron-particle rate coefficients in a
methane-hydrogen mixture. The total electron-impact
dissociation rate coefficient for methane is shown in
Fig. 12 (this is the dissociation rate coefficient multiplied
by the electron density). Other parameters were set at
their base value (Table 2) and it was assumed that the
electron density does not change appreciably by the
addition of 1% methane.

It is interesting to compare the plasma and thermal
decomposition rates of methane. Even for a gas

TABLE 3. Comparison of electron properties and rate coefficients for two gas mixtures

1% CH,/90% H,/9% H

90% H,/10% H

Electron “temperature” (T}, K) 19118 19094

H, ionization coefficient (ki qys em3 574 192 x 1014 229 x 10714
H, dissociation coeficient (kapycm®s™1) 7.13 x 1071 742 x 10-1
H ionization coefficient (k; ;y, cm® s~ 28x 10713 317 x 10713
CH, dissociation coefficient (kacn,, cm*s 1) 3.1x l0™12 344 x 1012
Characteristic energy (8opar»€V) 1.73 1.73

Drift velocity (v, cms™1) 5.53 x 10 553 x 10°
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Fig. 12. Methane electron impact dissociation rate coefficient as a
function of total gas density. Other parameters were at their base
values.

temperature of 1200 K, the unimolecular dissociation of
methane is many orders of magnitude slower than the
electron impact dissociation. The hydrogen abstraction
reaction (CH, + H < CH, + H,), however, is 2-3 times
faster than electron impact dissociation at T, = 600 K,
p =20 Torr, and yy =0.08. This implies that it is not
necessary to introduce methane into the plasma to have
a substantial rate of production of methyl radicals. A
high enough concentration of atomic hydrogen can
initiate the methyl radical chemistry outside the plasma
at relatively low temperatures. Of course, the plasma
itself is necessary to produce atomic hydrogen at these
low temperatures.

Figure 13 shows the concentration evolution of some
important gas-phase species downstream of the plasma.
The gas stream exiting the plasma contains H and H,
with an atom mole fraction of 0.076. Added to this
stream right at the plasma exit is 1% of CH, (this
location corresponds to time zero in the figures). Other
conditions were p =20 Torr, and T, = 800 K (Fig. 13(a))
or T,=1100K (Fig. 13(b)). The linear velocity of the
gas was 47.5cm s~ ! (at 1100 K). The sticking coefficient
of CH, was assumed to be 0.03, and the wall
recombination probability of H atoms was 2 x 107%.
Other reaction rate data were found in the literature
[7, 52,53]. The atomic hydrogen concentration evolution
downstream of the plasma without addition of CH, is
also shown. The H concentration falls rapidly after
about 0.1 s (corresponding to about 5cm) mainly as a
result of volume recombination reactions. Substantial
concentration of methyl radicais is obtained even at
low temperature and this can be enhanced by increasing
temperature, In order to achieve methyl radical densities
comparable to those of Fig, 13(b) in a filament CVD
system, one would require temperatures in excess of
2500 K [52]. Further examination of Fig. 13 reveals

g
2
s
[e]
=
107 10*  0.001 0.01 0.1 1
(a) Time (s)
01 ._...L_!_II_IIIH ] IIIIIIII T TTTIT
z ‘s\Hw/oCH,i
1072 \
£
o _ R I
=
B}
s 10*
b=
107 .
1
\ \
1076 RTICT IR tT AW ST
107 104 0.001 0.01 0.1 1
(b) Time (s)

Fig. 13. Mole {raction evolution of important species downstream of
the plasma. The gas stream exiting the plasma (containing H and H,
with a mole fraction of H equal to 0.076) is mixed with 1% methane
al time zero. Atomic hydrogen mole fraction without injection of
methane is also shown. Conditions are 20 Torr and (a) 800 K, and
(b) 1100 K.

that the CH, density also decays rapidly following the
H atom decay. Assuming that CH; plays a major role
in quality diamond growth [9, 54], the substrate must
be placed within a few centimeters of the plasma to
achieve good results. More detailed studies of down-
stream chemistry will be reported elsewhere.

5. Conclusions

A mathematical model was developed to predict the
degree of gas dissociation in an H, microwave discharge
sustained in a tubular reactor. Reaction rate coeflicients
for electron—particle collisions were determined by
solving the Boltzmann equation for the electron energy
distribution function. Electron collisions with hydrogen
atoms resulting from molecular dissociation were taken
into account. A system of coupled equations was solved
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for the self-sustaining electric field, atomic hydrogen
density and electron density in the plasma. The hydrogen
atom density was calculated as a function of typical
operating conditions, ie, pressure p approximately
15-100 Torr, power density about 10 W cm ™3, gas flow
50-500 sccm, tube radius R a few centimeters. Results
can be summarized as follows:

(I) Gas dissociation as well as atom density are
enhanced by lowering the total gas density and/or
increasing power.

(2) Wall recombination is not an appreciable sink of
hydrogen atoms for values of the recombination prob-
ability lower than 2 x 10~4,

(3) Flow rate has a minor effect on atom density,

(4) Most of the power is consumed to vibrational
excitations of molecular hydrogen. An appreciable fraction
of the power goes to elastic electron-particle collisions.

(5) Addition of 1% CH, to the hydrogen discharge
does not have any appreciable effect on the electron
energy distribution function. This simplifies plasma
modeling of dilute mixtures of methane in hydrogen.

(6) Methyl radical chemistry can be initiated at
relatively low temperatures by injecting methane down-
stream of a hydrogen discharge, i.., it is not necessary
to pass methane through the plasma.

Overall, the model provides guidelines for controlling
H, dissociation in plasma chemical vapor deposition
reactors used in diamond growth,
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