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Modeling and diagnostics of the structure of rf glow discharges in Ar at 13.56 MHz
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The structure of rf glow discharges in Ar at 13.56 MHz is described, making use of a relaxation con-
tinuum model. The model includes consideration of the relaxation kinetics for the momentum and ener-

gy of charged particles. The discharge structure and plasma property are modeled using molecular
quantities (i.e., collision cross sections, radiative lifetimes, etc.) and macroscopic transport quantities for
charged particles. Spatiotemporal distributions for the field and the net production rate and density of
particles are studied in detail in the bulk plasma as well as the ion sheath under periodic steady-state
conditions. In particular, the temporal profiles including phase shift and nonlinear variation with

respect to the applied-voltage wave form are discussed. Each type of excited atom shows a different spa-
tiotemporal density distribution due to different loss mechanisms, although the production profiles are
similar. That is, Ar( ps) is controlled by a radiative decay and quenching in collisions with Ar( So),
while Ar( Po & ) is controlled by diffusion. The validity of the relaxation continuum model is investigated

by the observation of external electric properties and the measurement of spatiotemporally resolved opti-
cal emission from the rf glow. Quantitative comparison of the results from theory and experiment sup-

ports the validity of the relaxation continuum model. The relaxation continuum model is simple and

physically reasonable.

PACS number(s): 52.80.Hc, 52.25.Fi, 52.70.Kz

I. INTRODUCTION

Radio-frequency glow discharges have been used rou-
tinely in the microelectronic device fabrication and in the
manufacture of new materials [1,2]. This is mainly due to
their usefulness as sources of radicals and ions, which
play a major role in surface reactions in plasma chemical
vapor deposition (PCVD) and plasma etching. In order
to optimize the performance of the processing plasma
systems, detailed knowledge of the radical transport as
well as of the electronic property is highly desired for rf
glow discharges. For electron transport, electron heating
by the high-field oscillating sheath in an rf discharge is of
greater importance than the energy transfer in the bulk
plasma, although the sheath dynamics cannot be con-
sidered independent of the bulk plasma properties. From
the viewpoint of electron kinetics [3], the energy response
of the electrons is a notable characteristic of an rf glow
discharge. Investigation of a rare-gas rf discharge will
lead to a better understanding of the discharge structure
in advance of the development of new plasma processes.
Here we study the electrical properties and the density
profiles of the excited atoms in rare-gas discharges
without complicated chemical processes. Rare gases
such as He and Ar play an important role in the mainte-
nance of glow discharges because of their high efficiencies
in heat transfer from the bulk of the discharge to the out-
side, and their ability to keep the average electron energy
higher. He and Ar are therefore used as bufFer gases in
discharges with more complicated heavy molecules.
Realistic models are possible because of the work devoted

to measuring both the microscopic collision cross sec-
tions between the charged particle and Ar [4-12], and
the macroscopic swarm parameters in Ar [4,13-24]. Re-
liable radiative lifetimes and deactivation rate constants
for the excited states in Ar have been also reported
[25—35].

In the present work we have simulated rf glow
discharges in Ar at 13.56 MHz in order to investigate the
physics of a collision-dominated plasma. In preceding
papers [36-38], we reported the diagnostics of rf
discharges at 13.56 MHz using space- and time-resolved
optical-emission spectroscopy.

High-frequency gas discharges were studied in the
1940s. The primary mechanisms governing the high-
frequency breakdown and the steady-state microwave
plasma are qualitatively understood [39—41]. Neverthe-
less, the quantitative understanding of the discharge is
weak because of the lack of the microscopic physical and
chemical quantities and the difficulty of theoretical treat-
ments of the time dependence of the charged-particle
transport.

In an rf glow discharge, there are two distinct regions,
each with difFerent charged-particle transport. They are
the bulk plasma and the ion sheath, which are closely
coupled with each other. A self-consistent continuum
theory is highly desired in modeling both dc and rf
discharges in order to overcome the limits of classical
theories applied to the sheath and the bulk plasma, re-
spectively [42-45]. The historical development of the
modeling of dc glow discharges has been reviewed
[46—49]. The industrial angular frequency co (i.e., 13.56
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MHz) is generally in the range co&, &co&rod„where co~;

and co are, respectively, the macroscopic plasma fre-
quencies for ions and electrons as defined in a collision-
less plasma [50]. The frequency is also in the range
t,. ))co ')t„where t, and t,- are the transit times be-
tween electrodes of electrons and ions in a collision-
dominated plasma, respectively. Under these cir-
cumstances, the discharge is principally maintained by
volume ionization without the need for secondary-
electron emission by ions at the electrodes. The electrode
sheath is mainly capacitive, i.e., the displacexnent current
is dominant compared with the conduction current in the
sheath.

During the past few years, rapid advances in the quan-
titative understanding of rf glow discharges have been
achieved using simulations based on fluid theory [53—57,
60, 62-68] and particle models [51, 52, 58, 59, 69—71].
Fluid-theory models can be classified into groups based
on the local-field approximation [54,57,62,63], the quasi-
thermal approximation [53,56,65-68], and the relaxation
continuum model [60,64]. Particle-in-cell and/or Monte
Carlo simulations are particle models [51,52,59,69-71].
Recently, rf glow discharges in He were studied using a
phase-space analysis of the Boltzmann equation by Som-
merer, Hitchon, and Lawler [61]. Much of the modeling
in Ar at 13.56 MHz has been presented (Table I) [54-56,

66]. Fundamental interest in Ar at about 0.1 —1 Torr is
motivated by a need to understand the physical kinetics
in the discharge involving the ions heavier than H+ or
He+.

This paper describes a systematic study of capacitively
coupled rf glow discharges in Ar. We assume that the
electrodes are planar and large enough to neglect their
sheath edge areas. The discharge will thus be considered
one dimensional. The area of interest is the collision-
dominated, low-gas-temperature discharge with the spa-
tiotemporal modulation of both the bulk plasma and the
sheath. Under these circumstances, the local electron-
energy balance is disturbed. That is, the electron trans-
port has finite delays with respect to the local instantane-
ous reduced field E(z, t)/N [3,72-76]. This is caused by
the lack of collisional energy and/or momentum relaxa-
tion between the electron and the molecule within the
characteristic time or distance. In a previous paper, the
relaxation continuum model was briefly mentioned, and
an analysis was conducted on the influence of the applied
frequency in an rf discharge [60]. The basic principle of
the model is to represent the system in a relatively simple
yet physically reasonable manner.

One of the purposes of this paper is to present an ex-
pression for the nonhydrodynamic effect in an rf glow
discharge by the relaxation continuum model. The

TABLE I. rf glow discharge properties at 13.56 MHz in Ar, simulated by various Quid models.

f (frequency)
(MHz)

p (pressure)
(Torr)

Vo (amplitude)
(~)

Jo (amplitude)
(rnA cm )

d (electrode distance)
(cm)

Tg (gas temperature)
(K)

y (secondary coefficient)

8' (mean power)
(mWcm ~)

1)) (phase shift)
(deg)

max s emax

(10 cm ')

Present

13.56

1.0 1.0 0.5 0.1

50 100 120 160

0.83 2.19 2.72 3.04

2.0

273

0.01

8.4 33.3 33.3 33.3

66.6 72.0 78.5 81.4

1.82 3.44 3.52 10.3

Ref. [55)

13.56

0.5

347

3.9

2.0

0.07

84

6.8

Ref. [56]

13.56

0.8

14

0.6

3.5

273

0.05

1.0

76

16.0

Ref. [54]

13.56

0.3

270

12.7

5.0

68.3

60.0

Ref. [66]

13.56

0.8

50

1.0

2.0

300

7.0

Shape of N;(t)
N;(z)

Plasma
potential, V~

Time-independent
Single maximum

Vp & Vground

Vp& V~

Time-independent
Single maximum

Vp & Vground

Vp& V,f

Time-independent Time-independent
Single maximum Double maxima Single maximum

Vp & Vground

Vp& V~

Maximum sheath
width (crn)

Maximum Seld (Vcm ')
in sheath

in bulk center

Always present
0.27 0.24 0.28 0.30

425 830 1008 1100
11.7 12.5 8.0 0.6

0.4-0.5
Always present Always present

0.26
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theory is based on the numerical solution of Poisson's
equation in conjunction with the continuity equation for
electrons and ions by considering the momentum and en-
ergy relaxations due to collisions. The validity of the re-
laxation continuum model is then investigated by the use
of space- and time-resolved bptical diagnostics of the rf
glow discharge at 13.56 MHz in Ar. A detailed compar-
ison between the previous and present results is made for
the electrical properties and the spatiotemporal profiles
of the net excitation rate and the density distributions of
excited atoms.

II. DESCRIPTION OF THE RELAXATION
CONTINUUM MODEL

A. Description of the model

A parallel-plate rf discharge is considered, maintained
by an applied voltage with angular frequency co,

V( t ) = Vo cosset .

The discharge has a spatiotemporal structure consisting
of both the sheaths in front of the electrodes and of the
bulk plasma. The inner field varies strongly in time and
space. It is therefore essential to have an expression for
the nonhydrodynamic phenomena having time- and
space-dependent swarm parameters [77]. The system is
described in one-dimensional position space by the relax-
ation continuum model. The model is based on the equa-
tions governing the density, the average velocity, and the
effective field of the charged particles by considering the
relaxation kinetics. These equations are derived from the
velocity moments of the Boltzmann equation [78], and
written as

Bg( zv, t) eE(z, t)+v V,g(v, z, t)+ ' V„g(v, z, t)=J(g),
at Vl

(2)

I

where g (v, r, t) is the velocity distribution function for the
electron or ion. e and m are, respectively, the charge and
mass of the electron or ion. Further, v, z, and t denote
the velocity, axial position, and time, respectively, while J
is the collision term. E(z, t) is the local instantaneous
electric field. The continuity equation for the electron
and ion is then written by the zero-order velocity mo-
ment of Eq. (2) as

Bn (z, t) B[n (z, t)u (z, t)]+ ' ' =R, (z, r)n, (z, r),at a

where n, (z, t) is the electron number density, and R; (z, r)
is the ionization rate. u. (z, t) is the average velocity of the
electron or ion, usually given by the sum of the drift and
diffusion velocities as

UJ(z, r)=vdj(z, r )+vDJ(z, r) .

The two-step ionization from the excited atom and the
volume recombination are neglected under the conditions
for a weakly ionized gas. The momentum-transfer equa-
tion given by the first-order moment of the Boltzmann
equation can be described as a form of the relaxation
equation,

B[m v (z, t)] m, v, (z, t)
=eE(z, t)—

Br
' (r )

m v (z, t)Buj(z, t)

az

The momentum relaxation time ( ~ ) is given by
m u(z, r)/eE, .making use of the dc value of the average
speed as a function of E/N. The second moment of the
Boltzmann equation yields, in principle, the conservation
of energy. Under nonequilibrium conditions, the conser-
vation of the mean electron energy s, (z, t) will be given
in a straightforward manner by considering the energy
gain from the field and the collisional energy loss [78 ] as

B[s ,(z, t)n, (z, t)]
=eE(z, r)n, (z, t)u, (z, t) (2m /M)R —s, (z, t)+ g R,„s,„+R;s; n, (z, r)at

R, c

B[n,(z, t)u, (z, t)s, (z, t) ]
az

n, (z, t) B[u, (z, t)n, (z, t)E,&(z, r)z]= —[E,s(z, r)' —E(z, r)']
Bz (7)

where m /M is the electron-molecule mass ratio. 8,A,„,and E.; are, respectively, the rates of the elastic momentum
transfer, excitation, and ionization, and c,„and c.; are the threshold energies of the excitation and ionization. Here, the
effective field for c,(z, t) is defined by E,s =s, /ep( v, ), with p the electron mobility. Then, E2fr satisfies the relaxa-
tion equation,

B[E,~(z, r)'n, (z, r )]
at

Here, ( r, ) represents the energy relaxation time for the
average electron energy, and is related to the collisional
energy-loss rate for a collision-dominated discharge as

(r) '=(2m/M)R + QR,„+sR; ;s
R, c.

The value of s, (z, t) at position z and time t is then given

by the function E,s(z, t)/N from the values already ob-
tained under uniform and constant reduced field strength.
It should be noted that the energy relaxation time de-
pends strongly on the type of collision. (r, ) for an in-
elastic collision is usually less than 10 s at 1 Torr, while
the time for elastic scattering has a magnitude of 10 s
[76]. The difference in the relaxation time has a great
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influence on the values of the swarm parameters
[3,75,76). It is therefore necessary to have an implicit
procedure with the initial value of (r, ) a priori, except
when ( r, ) is constant. The time constants for the excita-
tion and ionization rates are assigned to different values
of (q„) and (r„), respectively, by the same concept as
in Eq. (8). That is, the effective fields defined by the relax-
ation of average energy are used in order to determine ex-
citation and ionization rates, etc. from quasiequilibrium
drift-tube data. In Eqs. (3), (5), and (7) the local instan-
taneous field E(z, t) is related to the electron and ion den-
sities by Poisson's equation,

gE(z t) e[n;(z, t) n, (z—, t))
Bz E'p

n'(z, t)
kqn (z, t)N kq n (z, t)—n (z, t),

where ep is the permittivity. It is known from swarm
studies that the transport quantities have a finite delay
with respect to the local instantaneous field at 13.56 MHz
in collision-dominated regions [3,74—76].

Various kinds of excited species are generated in an rf
glow discharge. The time and space distribution of the
excited species is determined by the diffusion equation,
assuming a direct excitation of the ground-state atom by
electron impact, as

Bn'(z,t), 8 n*(z, t)*
2 ez&t nq z, t

at Qz

voltage are, respectively, 50 and 100 V at 1 Torr, and 120
and 160 V for 0.5 and 0.1 Torr, at 13.56 MHz (see Table
I}.

The transport coefficients for the charged particles in
an rf field, under local nonequilibrium conditions, are de-
rived from the concept of E,tt/N using the values under
uniform and constant reduced field strength as mentioned
above. The original quasiequilibrium data can be found
in the literature. Values for v&, and DL, are taken from
the work of Kucukarpaci and Lucas [22]. We refer to the
data of Ellis et al. [80] for vz; and Sejkora et al. [81] and
Dali'Armi et al. [82] for DL;. The value of R; for Ar
with the ionization energy of 15.6 eV was obtained by
multiplying the ionization coefficient (Dutton [17]}by the
electron drift velocity. The transport quantities of the ex-
cited species in Ar are listed in Table II. In particular,
the excitation frequency R,„ for Ar( Po z ), Ar( p, ), and
Ar( p5), having excitation energies of 11.5, 13.48, and
14.57 eV, respectively, is taken from the experimental
values of Tachibana [16]by multiplying vz, .

C. Numerical procedure

The manner of obtaining the initial conditions for a
periodic steady-state rf glow discharge is as follows. It is
possible to choose a priori, spatiotemporal density profiles
of both the electrons and ions as the initial distributions,
in order to save computation time. In the present work,
the initial conditions n, and n; are taken to be

(10)

where n'(z, t} is the number density. D' and q„are the
difFusion coefficient and the radiative lifetime of the excit-
ed atom, respectively, k and k, denote the quenching
rates of the excited atom by a ground-state atom and an
electron, respectively.

n, (z, t) =nosin(qrz/d),

n;(z, t)=nosin(qrz/d),

(12a)

(12b)

B. Boundary conditions and swarm parameters

Perfectly absorbing metallic electrodes are assumed.
The boundary conditions for the charged particles are the
density balances. That is, the boundary conditions are
written as n, =n, =0, and E,tt=O at the ground (z =0)
and at the rf (z =d) electrodes. The secondary-electron
currents at both electrodes are considered to be given by

(1 la)

and

j,(d, t)=yj, (d, t) . . (1 lb)

Here, j, and j; are the electron and ion currents, respec-
tively, just in front of the electrodes, and y is the secon-
dary ionization coefFicient for the ion. The ejection of
electrons is not taken into account for the excited atoms
and the photons at the electrodes. Also, n ' is set to zero
at z =0 and d. In this study, the numerical outer condi-
tions are coincident with the experimental system in or-
der to check the validity of the model. The electrode dis-
tance d is fixed at 2 cm. The gas temperature is 300 K
and y is set to 0.01 [79]. The amplitudes of the applied

together with the initial field distribution, E(z, t) =0.
The numerical technique used to solve the system of

equations is as follows. Space and time are, respectively,
divided into 51 and 400-4000 steps. For each time step,
the quantities in the rf glow discharge are iteratively
solved over the entire space domain by the Newton-
Raphson method, with the time derivatives of the system
represented by the sixth-order Gear's algorithm [83].
This procedure is repeated, starting from a given set of
appropriate initial conditions, until a harmonic steady
state is obtained for the quantities.

III. RESULTS AND DISCUSSIGN

A. Electrical properties of the rf glow discharge in Ar

An overview of the rf glow discharge field in Ar at
13.56 MHz, Vp =50 V, and 1 Torr is shown in Fig. 1 in
the form of the space-time distribution, E(z, t). The spa-
tial distribution at ~t =0 has an inclination similar to a
dc discharge with the cathode at d =0; that is, a strong
and steep-gradient field develops in front of the grounded
electrode. This region is known as the ion sheath. The rf
glow discharge is characterized by the oscillating high-
field sheath with time in front of both electrodes. The
sheath fields are mostly hnear and usually exist more or
less in front of electrodes with opposite polarities during
a period. As a result, the field acts on the electrons,
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confining them to the bulk plasma between the two
sheaths. This indicates the presence of a continual posi-
tive plasma potential in the bulk during a period. That
is, the plasma potential temporally varies from a max-
imum of 69 V to a minimum of 20 V at the center. In
greater detail, the maximum field occurs at 4.6 ns
(cot =0.125m ) after the peak of the applied voltage wave
form. This indicates the beginning of the collapse of an
electron transit between electrodes during a half period,
as well as for an ion at 13.56 MHz. At the anodic part of
the polarity, the electron current is controlled by
diffusion, since the density gradient is very steep in the vi-

cinity of the electrode. The sheath width is defined as the
distance from the electrode to the crossing point between
the asymptotic lines of the sheath and bulk fields. Al-
though the field in the bulk plasma is roughly estimated
to be constant and very weak, the enlarged Fig. 1(b)
shows the presence of a time varying sinusoidal field with
a frequency of co and a large phase shift as compared with
the wave form in the sheath. The field at the center of
the bulk plasma has the form

E(d l2, t) =12cos(rot —0.65m ) .

TABLE II. Microscopic and transport quantities of excited atoms and ions (upper) and simulated net production rates and densi-
ties of species at 13.56 MHz in Ar. Dashes denote no consideration or independence.

Threshold energy (eV)
Production rate
Diffusion coeScient

(1018cm
—1 s

—1)

Radiative lifetime
(10 s)

Two-body self-quenching rate
(10 ' cms ')

Three-body self-quenching rate
(10-» cm6s- ~

)

Deactivation rate by electron
(10 'cm's ')

Ar(3PO 2,'1s3 5)

11.72, 11.55
Rj /N(E ff/N)

1.8', l.8'

& 1.3X10"

5.3', 2. 1'

0.83' 1 1'

2. 1', 1.5'

Ar(2p& )

13.48
Rj /N ( Eeff/N )

1.8

21'

-5X 10'

Ar( p5)

14.57
Rj /N(E ff/N)

1.8

95g

3.5X10'"

15.76
R f /N(Elf/N)

DL /N(E, ff /N )

A(z, t),„(10"s ')
(space, time) (mm, ns)

1.0 (Torr)
50 (V)

1.0 (Torr)
100 (V)

0.5 (Torr)
120 (V)

0.1 (Torr)
160 (V)

n,„(cm ')
(space, time) (mm, ns)

1.0 (Torr)
50 (V)

1.0 (Torr)
100 (V)

0.5 (Torr)
120 (V)

0.1 (Torr)
160 (V)

Control mechanism

'Reference [16].
Reference [17].

'Reference [90].
Reference [82].

'Reference [91].

3 54X10
(2.60, 65.6)
(17.4, 28.8)
1.15X10

(2.19, 62.9)
(17.8, 26.0)
9.82X 10~

(2.86, 63.1)
(17.1, 26.2)
4.7X10

(4.09, 71.0)
(15.9, 34.1)

1 50X10"
(1.0, —--)

1.50X 10"
(1.0, ———)

1.49 X 10"
(1.0, ———)

Diffusion

7. 10X 10
(2.23, 63.6)
(17.8, 26.7)
2.37X10'

(1.62, 61.6)
(18.4, 24.7)
2.35X10

(2.46, 59.7)
(17.5, 22.8)

9X 102

(3.91, 67.2)
(16.1, 30.3)

7.97 X 10
(2.30, 0)

(17.7, 36.5)
2.60X10'

(2.01, 70.6)
(18.0, 33.7)
2.58 X 10

(2.63, 70.1)
(17.4, 33.2)
2. 16X 10

(3.86, 2.43)
(16.1, 39.3)

Lifetime

'Reference [31].
'Reference [33].
"Reference [37].
'Reference [92].

2.20
(2.40, 64.5)
(17.6, 28.7)

7.50
(1.62, 61.5)
(18.4, 24.6)

7.23
(2.46, 59.6)
(17.5, 22.7)

6.1

(3.65, 67.0)
(16.4, 30.0)

3.60X10'
(2.15, 2.76)
(17.8, 39.6)
1.26X 10

(2.01, 73.1)
(18.0, 36.2)
1.57 X 10

(2.59, 72.7)
(17.4, 35.8)
1.65X10'
(3.86 4.13)
(16.1, 41.0)

Self-quenching

2.52X10'
(2.00, 64.5)
(18.0, 27.6)
1.02 X 10

(1.62, 59.4)
(18.4, 22.5)
1.27X 10'

(2.19, 59.4)
(17.8, 22.5)

1.3X10'
(3.48, 66.0)
(16.5, 29.1)

1.82X 10'
(1.0, —--)

3.44X 10
(1.0, ———)

3.53 X10'
(1.0, ———)

1.02 X 10'
(1.0, ———)

Diffusion
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FIG. 1. (a) Spatiotemporal field distribution of the rf glow

discharge in Ar for f=13.56 MHz, VO=50 V, and p=1 Torr.
(b) An enlarged figure of the bulk plasma.

This exhibits a weak penetration of the driving rf field
into the bulk plasma. The appearance of the large phase
shift in the bulk field compared with the sheath was also
found in He at 13.56 MHz and 0.1 Torr by Sommerer,
Hitchon, and Lawler [61]. The phase shift arises both
from the requirement of the spatial conservation of total
current and from the difference in current components
between the sheath and the bulk plasma. Although the
spatial components of the total current will be discussed
later in Fig. 3, it is important to point out that the
current in the sheath is mostly comprised of the displace-
ment current JD, with the peak appearing at t in the
maximum of BE(z,t)/Bt, not in E(z, t) As a resul. t, the
bulk field has to be maximum at the same time, t, to
carry the maximum current by electron drift Aow. The
unusual behavior in the vicinity of E =0 in Fig. 1(b) is
caused by the lack of full convergence of the calculation.
The ensemble average of electron energy in the bulk plas-
ma under the conditions given in Eq. (13) is independent-
ly calculated at 5.3 eV by the direct numerical procedure
using the Boltzmann equation [88]. In Table I, the elec-
trical properties are summarized and compared with pre-
vious studies [54—56,66].

When the pressure varies from 1.0 to 0.1 Torr under a
constant input power of 33.3 mWcm, the maximum
sheath width expands from 2.4 to 3.0 mm in order to
compensate for the lack of net ionization in the sheath
and to overcome the increased loss in the Aux of charged
particles toward the electrodes. The full width at half
maximum (FWHM) of n, (z) for a station. ary distribution
occupies 97%%uo, 96%, and 76/o of the space between the
electrodes at pressures of 1.0, 0.5, and 0.1 Torr, respec-
tively. Also, the space profiles of n, and n,. at 1 Torr
have the same single maximum of 3.44X10 cm, al-

h2-
O

0
1 Qj

tI} - 65c
~0-)o 0-

-2-

0 36.9 737
T ime (ns)

FIG. 2. Total current, applied voltage, and dissipated power
characteristics in Ar for f=13.56 MHz, Vo = 100 V, and p =1
Torr.

most independent of time at the center, with their max-
imum density rapidly increasing as the gas pressure ap-
proaches 0.1 Torr. As a result, the amplitude of the sus-

taining voltage increases from 100 to 160 V, and the
phase shift between the applied voltage and total current
approaches n /2. Simultaneously, an increase in the max-
imum sheath field and a drop in the bulk field occurs (see
Table I}. If much power is put into the discharge, n, and

n,. result in a double-peaked profile at both sheath edges
in space, owing to the excess production [54]. It will be
of interest to compare the present electron densities in
Table I with the experimental values in a planar
discharge at 13.56 MHz found in microwave transmission
spectroscopy by de Vries, van Roosmalen, and Puylaert
[84]. The microwave diagnostics yield values in the range
of (2.8 —3.8 }X 10 cm for a power density of 30
mWcm with the aluminum electrodes. The present re-
sults show good quantitative agreement with the mea-
surements.

The formation of a double layer in front of the instan-
taneous anode in electronegative gases in low [57,85] and
high frequency [38,64] glow discharges has been pointed
out in both experiment and theory. With an electroposi-
tive heavier gas, Ar, the double layer is not formed at
13.56 MHz, as shown in Fig. 1. However, in an electro-
positive gas, the double-layer formation may be realized
by the lack of ions in front of the instantaneous anode,
since the ion density with a light mass will be reduced in
this region. Experimental evidence has recently been ob-
tained for Hz at 13.56 MHz [86].

Figure 2 shows the applied voltage, total current, and
dissipated power characteristics during one period at 1

Torr and V0=100 V. The current has a sinusoidal wave
form under these outer discharge conditions. The
current wave form leads the applied voltage by 72.0'.
The discharge is then termed as capacitive. The power
density, calculated by V(t)J(t), has positive values except
over the ranges 0.1~&cut &0.5m and 1.1~&cot &1.5n.
The time-averaged power density of 33.3 mWcm is
dissipated in the discharge. The appearance of the
sinusoidal nature in the total current depends on the per-
centage of the displacement current at the sheath; that
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is, the total current density consists of conduction com-
ponents of electrons and ions, j, and j;, and of the dis-
placement current jD. The displacement current density
can be expressed in terms of the density of the charged
particle as

jD(z, i)=eB I [n;(z, t) —n, (z, r)]dzldt .
Z

(14)

When the ion transit time between electrodes t,. is much
larger than co, the drift motion of the ion is trapped. In
this case, the spatial density of the ions is almost indepen-
dent of the phase during the period of the applied volt-
age, i.e., Bn; Idt-0. This corresponds to the present
case Th. erefore, if the time derivative of n, (z, t) has a
sinusoidal wave form, the displacement current given by
Eq. (14) will exhibit a sine wave. These features can be
understood from the position dependence of each com-
ponent of the current densities at four different phases
during the Srst half period, under conditions of I Torr
and Vo=100 V shown in Fig. 3. The current profile in
the succeeding second half period is obtained by chang-
ing the sign and the z direction displayed in Fig. 3. The
sign of the current density is taken to be positive when
electrons flow along the z axis. There is a slight influence
of ion difFusion in front of the electrodes. The dominant
current components are the electron in the bulk plasma
and the displacement current in the sheath, since the
physical relations cop' «N &Np and t; &&co '& t, are
fulfilled. The electron current in the sheath in front of
the grounded electrode over the range 0.25 m &mt &~
mainly results from diffusion opposite the drift direction
due to the large gradient of n, . Similar flow occurs in
front of the rf electrode during the remaining portion of
the period. The electrons in the bulk at 1 Torr are always
transported by electron drift under the time-varying fields
[see Fig. 1(b)]. One the other hand, the iona migrate by
the ambipolar diffusion in the bulk [53,78]. No abrupt

change in the space distribution of each current eorn-
ponent is found for each rf phase in Ar.

Figure 4 shows the spatiotemporal behavior of the net
ionization rate A;(z, t), given by n, (z, t)R;(z, t), between
both electrodes during the period of the applied voltage
under the same discharge conditions as in Fig. 1. The
bulk properties are enlarged in order to investigate the
electron kinetics in the bulk plasma. The generation of
electrons in the sheaths is nearly zero at mt =0.125m and
I. 125m., when the sheath width is near its maximum and
the highest sheath Geld is formed in front of the elec-
trodes (see Fig. 1). This means that there is a lack of
secondary-electron emission on the electrodes by the im-

pact, since most of the ions are spatially trapped with re-
gard to the drift motion of the applied rf frequency. Two
isolated symmetric peaks, both on the order of 10'
cm s ', appear in the net ionization rate at 1 Torr and
V0=50 V. The maximum arises, having a slight delay of
1 ns with respect to the current peak. The delay is intrin-
sic, based on the energy relaxation time for the ionization
(r„). The sheath expansion speed is estimated from the
space-time behavior of the net ionization rate as 4. 1 X 10
em s . As a result, the discharge is maintained through
the sheath volume ionization due to the reflection of elec-
trons in front of the electrodes. In other words, the
sheath expansion is the dominant electron heating mech-
anism [52,61,87]. In the bulk plasma, the net ionization
rate A, (z, t) mainl. y consists of dc and even harmonics of
2' and 4' [3,75,76]. The temporal profile having two
peaks in A;(z, t) during a period results from the periodic
variation of the bulk field distribution in Fig. 1(b). It
should be noted that the periodic steady-state energy dis-
tribution f(E, t) in the bulk shows a large phase shift with
respect to the applied field. A recent study by Surendra,
Graves, and Morey [69] using a He-like gas shows these
features through a particle-in-cell Monte Carlo simula-
tion. The nonlinear time modulation of A;(z, t) is caused
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FIG. 3. Current-component distributions as a function of po-
sition for four phases of mt. JT, J„J;,and JD represent the to-

tal, electron, ion, and displacement current densities, respective-

ly. The conditions are the same as in Fig. 2.

FIG. 4. (a) Spatiotemporal net ionization rate A; {z,t) for the

rf glow discharge in Ar; (b) is enlarged in the bulk plasma. The

conditions are the same as in Fig. 1.
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by the rapid attenuation of high-energy electrons with
s )s; in f(e, r }. This occurs under the condition of a low
bulk field in the form of a first harmonic at 13.56 MHz
[see Fig. 1(b) and Eq. (13)] [76], since the bulk density of
the electrons is temporally constant. The situation in
A;(z, r) at 0.1 Torr is somewhat difFerent from 1.0 and 0.5
Torr [see Fig. 5(a)); that is, the curve in A;(z, t) penetrates
deeply into the bulk, exhibiting an exponential decay.
This is directly attributable to the order of difference in
the energy relaxation time between 0.1 and 1.0 Torr. Fig-
ure 5(b) shows the absolute value of the effective field dis-
tribution related to the ionization rate R, (z, t) .shown in

Fig. 5(a}. The essential difference in the spatiotemporal
profile of E,fr(z, t} to E(z, t) is that the peak position of
the former is apart from the electrode surface. This is
caused by the absence of electrons with energy greater
than e; just in front of the electrode.

Under steady-state conditions, the electrons and ions in
the central part of the bulk plasma maintain constant
densities. Under these circumstances, the electron trans-
port within the bulk wi11 be investigated by the
Boltzmann equation under a spatially homogeneous and
a temporally varying rf field. A limited number of similar
investigations have previously been carried out
[3,72,74-76]. In particular, the nonlinear energy
response of the instantaneous energy distribution has re-
cently been reported both by the expansion method and
by the direct numerical procedure of the velocity distri-
bution [88].

S. Properties of excited species of the rf glow discharge in Ar

The net production rate of excited atoms A (z, t) is in-

vestigated for three different energy levels, I'0 2, p&, and

~+14A

+ 7.2-

UJ

p5 in Ar. The A (z, t) for the metastable state, Ar
( Po 2), at 1 Torr and V0=50 V, is shown in Fig. 6. The
appearance of two symmetric peaks in AJ(z, t) during a
period is similar to those in the net ionization rate; how-
ever, the time and space dependence difFers slightly (see
Table II). It is found that the peak more closely ap-
proaches the electrode in space and becomes faster in
time when the threshold energy of the formation process
is increased. The magnitude depends on the shape of the
excitation cross section between the electron and the
atom. Experimental evidence of the relationship between
the peak position and the threshold energy has recently
been reported for the rf discharge in CH4-H2 mixtures
[36] and Ar [37] by the use of spatiotemporally resolved
optical-emission spectroscopy.

The length from the peak of the emission intensity to
the nearest electrode is measured as the sheath width in
some experimental work [89]. Attention will be focused
on the fact that the sheath width determined by the emis-
sion peak differs in detail between the target lines.

The production of excited atoms is noticeable, even in
the bulk plasma compared with the ionization due to the
relation c.(c;. No rate is found in the vicinity of both
electrodes due to the lack of electrons, although the high
field is always maintained in front of the electrodes (see
Fig. 1}. When the time development of A (z, t) is estimat-
ed by the arrival time spectrum, as marked by arrows ( $ )

in Fig. 6, it is against the migration of electrons in the
bulk plasma, although it follows the electrons at the
sheath (see Fig. 3). This is due to the fact that A (z, t) is
not caused by the simple electron avalanche from the
sheath to the bulk, but is composed both of the avalanche
of electrons with large multiplication in the sheath and of
high-density plasma electrons under a small sinusoidal
field, as shown in Fig. 1(b). The estimation of the sheath
expansion velocity from Fig. 6 can be made by the arrival
distance spectrum denoted by the arrows ( ~ ), the veloc-
ity being 4.2X10 cms

Excited atoms exhibit several distinctive density distri-

I

36.7
Time (ns)

73.7

FIG. S. Spatiotemporal distributions of the net ionization
rate A;(z, t) and the related effective field iE,N(z, t)r in Ar for
f=13.56 MHz, V0=160 V, and p=0. 1 Torr. (a) A;(z, t); (b)
lE,fr(z, t) I

FIG. 6. Contours of the spatiotemporal net production rate
AJ.(z, t) for the metastable state Ar( Po&). The contour incre-
ment is constant, equal to 10% of the maximum value,
3.5X10' cm 's '. Sheath expansion is denoted by the hor-
izontal arrow ~, and the arrival time spectrum is marked with
a vertical arrow $ (see text). The conditions are the same as in

Fig. I.
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butions owing to the type and magnitude of the loss
mechanism, although they have a similar production
profile [see Figs. 7(a) and 7(b)]. It can be found when
comparing Figs. 7(a) and 7(b) that the neutral active
species diffusing to the electrode is controlled by the fun-
damental microscopic processes. The density distribu-
tion of the metastable state, Ar ( Po z) in Fig. 7(a), has a
pro6le controlled by diffusion, independent of time, with
a maximum 1.5 X 10"cm at the center of the space be-
tween the electrodes.

In this simulation, it is postulated that the excited
species is immediately deexcited without reaction at the
electrode surface, i.e., n'=0 at z =0, d. The spatiotem-
poral density distribution of Ar ( ps) is shown in Fig.
7(b}, which should be compared with that of Ar( Po z ) in
Fig. 7(a). The effective lifetime of Ar( p5), estimated
from ~,z'=r„'+KsN, is 46 ns, which is about —,

' of the
period of the applied voltage and much shorter than the
characteristic difFusion time of 7.2X10 s, given by
(d /m)/D' [9. 3]. As a result, the spatial profile is almost
identical to the distribution of the production due to
electron-impact excitation. On the other hand, the tem-
poral feature shows a continual distribution superim-
posed by the exponential decay term with the lifetime of

ff
=46 ns on the collisi. onal production tern. %ith de-

creasing pressure, the sharp ridge in the density distribu-
tion of Ar( ps) becomes wider, extending to the bulk
plasma. It was concluded that the density distribution of
Ar( ps ) is controlled by the self-quenching process with
Ar( 'So ).

C. Comparison with experimental results

Diagnostic techniques have been developed for the rf
glow discharge by the spatiotemporally resolved emission
spectroscopy (M=0. 1 mm, bt =0.2 ns) of optically al-

3.6
E

~ 1.8-
CD

0~0

lowed excited species, as well as for the current-voltage
characteristics [36—38]. Aluminum-plate electrodes hav-
ing an 8.0-cm diameter are positioned parallel, with a
spacing of 2.0 cm. The rf electrode is connected to a
13.56-MHz power supply through a capacitively-coupled
matching network. The experimental detail has been pre-
viously described in Refs. [36-38]. The calibration of the
detection system for an accurate measurement of the
number density of an excited species is described in detail
in Ref. [94].

In Fig. 8, showing the outer discharge parameters, a
comparison is made between the theoretical and experi-
mental values over the range, 20~ Vo & 100 V at 1 Torr.
The dissipateu power is determined by V(t}I(t) from the
measurement of the applied voltage V(t) and the total
current I (t) wave forms. The experimental power densi-
ty is characterized by a gradual increase after a sudden
rise as the amplitude of the applied voltage increases.
The theoretical power density is in good agreement with
the experimental power density. Recent measurements
by Bletzinger [95] show reasonably good agreement with
the present results for the same experimental conditions
with aluminum electrodes at 14.1 MHz. The maximum
sheath width exhibits a decrease with the increase in volt-
age amplitude. This is the physical condition required to
maintain the glow discharge in front of the electrodes due
to electron multiplication of rejected electrons or secon-
dary electrons moving toward the bulk plasma. The de-
creasing characteristics are the direct consequence of the
bulk-plasma density due to the dissipated power density.
Here, the experimental width is defined as the distance
between the peak of the probed emission, Ar( p5-+ ls4),
and the nearest electrode. The agreement between the
theoretical width and experimental width is quite good.
It should be noted that even in an rf discharge at 13.56
MHz, the sheath width undergoes considerable changes
due to the di8'erence of the electrode material, as was
shown in previous observations between Al and Si elec-
trodes [37]. That is, the sheath width changes from 3
mm with Al-electrodes to 4 mm with Si under the same
outer conditions, i.e., 1 Torr, V0=50 V, 13.56 MHz, and
10 SCCM (SCCM denotes cubic centimeter per minute at
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FIG. 7. Spatiotemporal density distributions for {a)Ar( Po 2 }
and (b) Ar( p&} in a periodic steady state. The conditions are
the same as in Fig. 1.

FIG. 8. Comparison of the experimental and theoretical
external discharge parameters of rf glom& discharges in Ar for

f= 13.56 MHz and p = 1 Torr as a function of the amplitude of
the applied voltage. V, o, and 0 denote theoretical values,
while ~, ~, and 4 are for experimental results. + Ref. [9g].
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STP). This can be explained by the difference in the
secondary ionization coeScient between Al and Si, as was
implied experimentally by the lack of high-energy elec-
trons in the sheath with Si electrodes. This experimental
fact suggests that high-energy electrons at the sheath, due
to secondary ionization at the electrodes, play an non-
negligible role in the sustaining mechanism and the struc-
ture, even for a rf discharge at 13.56 MHz. It should be
noted that the phase shift between the applied voltage
and total current, P, increases gradually with an increase
in the amplitude V0. This can be derived from the fact
that the electron diffusion fiux is balanced by the drift at
an earlier time in the sheath, as the electron density in-
creases with increasing V0.

In order to investigate the accuracy and validity of the
present modeling, Fig. 7(b), which shows the density dis-
tribution of Ar( p5), should be compared with the experi-
mental result in Fig. 9 of the time- and space-resolved
optical-emission spectroscopy for the transition of
Ar( ps~ls4). Both results are obtained for the same
outer discharge conditions, except for the low negative dc
bias voltage, —3 V in the experiment [96]. The experi-
mental density maxima appear at 4.1 and 41 ns in time,
and 3 and 17 mm in space. These values essentially agree
with the theoretical values within the relative discrepan-
cy of 2% in time and of 4% in space [see Fig. 7(b) and
Table II]. The experimental maximum number density of
Ar( p5 ) is 6.4 X 10 cm, which is somewhat greater
than the theoretical peak value of 3.6 X 10 cm

The spatiotemporal profile of the net excitation rate
directly rejects the rf discharge structure. Comparing
the net excitation rate between the experimental and
theoretical distributions wi11 yield a direct measure of the
first-stage modeling using the relaxation continuum mod-
el. The spatiotemporal net excitation rate of A (z, t) to
Ar( p5) can be expeimentally obtained from the deconvo-
lution procedure of the emission under the condition that
the diffusion time of Ar( pz ) from the origin is negligible
when compared with the effective lifetime, ~,&=55 ns.
Figure 10(a) shows the experimental AJ(z, t) to Ar( pz),
with maxima of 3.4X10' cm s ' appearing at 29 and
66 ns in time, and 17 and 3 mm in space. The experimen-
tal profile can be compared with the theoretical peak
values of 2.2X10' cm s ' at 28.7 and 64.5 ns in time,
and at 17.6 and 2.4 mm in space, shown in Fig. 10(b).

6.4
E

3.2

0

c3-

0
C@

O 0

FIG. 9. Experimental spatiotemporal density distribution of
Ar ( p5) in a periodic steady state. The conditions are the same
as in Figs. 1 and 7 (see text).

'o) 3.4

1.7

(- 0-
0

FIG. 10. Comparison of the experimental and theoretical
space-time net production rate of Ar('p&). The conditions are
the same as in Fig. 1. (a) Experimental; (b) theoretical.

The relative differences in time and space are, respective-
ly, within 2% and 3% of both results. The slight distur-
bance and asymmetry in the field distribution between
the electrodes are inherent in an experimental apparatus
with a grounded metal chamber [37,96]. As a result, a
divergence of the electron current will occur in front of
the grounded electrode. This is the reason for the slight
difference in the peak position at the side of the grounded
electrode between the results. It can be concluded that
the reasonable agreement between both results for the
n'(z, t) and A (z, t) of Ar( pz), as well as the electrical
properties, yields experimental evidence of the validity of
the present relaxation continuum model, which is simple
yet physically reasonable.

IV. CONCLUSION

The modeling of an rf glow discharge has been per-
formed by introducing the concept of the collisional re-
laxation time of momentum and energy for charged parti-
cles. When judging from the comparison with the experi-
mental space-time density distribution and net excitation
rate of Ar( p~ ) obtained from space-time-resolved
optical-emission spectroscopy under the same external
discharge conditions, the relaxation continuum model
gave satisfactory results for the rf glow discharge struc-
ture in Ar at 13.56 MHz. The behavior of the discharge
parameters, total current, dissipated power, and sheath
width was also investigated as a function of the amplitude
of the applied voltage. The theoretical and experimental
results yielded good agreement in the low-power region,
where the metastable density Ar( Po 3) is of minor im-
portance to sustain the glow discharge. It was also con-
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eluded that the field distribution in the bulk plasma has a
phase delay of about 90' with respect to the wave form of
the applied voltage. The phenomena under high-power
conditions have been experimentally discussed in a previ-
ous paper [37]. The present relaxation continuum model
was shown to be successful in simulating the reactive
plasmas driven by a rf discharge for use in the fabrication
of thin films.
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