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Mechanisms for Power Deposition in Ar/SiH4

Capacitively Coupled RF Discharges

MARK J. KUSHNER, MEMBER, IEEE

Abstract-In low-pressure capacitively coupled parallel-plate radio-
frequency (RF) discharges, such as those used in plasma processing of
semiconductor materials, power deposition and the rate of electron-
impact excitation collisions depend upon time during the RF cycle and
position in the discharge. Power is coupled into the discharge in at least
two ways: by way of a high-energy "e-beam" component of the elec-
tron distribution resulting from electrons falling through or being ac-
celerated by the oscillating sheaths, and by "joule heating" in the body
of plasma. This paper will discuss the method of power deposition by
electrons and the spatial dependence of electron-impact excitation rates
in low-pressure capacitively coupled RF discharges with results from
a Monte Carlo plasma simulation code. Mixtures of argon and silane
will be examined as typical examples of discharges used for the plasma
deposition of amorphous silicon.

I. INTRODUCTION

L OW-PRESSURE (<0.2 torr) parallel-plate capaci-
tively coupled radio-frequency (RF) discharges are

now commonly used for the plasma processing of semi-
conductor materials. Plasma etching [1] and plasma-en-
hanced chemical vapor deposition [21 (PECVD) are pro-
cesses in which an RF discharge is used to provide the
activation energy for chemical reactions in the gas phase.
The products of the gas-phase reactions (heavy particle
collisions and electron-impact excitation) are then trans-
ported to the semiconductor surface where they are ad-
sorbed or otherwise react. The manner and location in
which power is deposited in the discharge determines the
rate of generation and type of radicals produced in the
plasma and therefore determines the character of the etch
or deposition. To optimize either process, the mecha-
nisms for, and spatial dependence of, pow-er deposition
must be understood. This paper will address the issue of
power deposition by electrons in capacitively coupled RF
discharges in the parallel-plate geometry. We will exam-
ine the manner in which power is deposited in an RF
plasma sustained in a gas mixture of Ar/SiH4, typical of
those used for the PECVD of amorphous silicon [2]. We
will also discuss the spatial dependence of excitation rates
within the discharge and relate them to the method of
power deposition.
When an RF potential is applied to a capacitively cou-

pled discharge, a large fraction of the voltage can appear
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across the sheath regions near the electrodes [3]. A smaller
fraction of the applied voltage appears across the body of
the plasma as a longitudinal electric field. The fraction of
the applied voltage appearing across the sheaths depends
upon many discharge parameters (e.g., pressure, RF fre-
quency), and the fraction generally decreases with in-
creasing ratio of negative ions to electrons. When the ef-
fective areas of the electrodes are not equal, one of the
electrodes can also develop a large dc bias [4]. The di-
vision of the applied voltage between the sheath regions
and the longitudinal electric field and the presence of the
dc bias are important in describing the manner in which
power is coupled into the discharge, and in describing the
electron energy distribution function (EEDF). The EEDF
in the RF discharges of interest have a large thermal group
in which the bulk of the electrons reside, and a high-en-
ergy nonthermal tail which can extend for a few hundred
electronvolts [5], [6]. The rates of electron collisions
having high-energy thresholds (e.g., ionization) are sen-
sitive to the details of the tail of the electron distribution
function, and hence to the details of the sheath regions
[7]. The large thermal group of electrons is excluded from
the sheath regions and gains energy dominantly from the
longitudinal electric field in the body of the plasma; that
is, by joule heating.
The RF discharge simultaneously has characteristics of

two very different types of discharges: the positive col-
umn and the hollow cathode [8]. In a positive column,
power is coupled into the plasma by joule heating. By
joule heating we mean the acceleration of electrons by the
electric field in the plasma followed by an inelastic col-
lision or velocity changing collision under conditions usu-
ally described as an electron swarm. The electron energy
gained between collisions is usually a small fraction of
the average electron energy. This process dominates in
the body of our RF plasmas away from the electrodes. In
the hollow cathode, power is coupled into the plasma by
high-energy secondary electrodes (an e-beam component)
emitted from the cathode [9]. This process is important
in, and can dominate in, the sheath regions of our RF
discharges. In this process, the emitted electron usually
has its first collision after having been accelerated to an
energy approximately equal to the sheath potential and
successively slows down from this energy. A process in-
termediate to joule heating and the e-beam component,
which we shall term electron "wave riding," is also in
part responsible for the high-energy tail. Electron "wave
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riding," discussed in Section III, is the acceleration of
low-energy thermal electrons during alternate half RF
cycles by the oscillating sheaths [6], [10], [1111. The di-
vision of power deposition between the high-energy tail
of the electron distribution and the large thermal group
therefore dictates whether an RF discharge is best char-
acterized as a positive column or a hollow cathode.

In Section II, the plasma simulation model will be
briefly described, and in Section III, the EEDF in the RF
discharges of interest will be discussed. Power deposition
by electrons in these discharges will be examined in Sec-
tion IV, and the spatial and time dependence of excitation
rates will be studied in Section V. Concluding remarks
are in Section VI.

II. MONTE CARLO SIMULATION OF ELECTRON
PROPERTIES IN RF DISCHARGES

A computer code has been developed [51, [12] which
uses the Monte Carlo method to obtain the time- and spa-
tially dependent EEDF in an RF capacitively coupled par-
allel-plate discharge. Results from this simulation will be
used in this paper for our discussion of power deposition
and excitation rates. Spatially dependent Monte Carlo
techniques [13] are used in the parallel-plate geometry to
compute electron trajectories and collision probabilities
while oscillating the applied potential at RF frequencies.
After-oscillating the applied field for many RF cycles to
reach steady-state conditions, the location, RF phase, and
energy of the simulation particles are periodically re-
corded and summed to obtain the EEDF. By integrating
over many RF cycles, the time-averaged spatially depen-
dent EEDF is obtained. Typically, 1000 particles were
used in the simulation, the energy and position of each
particle were recorded 100 times per cycle, and the sum-
mation period was eight RF cycles after initially oscillat-
ing for five RF cycles to obtain the steady state. Details
of the model are discussed in [5] and [12]. Pertinent as-
pects and revisions to the model will be discussed below.

In this study, we are interested in the parametric behav-
ior of certain variables such as dc bias, longitudinal elec-
tric field in the plasma, and the rate of secondary emis-
sion. These variables are not independent, and in an
experiment it is usually not possible to change only one
parameter and be assured that the others remain fixed.
It is this interdependence that makes the results of many
experiments difficult to interpret. In order to isolate the
effects of interest, in this paper we will vary only one
parameter at a time. As a result, this treatment is not to-
tally self-consistent with respect to the potential distri-
bution between the electrodes. This approach has the ad-
vantage of isolating the changes in plasma properties
wrought by the change in a given parameter; however, it
lacks the self-consistency required for a true engineering
design model.
The electron-impact rate constants discussed below were

obtained by summing the electron collisions during the
simulation. The time-averaged electron-impact rate con-
stant is k(x) (cm3 s-1) - S1(x)I(N,At), where Si(x) is

the sum of collisions of type i at location x, Ni is the den-
sity of the collision partner for process i, and At is the
summation period (many RF cycles). Power deposition
per average electron was obtained from

rL o -2- 1/2
1/2 2Pe- E A0f(E,x)' L i (E) AAiNi dedd (1)

where E is the electron energy, x is the position in the
discharge, me is the electron mass, L is the electrode spac-
ing, and f(E, x) is the EEDF (units of eV-3/2 . cm -).
The sum is over electron collision processes having cross
section ai (E) and collision partner having density Ni. AEi
is the threshold energy for collision i for inelastic colli-
sions, or 2meEIMi for elastic collisions.

Secondary electron emission was included in the sim-
ulation by randomly choosing particles at the rate rSE (see
below) and placing the particles at a randomly chosen
electrode with zero energy. These electrons are then ac-
celerated into the plasma by the sheath potential. The
sheath potential at an electrode is the maximum energy
available to secondarily emitted electrons.
The voltage applied to the powered electrode is shared

between the sheaths and the bulk plasma, where it appears
as a longitudinal electric field. In the simulation

VRF (t) sin [27rvRF t]

- [sVsI - V52F] sin [2rVRF t] + EB(t)

[L- IsI(t) -s2(0) (2)
where the numeric subscripts identify an electrode, VRF iS
the RF frequency, and L is the electrode spacing. 14, is the
sheath thickness and VRF is the RF component of the
sheath potential for electrode i (1 for powered electrode,
2 for grounded electrode). EB is the magnitude of the lon-
gitudinal electric field in the bulk plasma

EB(t) = Eo sin [2vVRFt]. (3)
In our parametric model, 15 and Eo are specified values.
The thickness ls was assumed to have both a dc and an
RF component

=si(t)= lda + 1RF sin [27rvRFt]. (4)
For the calculations discussed here, ldc = 2.5 mm and IRF
= 0.25 mm for both electrodes. The dc value of the sheath
thickness was estimated by solving for the electron and
ion densities near a surface biased at the average sheath
potential using the sheath model described in [14].
The sheath potential at an electrode is the difference

between the potential of that electrode and the plasma po-
tential. For capacitively coupled RF discharges, the sheath
potential at the powered electrode is approximately

VsI (t) = Vdc + VRF sin [27VRFtl - Vl,(t) - VL(t) (5)

where Vdc is the dc self- or applied bias, VRF is the ap-
plied RF potential, Vp is the plasma potential adjacent to
the grounded electrode, and VL is the voltage drop asso-
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ciated with the longitudinal electric field in the bulk
plasma, equal to the last term in (2). For dominantly re-
sistive or capacitive sheaths, the plasma potential can be
written as [15]

Resistive: Vp(t) = MAX [VdC + VRF sin [27rvRFtA, AV]

Capacitive: VpI(t) = MAX L[[dc + RF]
L 2

[1 + sin [27rVFRt]], AVj (6)

where the function MAX (a, b) is the maximum of a and
b, and AV is a small positive value approximately equal
to the floating sheath potential. The asterisk for VRF in-
dicates a voltage amplitude less by an amount VL than the
applied voltage VRF. For capacitively coupled discharges,
I VdcI < VRF. The sheath potential at an electrode is gen-
erally negative unless the plasma has a high fraction of
negative ions. The sheath potential at the grounded elec-
trode is equal in magnitude, but opposite in sign, to the
plasma potential. The sheath potential of the powered
electrode V52 is the difference between the plasma poten-
tial and the sum of the applied RF voltage and a dc self-
bias. For the cases discussed in this paper, the resistive
form for the plasma potential in (6) is used.
The electric field within the sheath was assumed to be

linearly proportional to the distance from the edge of the
plasma to the electrode. Recent spectroscopic measure-
ments of the electric field within an RF sheath differ little
from this form [3]. The electric field in the sheaths Es(t)
in the simulation therefore had the form

Esi(x, t) = 2Vsi(t) [15s(t) -x] (7)
lsi (t)2

where, again, the subscript i refers to electrode 1 or 2.
The results from the simulation are not very sensitive to
the shape of the electric field within the sheath.

For the discussion in this paper, we will examine gas
mixtures of Ar and SiH4, commonly used for the PECVD
of amorphous silicon [2]. The cross sections used in the
simulation for argon are from [ 16] (elastic scattering), [ 17]
and [18] (electronic excitation), and [19] (ionization). For
SiH4, cross sections were obtained from [20] (dissociative
ionization), [21] (total dissociation), [22] (momentum
transfer, vibrational and electronic excitation), and [23]
(attachment). The cross section for neutral dissociation of
SiH4 was assumed to be the difference between the total
dissociation cross section and the dissociative ionization
cross section. The effect of silane dissociation products
on the electron distribution function has not been included
in this analysis. The cross sections for the ionization of
ground-state argon, the neutral dissociation of SiH4, and
the vibrational excitation of SiH4 are plotted in Fig. 1.
The rates for these three processes will be discussed be-
low. These three processes were in particular chosen for
detailed examination because they are processes represen-
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Fig. 1. Electron-impact cross sections used in the simulation for argon
ionization, neutral dissociation of SiH4, and vibrational excitation of
SiH4. The energy scale for vibrational excitation has been expanded by
a factor of 10 and spans 0- 12 eV.

tative of collisions having high-energy (argon ionization
16 eV), intermediate-energy (silane neutral dissociation 8
eV), and low-energy (silane vibrational excitation 0. 1 eV)
thresholds, and therefore have rates that respond to dif-
ferent portions of the EEDF.

III. EEDF's IN Ar/SiH4 PLASMAS
Typical time-averaged electron energy distributions ob-

tained with the simulation as a function of position be-
tween the electrodes in an RF parallel-plate discharge op-
erating at 12 MHz are plotted in Fig. 2. The gas mix is
SiH4/Ar: 0. 1/0.9, the gas pressure is 70 mtorr, and the
electrode separation is 2.4 cm. The powered electrode is
at x = 0 cm, and the grounded electrode is at x = 2.4
cm. The RF amplitude is 75 V and the dc biases at the
powered electrode for the two cases plotted in Fig. 2(a)
and (b) are -45 V and 0 V, respectively. The amplitude
of the electric field in the bulk plasma is Eo = 10 V/cm
(electric field/number density (EIN) = 440 Td, 1 Td =

1 X 10- 17 V . cm2). The quantity plotted is log10 (f(E,
x) eV-/2 cm- ). Note that the majority of the electrons
reside at energies less than about 10 eV in a largely ther-
mal group. The spatially averaged electron temperature
for both cases is 2.0 eV. Near the electrodes are long high-
energy tails to the EEDF. The high-energy tail is most
prominent near the powered electrode in the presence of
the dc bias. Although the majority of the electrons in the
tail of the distribution slow down close to the powered
electrode, a fraction survive to traverse the plasma and
are collected by the opposite electrode. The high-energy
limit to the tail of the distribution is a value approximately
equal to the maximum sheath potential. This value is
lower in absence of the dc bias at the powered electrode.
The EEDF is symmetric about the centerline of the dis-
charge in the absence of the dc bias, a reflection of the
symmetric potential distribution. Note that at the grounded
electrode, the tail to the distribution extends to a higher
energy in the absence of the dc bias than with the dc bias.
This results from a lowering of the average sheath poten-
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Fig. 2. Typical electron distribution functions for an RF discharge (12
MHz) in a 70-mtorr mixture of Ar/SiH4: 0.9/0.1. The quantity plotted
is loglo(f(e, x) eV- 312 - cm-'). The applied RF voltage amplitude is
75 V: (a) dc bias on the powered electrode (x = 0) of -45 V; (b) Vd =

0.

tial at the grounded electrode with a negative dc bias on

the powered electrode.
The thermal group of electrons which dominates the

bulk plasma is characterized by a temperature which is in
large part a function of the electric field in the bulk of the
plasma, as will be discussed in Section IV. The high-en-
ergy tail of the EEDF near the electrodes, though, results
from at least two processes: secondary electrons and
"wave riding" electrons. We will first discuss the source

of secondary electrons.
Ions which diffuse out of the plasma and into the sheaths

are accelerated into the electrodes and cause secondary
emission of electrons. The secondarily emitted electrons
are in turn accelerated back into the plasma, and carry
with them an energy nearly equal to the sheath poten-

tial. The rate at which secondary emission occurs RSE
(cm-2 - s- ' ) is approximately

RsE = [yD*N] [A] (8)

where 'y is the secondary emission coefficient, A is the
diffusion length of the reactor, D * is the positive ion dif-
fusion coefficient, and N, is the density of positive ions.
The volume of the plasma is V, and the total area of the
electrodes is A. The superscript * denotes that the value
of the diffusion coefficient is between the free diffusion
coefficient and the ambipolar diffusion coefficient as given
by the Bohm limit [241. An accurate self-consistent ac-

counting of secondary electron emission requires a more

Fig. 3. Electron distribution function for the conditions of Fig. 2(a) where
secondary electron emission is excluded. The highest energy electrons
in the tail of Fig. 2(a) are seen to be due to secondary emission; the
majority of the high-energy electrons are due to wave riding.

detailed kinetic analysis of the transport of ions than was
performed for this study. Therefore, in our analysis, the
rate of secondary electron emission per electron in the
discharge rsE was treated as a parametric variable. (rsE is
related to RSE by rSE = RsEILNI.) The value of rsE also
depends upon the fractional density of negative ions. For
electronegative plasmas, N Z N7 >> ne so that rSE can
be large. For the electron distributions plotted in Fig. 2,
rsE = 105 s-', appropriate for Bohm diffusion with y =
0.15.

Secondary emission is not the only source of electrons
in the high-energy tail of the distribution; another source
is "wave riding" electrons. The sheath at the electrodes
in an RF discharge can oscillate in either space, energy,
or both [101, [25]. Spatial oscillation occurs when the
boundary between the sheath and the plasma physically
changes its location with respect to the electrode during
an RF cycle. Energetic oscillation occurs when the sheath
potential changes during an RF cycle. In either case, the
local plasma potential oscillates. During that portion of
the RF cycle when the sheath is in retreat, either spatially
or energetically, the plasma potential near and in the
sheath increases. During this portion of the RF cycle,
thermal electrons from the plasma diffuse or drift toward
the electrodes. During the second half of the RF cycle,
the sheath spatially or energetically extends back into the
plasma. The electrons that followed the sheath in its re-
treat towards the electrode suddenly find themselves in a
region with a lower plasma potential. These largely ther-
mal electrons are then accelerated into the plasma, riding
the wave of the lower plasma potential. The energy gained
by an electron which is in the path of the extending sheath
is approximately equal to the difference between the min-
imum potential and plasma potential at the location of the
electron's closest approach. The result is a broad high-en-
ergy tail to the EEDF located at the boundary of the sheath
and the plasma. This mechanism, different from joule
heating or secondary electron emission, may be identified
with that discussed by Godyak, who describes a collision-
less absorption of power by electrons that is associated
with the oscillation of the sheaths [6], [10], [11].

In Fig. 3 is the EEDF for identical conditions to the
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case of Vdc = -45 V in Fig. 2, except that y = 0. A
broad high-energy tail is present even in the absence of
secondary emission, due to electron wave riding. Note
that the highest energy electrons, with energies equal to
the maximum amplitude of the sheath potential, result
from secondary emission. A larger fraction of electrons
in the tail, though, are "wave riders."

IV. POWER DEPOSITION
Power is coupled into the RF discharge by electrons in

at least two ways: secondary electrons emitted at the sur-
face of the electrodes (or wave riding electrons) are ac-
celerated into the plasma, carrying with them an energy
at most equal to the sheath potential; and electrons in the
body of the plasma are heated by the bulk longitudinal
electric field. To the extent that the former process is
dominant, the RF discharge resembles a hollow cathode.
To the extent that the latter process is dominant, the RF
discharge mimics a positive column. To examine the
method of power deposition, we will separately vary the
dc sheath potential, RF voltage, and bulk longitudinal
electric field in the simulation and examine the change in
power deposition and excitation rates that results.
While keeping other quantities fixed, we varied the am-

plitude of the longitudinal electric field in the bulk plasma
(E0). The results are plotted in Fig. 4 for RF amplitudes
of 75 and 125 V for cases with and without a dc bias (Vdc
= -0.6 * VRF). The discharge conditions are similar to
those for Fig. 2 except that P = 135 mtorr. In Fig. 4(a),
power deposition Pe and the enhancement to Pe with a dc
bias are plotted. For an electron density of 109 cm-3,
power deposition is approximately 2.5 mW cm-3 with
Eo = 5 V/cm (100 Td), increasing to approximately 22
mW - cm- with Eo = 22.5 V/cm - (520 Td) [26],1 [27].2
The incremental increase in Pe when changing VRF is rel-
atively constant regardless of Eo, as is the enhancement
due to the dc bias. This is a result of the constant value
of secondary electron emission and constant fraction of
electrons subject to wave riding. The fraction of P, due
to sheath processes is therefore larger at the smaller val-
ues of Eo. The enhancement in P, with a dc bias, resulting
from sheath-associated power deposition processes, is as
large as 200 percent at low Eo, decreasing to 10 percent
with high Eo. The volume-averaged electron temperature
and excitation rates for argon ionization and silane neutral
dissociation are plotted in Fig. 4(b). For a given value of
E, the electron temperature is nearly independent of VRF

'An electron density of a few times 109 cm-3 is typical for RF plasmas
having power densities of a few to tens of mW cm-3 . Recent measure-

ments using microwave transmission spectroscopy of the electron density
of 13.56-MHz plasmas sustained in CHF,, Ar, and 0 yielded values in
the range of 2-7 x 109 cm-3 for power densities of 10-90 mW cm-3.

2Measurements of the electron density of dc and pulsed hollow cathode
discharges sustained in He/SiH4 mixtures have recently been made using
microwave interferometry. The range of power deposition was P = 8-80
m * cm- and the silane mole fraction was M -0.01 0.04. The average
electron density was found to be linearly proportional to the discharge cur-

rent and inversely proportional to the silane mole fraction. The measured
electron density is in the range of 2-12 x 109 cm-3 for 0.01 < M < 0.04
and P 15 mW cm
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Fig. 4. Discharge properties as a function of bulk electric-field amplitude
En for P = 135 mtorr. Cases with VRF = 75 and 125 V are shown, with
and without a dc bias: (a) electron power deposition (n, = 109 cm-- 3)
and enhancement in power deposition with a dc bias; (b) electron tem-
perature and excitation rates for VR, - 75 V.

(with or without a dc bias); that is, the temperature of the
bulk electrons depends only on the value of Eo. Power
deposition by sheath processes appears to dominate for Eh
< 5-10 V/cm (Eo < 100-200 Td). For these smaller val-
ues of Eo, power deposition is dominated by the less nu-
merous high-energy electrons in the tail of the distribution
rather than by the more numerous bulk electrons which
determine the average electron temperature. As Et in-
creases, high-energy (Ar ionization) and intermediate-en-
ergy (SiH4 neutral dissociation) threshold events have
volume-averaged excitation rates that are generally func-
tions of only Eo unless rSE is also large (> 106 s- ) (see
discussion below). The spatial dependence of these rates,
though, depends on properties other than Eo, as will be
discussed in Section V.
The degree to which VRF and Vdc influence power dep-

osition when Eo remains constant is shown in Fig. 5 where
power deposition Pe and its enhancement with a dc bias
(Vdc = -0.6 * VRF) are plotted. Only small changes in
Pe occur when changing the applied potential with con-
stant Eo. This result implies that changes in power depo-
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Fig. 6. Discharge properties as a function of the rate of secondary electron

emission rSE (emission/electron-s) for P = 135 mtorr. Cases for Eo =
15 and 3.75 V/cm (350 and 85 Td) are plotted: (a) electron power de-
position (ne = 109 cm-3); (b) electron temperature and excitation rates.

sition when increasing VRF result dominantly from an in-
crease in Eo once Eo > 150 Td. Fractional increases in
Pe resulting from increasing VRF alone are larger with
smaller E, (< 150 Td). These results, though, depend on
the rate of secondary electron emission. The effect of sec-
ondary electron emission on Pe is plotted in Fig. 6(a) for
two values of Eo; 3.75 V/cm (75 Td) and 15 V/cm (300
Td). The independent parameter is the rate secondary
emission per average electron rSE. The results discussed
above were obtained with rSE = 105 s-1. For rSE <
106 s- , only a small increase in Pe occurs with increasing
rSE. The fractional increase in Pe is larger at low EP. Only
for values of rSE > 106 s- l does Pe begin to significantly
change. As rsE increases, the increase in Pe results dom-
inantly from increases in the rate of high-energy deposi-
tion processes, as shown by the plot of excitation rates for

argon ionization and silane neutral dissociation in Fig.
6(b). The implication of this exercise is that for these con-
ditions, the majority of power deposition resulting from
processes associated with the sheaths is due to the wave
riding effect, and not necessarily secondary electron emis-
sion. This is due to the fact that the fraction of bulk elec-
trons that can be wave riders is approximately 21l/L, which
is a much larger fraction than that which is secondarily
emitted. Over the range of secondary electron emission
coefficients plotted in Fig. 6(b), the electron temperature
is nearly constant even though power deposition increases
with increasing secondary emission. This is again an in-
dication that, for increasing secondary emission, power
deposition is dominated by less numerous high-energy
electrons, whereas the average electron energy is deter-
mined by the more numerous low-energy bulk electrons.

In summary, for the examples studied here, power is
dominantly coupled into the discharge by electrons as a
result of joule heating in the bulk plasma when Eo > 150
Td. When Eo > 150 Td, the power per electron deposited
within the bulk is still small (_ 4 eV/RF cycle) as com-
pared to secondary or wave riding electrons (10-100 eV
per event). The larger density of thermal electrons and the
low rate of secondary emission, though, results in the ma-
jority of power being deposited, analogous to a positive
column, as joule heating. Only for Eo < 150 Td is power
dominantly deposited as a result of sheath processes.
Wave riding electrons appear to be the dominant form of
power deposition by electrons for the sheath.
The value of the expected electric field in the bulk

plasma (Eo c 20 V/cm) is presently below the detection
limit using spectroscopic techniques [3]. An estimate,
though, can be made for the value of the self-consistent
electric field by equating the time-averaged rates of gen-
eration and loss of positive and negative ions [8]. The
importance, in this context, of negative ions in silane dis-
charges has only recently been emphasized by DeJoseph
et al. [28]. As shown below, the self-consistent bulk elec-
tric field Eo is in large part determined by the fraction of
negative ions.
To obtain an estimate of the self-consistent value of Eo,

we assume that the negative and positive ion densities are
given by their quasi-steady-state values. Using volume
average rate constants, we approximate the rates for the
negative ion density N - and positive ion density N + as

dN +
dt - = ner1N - N N+rN- N RDdt

dN -

dt =°0-=neN-N-N+rN

(9)

(10)

where the electron density is ne, and the appropriate neu-
tral density is N. The rate constants for ionization, ion-
ion neutralization, and attachment are rl, rN, and rA, re-
spectively. The rate of diffusion of positive ions is RD.
Negative ions cannot traverse the sheath (Ti, << Ti.) and
are lost only by ion-ion neutralization. Introducing the
parameter o = N-Ine, (9) and (10) yield

O
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[rl - rA] N = (1 + a) RD

Ix= '+rAN-1v2
2 I. rNn1e I-

(11)

(12)

The rate of diffusion is assumed to be given by the Bohm
value. For a mixture of negative and positive ions, RD is
approximated by

3 X 10' ['± aT11a 2 (13)

where the el trode separation is L (cm), an; the electron
and ion tempcratures are T. and T1 (eV), resp, ctively. The
time- and volume-averaged rate constants and r, and
the electron temperature T7, were obtained directly from
the plasma simulation and are largelyfunctions of Eo. The
rate constant for ionization is the mole fraction weighted
sum of the rate constants for ionization of Ar and SiH4.
For VdC = 0, this value ranges from 2.7 x 10- l
cm3 *s at Eo = 3.75 V/cm (85 Td) to 1.0 x 10-
cm3 s at Eo = 22.5 V/cm (520 Td). The attachment
rate constant ranged from 1.0 x 10-11 cm3 s 1' at Eo =
3.75 V/cm to 5.0 x 10- 1 cm3 * s-I at Eo 22.5 V/cm.
The rate constant for attachment inferred from recent
measurements of the electron density in the afterglow of
a pulsed hollow cathode discharge in an He/SiH4 mixture
is significantly larger; however, the attachment is attrib-
uted to a dissociation product of SiH4.3 The mole fraction
weighted rate constant for attachment (SiH4 mole fraction
0.1) is 1.0-5.0 x 10- 12 cm3 s- . The value of rN was
approximated as 10-7 cm3 s [29].

For a specified value of electronegativity ax a self-con-
sistent value for Eo is obtained by satisfying (11). A self-
consistent value of a is obtained from (12) by specifying
an electron density. The values for Eo and a obtained in
this fashion are plotted in Fig. 7. The conditions are the
same as those for Fig. 4. For Vd, - 0 and a = 0, the self-
consistent bulk electric field is Eo = 3.5 V/cm (80 Td), a
value corresponding to electron power deposition being
dominated by sheath processes. The values of a for which
power deposition by electrons is dominated by sheath pro-
cesses (low EO) and power deposition is dominated by bulk
processes (high EO) are a < 10 and a > 10, respectively.
Estimating that the electron Jensity [26,1 12712 lies in the
range 109 cm-3 < n_ < 1010 cm-3, the self-consistent
values of Eo lie predominantly at values of a < 10; that
is, in a region where power deposition by electrons is
dominated by sheath processes. Since high-energy thresh-
old processes such as ionization are enhanced in the pres-
ence of a dc bias, the self-consistent electric field ampli-
tude is lower for a given a with a dc bias compared to the

3The attachment rate in the afterglow of a pulsed hollow cathode dis-
charge in an He/SiH4 gas mixture has been inferred from measurements of
the decay in electron density (see 127]). A lower bound on the rate coeffi-
cient of 2.65 x 10- ' ,c s- was determined; however, the attaching
species was theorized as being a dissociation product of SiH4. This value
for the attachment coefficient is an order of magnitude larger than one ob-
tains using the dissociative attachment cross section for SiH4 of [23], which
has peak value of only 3 x 1O- Ix cm2.
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Fig. 7. Self-consistent values of the bulk -tric-field amplitude E() ob-
tained by balancing the rate of generation d loss of ions. The parameter
a is the ratio N-In. (negative ion density/t\ ectron density). Values of a
< 10 yield values of Eo that suggest pox.\. deposition is dominated by
sheath processes. By specifying the elec 1m density, a unique relation-
ship between a and E() can be obtained.

same conditions without a dc bias. Electron power depo-
sition with a dc bias (Vd, = -45 V) is dominated by
sheath processes for a < 30. For 109 cm-3 c n, .
1010 cm-,, the self-consistent values of Eo lie entirely at
values of a < 10 where power deposition by electrons is
dominated by sheath processes.

V. SPATIAL DEPENDENCE OF EXCITATION RATES

The spatial- and time-dependent density of excited spe-
cies within RF discharges have been studied experimen-
tally [25], [30]-[32] and have been shown to have com-
plex behavior. In Section IV, we found that for sufficiently
large values of the bulk electric field, power deposition
by electrons results primarily from joule heating in the
bulk of the plasma and is spatially fairly uniform. The
spatial distributions of excitation rates for processes with
high-energy thresholds, though, are not uniform. This
spatial nonuniformity is sensitive to changes in the sheath
characteristics.
The degree to which the presence or absence of a dc

bias on the powered electrode effects the spatial distribu-
tions of excitation rates is illustrated in Fig. 8, where the
excitation rates for the ionization of argon, neutral dis-
sociation of SiH4, and vibrational excitation of SiH4 are
plotted. The two figures are for cases with and without a
dc bias (VRF = 75 V, Vdc = -45 V, E0 - 15 V/cm (350
Td), P = 135 mtorr). The excitation rate for vibrational
excitation is approximately constant as a function of po-
sition and is relatively insensitive to the value of Vdu, a
consequence of the fact that vibrational excitation results
from collisions with the low-energy electrons in the bulk
of the plasma. The higher energy threshold processes for
SiH4 dissociation and argon ionization (threshold energies
8 and 16 eV, respectively), though, have excitation rates
whose spatial distributions are sensitive to the dc bias.
For the case where Vdc = 0, these excitation rates are
fairly symmetric about the midplane with local maxima
near the electrodes. With Vdc = -45 V, a sharp peak in
the high threshold rates occurs near the powered elec-
trode, a consequence of the enhanced high-energy tail to
the EEDF. The fractional increase in the Ar+ rate exceeds
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Fig. 8. Electron-impact excitation rate constants for argon ionization (A),
vibrational excitation of SiH4 (B), and neutral dissociation of SiH4 (C)
as a function of position between' the electrodes for conditions similar to
those in Fig. 4 with Eo = 15 V/cm (350 Td): (a) VdC = 0; (b) Vdc =
-45 V.
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Fig. 9. Electron-impact excitation rate constant for argon ionization as a
function of position between the electrodes with and without secondary
electron emission.

that of the SiH4 dissociation rate due to the higher thresh-
old energy for ionization. The local enhancement in high
threshold excitation is due in large part to the wave riding
effect. The rate of argon ionization is plotted in Fig. 9 for
cases with and without secondary emission. For these
conditions, only a nominal increase in the rate occurs
when secondary emission is included. Only when rsE is
large (> 106 s-') can the enhancement in the local rate
constant be attributed primarily to secondary emission.

For electron collisions that have an intermediate energy
threshold, such as neutral dissociation of SiH4 (e = 8 eV),
local extrema in the rate constants are a consequence of
sheath processes. The majority of the excitation colli-
sions, though, result from collisions with the bulk low-
temperature electrons. The rate constants for neutral dis-
sociation and vibrational excitation of SiH4 are plotted in
Fig. 10 for different values of Eo (VRF = 75 V, Vdc = 0,
P = 135 mtorr). The rate of vibrational excitation is rel-
atively constant for this range of Eo. The rate of dissocia-
tion, initially largest near the sheaths at low Eo, increases
throughout the discharge because of the increase in the
average energy of the bulk electrons (1.4 eV c kTe
2.4 eV).
The spatially dependent excitation rates discussed thus

far are time averaged over many RF cycles. The nonuni-
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Fig. 10. Electron-impact excitation rate constants for (a) vibrational ex-

citation of SiH4, and (b) neutral dissociation of SiH4 as a function of
position between the electrodes (Vd. = 0) for different values of the bulk
electric-field amplitude: A =e 7.5 V/cm (175 Td); B =e 15 V/cm (350
Td); C =e 22.5 V/cm (525 Td).
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Fig. 11. Excitation rates as a function of position between the electrodes
(Vdc = -45 V) and phase in the RF cycle for argon ionization (top),
neutral dissociation of SiH4 (middle), and vibrational excitation of SiH4
(bottom). The density of dots is proportional to the rate of excitation.
Each plot has been separately normalized.

formity of excitation rates is also a function of phase in
the RF cycle. Examples of temporal nonuniformity ap-
pear in Fig. 11 where the relative occurrence of collisions
as computed with the simulation is plotted as a function
of space and time. The conditions are the same as in Fig.
8(b). The density of dots in Fig. 11 is proportional a > the
rate of collisions at a particular location and time. The
applied RF voltage is at its minimum value (voltage =
- VRF) at 0.5 in the RF cycle as indicated in Fig. 11. Each
collision process is separately normalized. The nonuni-
formity of excitation is greatest for high threshold energy
processes, and least for low threshold energy processes.
This pattern is a result of the tail of the EEDF being mod-
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ulated during the RF cycle while the bulk electron tem-
perature remains relatively constant during the RF cycle.
A similar conclusion on the disparity in the modulation of
the tail of the distribution, as compared to the bulk, was

discussed by Vagner et al. [7].
When power is dominantly coupled into the discharge

via the bulk electric field as joule heating, the deposition
is fairly spatially uniform. Spatially dependent excitation
phenomena, though, can simultaneously occur when the
characteristics of the tail of the distribution function are

dominated by the sheath processes.

VI. CONCLUSION

For the conditions examined in this paper (70-150 mtorr

Ar/SiH4:0.9/0.1, VRF < 150 V) power deposition is

dominated by sheath processes when the amplitude of the

oscillating electric field in the bulk plasma Eo is less than

150 Td. For Eo > 150 Td, power deposition by electrons

increases significantly only when the longitudinal electric

field in the plasma increases. By equating the rates for

generation-and loss of ions, one can estimate a self-con-

sistent value of Eo. When Vdc = 0, the self-consistent

value of Eo < 150 Td when a N-/n, < 10, and Eo >
150 Td when a > 10. The corresponding breakpoint for

Vdc -45 V is a = 30. When stipulating that the elec-

tron density is in the range 109 cm-3 < n, < 1010 cm--3,
the self-consistent value of Eo implies that power depo-
sition by electrons is dominated by sheath processes. For

our conditions, the majority of power deposited by elec-

trons from sheath processes results from ''wave riding"
electrons rather than from secondary emission. Although
for some conditions a large fraction of power deposition
may occur uniformly from joule heating in the bulk

plasma, spatially and temporally nonuniform excitation

rates can simultaneously occur for high threshold energy
collisions as a result of sheath-associated modulation of

the tail of the distribution function.
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