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An exact description of a plasma is given by the well-known 
Boltzmann kinetic equation, which governs the time evolution of 
the species energy distribution function, fl(pv, r ,  r ) ,  in six- 
dimensional phase space and time (Chung et al., 1975). How- 
ever, the solution of this equation is not tractable for other than a 
few simplified cases because of the high dimensionality and the 
need for information on the discrete particle interactions (Kline 
and Kushner, 1989). Thus, simulations of the plasmas, glow 
discharges, used in plasma-assisted chemical reactors, are typi- 
cally based on assumed forms of the species energy distributions. 
An example is the continuum approximation (Graves, 1986), 
which is derived by taking the moments of the kinetic equation 
and by integrating over velocity space, assuming a Maxwell- 
Boltzmann (MB) form for the species energy distributions. The 
MB form of the distribution function implies thermal equilib- 
rium which, under the conditions used for glow discharges, 
might not be established among the electrons. The electron 
energy distribution function, EEDF, is a function of both space 
and time and may deviate significantly from the thermal MB 
distribution. Recently, Monte Carlo (Kushner, 1988; Kline et 
al., 1989), kinetic (Sommerer et al., 1989), and particle-in-cell 
(Boswell and Morey, 1987) methods have been used to address 
the nonequilibrium nature of the electron energy distribution in 
plasma simulations. 

The deviation of the EEDF from an MB distribution has been 
examined by Shirai and Tabei (1986), who matched predicted 
and experimental spectroscopic measurements in a DC nitrogen 
discharge. Langmuir probe measurements of the EEDF in a 
radio frequency (RF) generated argon plasma by Cox et al. 
(1987) and Deshmukh and Cox (1988) have shown that the 
EEDF typically deviates from the thermal MB form and that 
the deviation from thermal equilibrium increases a t  low pres- 
sure. This observation is complemented by the theoretical work 
of Loureiro and Ferreira (1989); Ferreira and Loureiro, 1988), 
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who solved a simplified, homogeneous form of the Boltzmann 
kinetic equation for a nitrogen plasma. They showed that when 
the excitation frequency is increased relative to the electron- 
neutral collision frequency, the number of high-energy electrons 
in the tail of the EEDF approaches the thermal MB distribution. 
The variation in the EEDF due to collisions of electrons with 
molecular and atomic species, which result in electronic and 
vibrational excitations, has been theoretically investigated in 
various RF-generated plasmas by Capitelli et at. (1987, 1988). 
In general, the electronic and vibrational excitation reactions 
lead to a reduction in the density of electrons with energies 
above the excitation threshold energies. Wani (1988) has shown 
that the introduction of even small amounts of mercury into an 
argon plasma significantly alters the EEDF above the mercury 
ionization threshold energy. 

Spatial variations in the EEDF were measured experimen- 
tally in the cathode of an RF-generated hydrogen plasma by 
Boyd and Twiddy (1959). More recently, various researchers 
(Kushner, 1983; Boeuf and Marode, 1982; Ohuchi and Kubota, 
1983) have examined theoretically the variation of the EEDF 
across the cathode sheath, using Monte Carlo simulations. 
These studies show that electrons are generated at the cathode 
and then are accelerated into the glow across the sheath by the 
electric field. Thus, the EEDF is approximately monoenergetic 
near the cathode and then gradually disperses, through colli- 
sions with heavy species, toward a more or less thermal 
distribution as the sheath-glow boundary is approached. 

There is experimental evidence in the literature that the 
performance of a plasma reactor is affected by changes in the 
EEDF. In a review article, Wertheimer and Moisan (1985) 
attributed the alteration in reactor performance, produced by 
changes in excitation frequency, to changes in the EEDF in the 
glow. Specifically, they suggest that observed changes in deposi- 
tion or etching rates result from variations in the concentration 
of the reactive species due to the alteration of the number 
density of electrons in the high-energy tail of the EEDF. For 
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example, the several orders of magnitude increase in etching 
rate of an organic photoresist by a microwave-generated oxygen 
plasma as compared to that observed in a RF-generated plasma, 
corresponded to a measurable increase in the oxygen atom 
concentration, and was attributed to an increase in the density of 
the high energy tail of the EEDF. This note addresses, with 
theoretical simulations, the extent to which the EEDF plays a 
role in the reaction kinetics of the plasma. 

EEDF and Reaction Rate Constants 
The impact of the EEDF on the bulk reaction rates can be 

visualized by considering the calculation of the rate constants, 
kJ, using the kinetic theory expression: 

where c is the collision energy, and &(e) ,  uJ(c), and E,, are 
respectively the collision energy distribution, the collision cross 
section, and the threshold energy for reaction J. In the collision 
of a heavy ion or neutral particle with an electron the energy of 
the heavy particle can be neglected, since in a glow discharge it 
is typically several orders of magnitude lower than that of the 
electron. Thus, for these reactions, the collision energy distribu- 
tion is simply the electron energy distribution, EEDF, and their 
relative rates depend on the product of their respective collision 
cross sections and the EEDF. 

In order to quantify the effect of changes in the EEDF on the 
reaction rates, we have developed a prototype reaction simula- 
tion for a hydrogen plasma that is not diffusion limited. Our 
work follows that of Fukumasa et al. ( 1 9 8 5 ) ,  who modeled a 
magnetic multipole ion source. We consider the following 
species: electrons (e), molecular hydrogen ( H2), atomic hydro- 
gen (H), and the associated ions (H+, H2*,  and H3+).  The 
homogeneous steady state reaction model for the evolution of 
the ith species number density, n,,  is given by: 

where the rate of reaction; is given by 

(3) 

and z?,, , zH2,, , and z,,, are the reactant stoichiometric coefficients 

Table 1. Reaction Network-Hydrogen Plasma 

Reaction Threshold Energy eV 

H L e - H ' t 2 e  
H i  + e -H + hv 
H? + e-H,' + 2e 
H, + e-2H + e 
H , + e - H + H ' + e  
H, + H ' - H z L  + H 
H 2 +  + e- H + H'  + e 
H,' + e - 2 H  
H,' + HZ=;)Hjt  + H 
H,'  + e -  H2 + H 
H 3 -  + e-2H + H- + 2e 
H,' + e-3H 

13.6 
~ 1 3 . 6  

15.4 
10.0 
18.0 

1.8 
2.4 
0.0 
0.0 
0.0 

14.0 
0.0 

1 X 
I 

Figure 1. Collision cross-sections for several example 
reactions. 

of the species e, H 2 ,  and i, respectively, in reaction J, and x,,, is 
the net stoichiometric coefficient (product-reactant) of species i 
in reaction j .  The above equations are solved for all species 
densities except for the electron and hydrogen molecule densi- 
ties, which are fixed by charge and hydrogen atom conservation, 
respectively, given by: 

(4) 

where y,,, and y!,,, are the net charge and number of H atoms in 
species i ,  respectively, and n& is the initial hydrogen density. 

t 
L - 

L 

Figure 2. Electron energy distributions. 

1440 September 1990 
1 Vol. 36, No. 9 AIChE Journal 



Table 2. Results Obtained with Different Maxwell-Boltzmann Electron Beam Bimodal Distributions 

k T .  eV 
Fraction normal beam 
Beam average energy, eV 
Net average energy, eV 
Fractional ionization x 10' 

H, as fr.iction of TI* 
H - ,  as fraction of TI* 
H I  ' , as fraction of TI* 
H,  , as fraction of TI* 

5.0 
0.0 
0.0 
7.5 
3.8 
2.74 
0.14 
0.21 
0.65 

5.0 
0.15 

10.0 
7.9 
1.8 
2.40 
0.08 
0.20 
0.72 

5.0 
0.15 

12.5 
8.3 
1.9 
3.46 
0.08 
0.20 
0.72 

5.0 
0.15 

13.5 
8.4 
2.0 
3.94 
0.08 
0.20 
0.72 

5.0 
0.15 

15.0 
8.6 
2.0 
3.73 
0.08 
0.20 
0.72 

5.0 
0.15 

17.0 
8.9 
2.3 
3.59 
0.09 
0.20 
0.7 1 

5.0 
0.15 

19.0 
9.2 
3.6 
3.80 
0.15 
0.21 
0.64 

5.0 
0.15 

20.0 
9.4 
7.3 
4.20 
0.27 
0.22 
0.50 

*TI = total wniration 

For simplicity we have assumed that all species other than H, 
recombine at the wall to form H, with a rate constant given by 
the inverse 01 the corrected average time required for the species 
to reach the reactor wall, as predicted by the kinetic theory of 
gases. 

where the kinetic velocity of the species is given by (3m, /kT, ) ' l z ,  
and the volume to area ratio of the reactor vessel is given by 
V / A .  The transition time includes an empirical correction 
factor, y,. that accounts for the recombination or reaction 
probability at the wall. The values for y, used in this work are 0.1 
for the hydrogen atoms and 0.057 for the ionic species. These 
values were taken from the base case of Fukumasa et al. (1989, 
which was fitted to experimental data. The complete reaction 
network used in this simulation, including ionization of H, and 
H, and dissociation of H, and H, + and photorecombination, 
along wi th  the corresponding threshold energies, is given in 
Table I .  Several typical collision cross sections, obtained from 
the literature (Janev et al., 1987), are plotted in Figure 1. The 
significant at:ributes of the cross sections are the threshold 
energies, above which the cross sections obtain a finite value, the 
location and magnitude of the maximum of the cross sections, 
and the high-energy decay of the cross section. 

Forms of the EEDF 
The EEDF can deviate significantly from the thermal equilib- 

rium Maxwell-Boltzmann distribution. In our analysis, we 
considered three basic forms of the EEDF, a Maxwell- 
Boltzmann distribution, a Druyvesteyn distribution, and a 
bimodal distribution based on the experimental results of 
Deshmukh and Cox (1988). Typical example distributions are 
shown in Figure 2. 

The M B distribution is consistent with thermal equilibrium 
and assumes that the energy gained by the electron from the 

imposed electric field is randomly redistributed by means of 
electron-electron interactions (Venugopalan, 197 1). It is an 
appropriate distribution for a plasma at  high densities and low 
applied electric fields, when the electrons quickly approach 
equilibrium. On the other hand, the Druyvesteyn distribution 
assumes that the gain of energy by the electrons from the 
imposed electric field is balanced entirely by elastic collisions 
with heavy species so that the fractional energy loss and the 
mean free path between collisions is constant a t  all energies 
(Venugopalan, 1971). This distribution is most likely when the 
lowest excitation threshold energy for all species in the plasma is 
significantly greater than the average electron energy and, as a 
consequence, the inelastic collisions become unimportant. Fi- 
nally, the bimodal distribution is an estimate of an EEDF that 
takes into account the strong electric fields in the cathode 
sheath. It is composed by the superposition of a beam of 
electrons, provided by a normal distribution-to account for 
those electrons that have not experienced a collision--with an 
equilibrium distribution, either a Boltzmann or a Druyvesteyn, 
of electrons, to account for those electrons that have experienced 
collisions. Variations in the average energy, shape, and the 
fraction of the total electron population in the electron beam 
would account for changes in spatial location and operating 
conditions. 

Simulation Results and Discussion 
Tables 2 and 3 compare the results using the Maxwell- 

Boltzmann, Druyvesteyn, and bimodal distributions of different 
energies. Model parameters used in the simulation are shown in 
Table 4. The species concentrations are reported as a fraction of 
the total ionization. The base case (no electron beam) in Table 2 
is a Maxwell-Boltzmann distribution at  a thermal temperature 
kT of 5 eV (1 eV = 1.6 x J) corresponding to an average 
energy, 312 kT,  of 7.5 eV, while the base case in Table 3 is a 
Druyvesteyn distribution at  an average energy of 10 eV. The 
30% increase in average energy for the Druyvesteyn distribution 
was required to maintain the same level of ionization (a common 

Table 3. Results Obtained with Different Druyvesteyn Electron Beam Bimodal Distributions 

kT,  eV 
Fraction normal beam 
Beam average energy, eV 
Net average energy, eV 
Fractional ionization x lo3 

H ,  as fraction of TI* 
H . as fraction of TI* 
H ,  . as fraction of TI* 
H, , as fraction of TI* 

6.7 
0.0 
0.0 

10.0 
3.8 
4.28 
0.17 
0.20 
0.63 

6.7 
0.15 

10.0 
10.0 
1.6 
3.69 
0.08 
0.19 
0.73 

6.7 
0.15 

12.5 
10.4 
1.6 
4.95 
0.08 
0.19 
0.73 

6.7 
0.15 

13.5 
10.5 

1.6 
5.29 
0.08 
0.19 
0.73 

6.7 
0.15 

15.0 
10.75 

1.7 
5.10 
0.08 
0.19 
0.73 

6.7 
0.15 

17.0 
11.0 
2.0 
5.0 
0.10 
0.19 
0.7 1 

6.7 
0.15 

19.0 
11.4 
3.6 
5.2 
0.20 
0.19 
0.61 

6.7 
0.15 

20.0 
11.5 
7.2 
5.40 
0.3 1 
0.20 
0.49 

'TI = total ionization 
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Table 4. Model Parameters 

Average ion energy 1 eV 
Average neutral energy 0.025 eV 
Pressure 0.67 Pa (5 mTorr) 
Volume/area of reactor 2 x M 

characteristic in our comparison) as with a MB distribution. 
This can be understood by examining Figure 2 and observing 
that a t  the same average energy (7.5 eV) roughly an order of 
magnitude fewer electrons are in the high-energy tail (i.e., above 
the ionization threshold energy) of the Druyvesteyn distribution 
than in the high-energy tail of the MB distribution. Thus, an 
increase in average energy is required to achieve the same 
electron population above the threshold energy and conse- 
quently the same fractional ionization. 

The other significant difference between the MB and Druyvest- 
eyn base cases is the fraction of hydrogen atoms produced. 
Consider the Druyvesteyn distribution at  an average energy of 
I0 eV as shown in Figure 2. The lower population of electrons in 
the high-energy tail of the Druyvesteyn distribution is counter- 
balanced by a similar lower population of electrons at  low 
energies. The combined effect is a surplus of electrons at  
energies greater than the dissociation threshold energy, but less 
than the ionization threshold energy of the hydrogen molecule. 
This results in a 50% increase in the concentration of hydrogen 
atoms relative to the concentration of hydrogen ions for the 
Druyvesteyn distribution, as compared to the MB distribution. 

Similar effects are observed when an electron beam is 
introduced. At low average beam energies the beam does not 
have a high fraction of electrons above the ionization threshold. 
Even though the average energy of the combined EEDF may 
increase, the fraction of electrons available for ionization 
decreases and so does the fractional ionization. As the beam 
energy is increased, but maintained below the ionization thresh- 
old energy, the fraction of hydrogen atoms increases while the 
ionization remains approximately constant. For beam energies 
above the ionization threshold energy, the fractional ionization 
again increases but the relative fraction of hydrogen atoms 
decreases. At sufficiently high beam energies above the dissocia- 
tive ionization threshold energy, both ionization and dissociation 
increase rapidly. Thus, as the electron beam energy is increased, 
the reactions are sequentially promoted one by one in order of 
increasing threshold energies. 

The results from this simple simulation support the empirical 
notion that the EEDF can play a major role in the reaction 
kinetics of a plasma-assisted reactor. The total ionization and 
thus the production of reactive species in a plasma depends on 
the number density of electrons with energies greater than the 
threshold energies and not simply on the average energy of the 
EEDF. Moreover, the relative steady state concentrations of the 
species in the plasma are affected by the shape of the EEDF. 
Thus, simply putting more energy into the plasma may not give 
the optimum reactor performance. In order to fully exploit the 
dependence of reaction rates on the EEDF, plasma process 
simulations need to be developed which account for the effect of 
the operating conditions on the EEDF and thus, the correspond- 
ing effect on the reaction kinetics. Only then can a rational 
design of plasma reactors for deposition and etching be accom- 
plished. 
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Notation 
A = surface area of reactor walls 

E,,, = threshold energy for reaction j 
f , ( p v ,  r, t )  = energy distribution function of species i 

L ( e )  = collision energy distribution function for reaction i 

k,,,,,, = rate constant for species i to reactor walls 
k, = rate constant for reaction j 

k T ,  = thermal temperature of species i 
m, = atomic mass of species i 
n, = number density of species i 
r = position vector 

r, = rate of reaction j 
t = time 
v = velocity vector 
V = reactor volume 

x , ~  = net stoichiometric coefficient of species i in reactionj 
Ye,, = net charge of species i 

yH,, = number of H atoms in species i 
z , ~  = reactant stoichiometric coefficient of species i in reaction j 

Greek letters 
y, = empirical correction factor for loss of species i 

c = collision energy 
IJ, = collision cross section of reactionj 
7, = kinetic transition time for species i 

Subscripts 
i = species index (H, H2, H’, H?’, H3’, e )  
j = reaction index 

Superscript 
0 = initial condition 
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