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Simulations of rf glow discharges in SF6 by the relaxation continuum model:
Physical structure and function of the narrow-gap reactive-ion etcher
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A capacitively-coupled reactive ion etcher (RIE) can operate, even under high pressure conditions,
for dry etching. Most of the etching gases are known to be strongly electronegative. The spatiotem-

poral structure of an ideal narrow-gap RIE with parallel plate geometry in an SF6 discharge is

investigated over the pressure range of 0.05—0.5 Torr at 13.56 MHz, using numerical simulations

based on the relaxation continuum model. The rf plasma consists of a majority of positive and

negative ions and a minority of more mobile electrons. The functionality of the narrow-gap RIE
under typical operating conditions is due to the appearance of a double layer in front of the instanta-
neous anode. The double layer serves as the source of beamlike ions and virgin radicals immediately
in front of the electrode surface. A narrower sheath width is realized compared with that found

in electropositive gases. The maintenance of the rf discharge is accomplished by ionization at the
double layer, while detached electrons from the negative ions have no significant inQuence on the
function or the structure of the SF6 discharge.

PACS number(s): 52.65.+z, 52.80.Pi, 52.25.Fi, 52.25.Jm

I. INTRODUCTION

Dry etching in a nonequilibrium-reactive plasma is one
of many established techniques in the fabrication on mi-
croelectronic devices. Most of the source gases used in
dry etching are electronegative gases which produce neg-
ative ions by electron impact on neutral molecules. The
reactive species are produced by a capacitively or in-
ductively coupled radio frequency (rf) discharge, a mi-
crowave discharge, or an electron cyclotron resonance
plasxna. Surprisingly, the capacitively coupled reactive
ion etcher (RIE) with parallel plate geometry operates
even under relatively high pressure conditions, up to sev-
eral Torr, as a submicrometer pattern etcher [1]. Dry
etching of silicon and polycrystalline tungsten film has
been performed by an RIE in a SFs rf discharge [2,3].
Although several capacitive rf plasma sixnulations have
been performed for electronegative gases [4—8], the func-
tional properties of the discharge in the RIE have only
been brieBy discussed.

In a preceding paper (hereafter referred to as Rl [9]),
experimental results &om space-tixne resolved optical
emission spectroscopy on SF6 rf discharges have been dis-
cussed for a range of pressures between 0.05 Torr and 1.0
Torr and for &equencies of 100 kHz, 800 kHz, and 13.56
MHz. A range of powers was also studied, from the min-
imiim sustaining power to as high as 100 W (2 W cm ).
In order to obtain information on the electron kinetics,
10'%%uo nitrogen was added to the SFs. The first negative
band of nitrogen from Nz+(B zZ„+)was used to study
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the high-energy electrons, while the second positive band
from Nz(C II„)gave information on the behavior of the
middle-energy electrons. The systematic and absolute
measurements yielded several distinct features of the ki-
netics in SF6 rf discharges.

Among these features is the double layer formed in
&ont of the instantaneous anode. The double layer in-
duced exnission is normally the most proxninent feature
in the emission pro6les, at both low and high frequen-
cies. The net excitation rate pro61e for 13.56 MHz and
higher power, 1040 mWcm 2, shows a significant peak
close to the instantaneous anode. This is consistent with
the appearance of the sharp current peak delayed in com-
parison to the applied voltage, i.e., "inductive behavior. "
This is due to the electron density increase where the
6eld becomes stronger at the tixne when the double layer
is forxned. This can be confirmed by comparing the wave
forms produced by N2+(B Z„+)and N2(C II„)emis-
sion; the electrons in the double layer have a higher en-
ergy than those in the bulk plasma.

Emission peaks close to the cathode are also normally
observable, corresponding to excitation by re6ected, wave
riding, stochastic heated electrons at 13.56 MHz [10—14]
and p electrons at 100 and 800 kHz. It should be stressed
that there is no evidence of a contribution due to p elec-
trons at 13.56 MHz under low- or high-power conditions
in the space-time-resolved excitation profiles. The rela-
tive importance of the peaks near the cathode increases
as the power increases, and a peak appears in the current
wave form at the time of the cathode emission peak. This
feature is usually in phase, or even lagging behind the
voltage wave form, resulting in inductive voltage-current
characteristics.

The emission &oxn the bulk plasma, at both low and
high &equencies, is due to lower-energy electrons in the
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relatively high bulk 6eld. At 800 kHz and 0.1 Torr for
the lowest powers, it is found that the bulk electrons are
transported to the opposite electrode, as the polarity of
the voltage begins to change.

A strongly electronegative gas, such as SF6, will lead to
a higher abundance of negative ions and the phenomena
described above. These phenomena have been predicted
by calculations and postulated on the basis of experi-
mental results. The modulation of the negative charge
density leads to the double layer formation, but the layer
may also occur due to the strongly localized detachment
of electrons &om the negative ions. The detailed mech-
anism for the initial stage of the double layer formation
and its further development could not be clari6ed in pa-
per Rl, since numerical modeling results, which include
detailed kinetics of electrons and ions in the rf discharge,
were required.

In a following paper (referred to as R2 [15]), external
electrical characteristics of the parallel plate rf discharge
in SF6 were measured for pressures of 0.05, 0.1, and 1.0
Torr between frequencies of 20 kHz and 20 MHz. In par-
ticular, the minimum sustaining voltage of a glow plasma
was investigated as a function of the driving &equency.
The discharge was maintained, even at a pressure as low
as 0.05 Torr. For this pressure, electropositive gases can-
not sustain a steady state glow discharge.

In this paper we present results &om ongoing work on
rf discharges in SF6. The results are &om numerical sim-
ulations based on the relaxation continuum (RCT) model
[14]. The primary interest of this study is the structure
and function of the narrow-gap reactive-ion etcher (RIE)
at 13.56 MHz. The low frequency discharge profile (100
kHz and 800 kHz) results from numerical modeling will
be discussed elsewhere.

In Sec. II the ROT model will be described and devel-
oped for a system where the majority of charged particles
are the positive and negative ions in the bulk plasma.
The results of the present study on rf discharges at pres-
sures of 0.5 Torr in SF6 will be discussed in Sec. IIIA. In
Sec. IIIB a quantitative comparison between previous
experiments [9,15] and the present numerical results is
presented. In Sec. IIIC the power and pressure depen-
dences of the discharge structure are discussed. The func-
tional properties of the narrow-gap RIE are summarized
in Sec. IIID, while concluding remarks are presented in
Sec. IV.

II. CHARGED PARTICLE TRANSPORT IN SFe
AND THE GOUERNING EQUATIONS

A. Charged particle transport in SF6

Well known electron impact attachment reactions and
successive negative ion-molecule reactions indicate sev-

eral kinds of negative ions should be present in SF6 dis-

charges. The most abundant positive ion is known to
be SF5+ &om mass spectrometric measurements on dc
discharges in SFs [16,17].

The attachment cross section Q for SFs formation

has an extremely large maximum, 5.2 x 10 cm, at t, hc
minimum energy limit of 0.0 eV [18]. The SF„(ii.
2, 5), Fq, and F are formed by the direct dissociative
attachment from SFs. The Q for SFs and F forma-
tion have local peaks of 8 x 10 i cm2 (at 0.38 eV) and
6 x 10 cm (at 5.2 eV) [19,20], i'espectlvely. The SFs
is produced by electron impact ionization of SF6, and the
cross section Q, is taken from Ref. [21]. The set of elec-
tron impact cross sections for SFs [22] presently used is
shown in Fig. l. Also shown are the cross sections for
electronic excitations to N2(C II„)and N2+(82K„')
from the ground state N2(X Kg+) [23], since both ex-
cited species were employed as monitors of the spatiotetn-
poral structure of SF6 discharges in R1 and R2. There-
fore, our model includes the three negative ions, SF6--,
SF5, and F, in addition to the positive ion SFq and
the electron. The transport parameters for these ious
can be found in the literature. The drift velocities ug

and the longitudinal diffusion coeKcients DL, for SF5
SFs, and SFs+ were taken from Refs. [24,25]. The val-

ues of eg and DL, of the F ion were taken from Ref. [26].
The ion-molecule reactions of SF6 included in the present
study are listed in Table I. The rate coeKcients for the
ion-molecule reactions in Table I are froni Refs. [27-30],
except for the recolnbination coeIIIlcient. The rate coef-
ficients are a function of the reduced field strength E/X
(E: field; X: neutral number density). The recombi-
nation coefficient between the positive and negative ious
is estimated at 3.6 x 10 cln s at 0.5 Torr, from an
extrapolation of the value at high pressure [31].

The electrons detached from the negative ious Inen-

tioned above might be the dominant electrons which sus-

tain the periodic steady state rf discharge. although no
evidence for this was detected in previous observations
described in Rl.

Experiments in a drift tube demonstrate that t,he
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FIG. 1. Collision cross sections for electrons in SF6 used
in this work. Here Q is the momentum transfer cross sec-

tion. The cross section for each type of electron attachment
is denoted by Q . (j = 1 —5) [22]. q„and Q, are the
vibrational and electronic excitation cross sections, respec-
tively, and Q, is the ionization cross section. QlN~~c sn
and QlN +~&~z +~~ represent the excitation cross sections

of N2(C II„)and N (I3 Z„+)from the ground state of
Nz(X Eq ' ), respectively.
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TABLE I. Production and destruction processes of each charged particle in the SFe discharge
considered in this work. The collisional rates due to electron impact are calculated using the
Boltzmann equation and correspond to those shown in Fig. 2.

SFe+e
SFe+e
SFe+e
SFe+e

Electron collisions
—;SF5++ F+ e+ e k,.

; SFe k,
; SFs +F k,
:F +SF5 k 3

Dissociative ionization
Nondissociative attachment
Dissociative attachment
Dissociative attachment

SFe+SFe
SFe+SFe
SFe+SF5
SFe+F
SFe+F
SFe+SFe
SFe+SFe '
SFe

Ion-molecule
; SF5 + F+ SFe
; F + SF5+ SFe:F + SF4 + SFe
; SFe +F
:SFe +F+e
; SFe + SFe
' SFe + SFe
; SFe +e

collisions
kg

kg

kg

k4

k5

ke

k7

ks

Dissociative ion conversion
Dissociative ion conversion
Dissociative ion conversion
Charge transfer
Electron detachment
Excitation
Deexcitation
Autodetachment

fast detachments from SFs and SFs are insignificant
[30,32]. The efFective detachment coefficient is given by
[27,29]

in this work. The threshold energy for the collisional
detachment of an electron &om F is 8 eV, while the
threshold values &om SF6 and SF5 are 90 eV. There-
fore, only the collisional electron detachment kom F is
included in these simulations.

The three-dimensional velocity distributions of elec-
trons in SF6 are numerically calculated using the finite
element method to solve the Boltzmann equation [34,35].
The collisionai rate coefficients along with the transport
parameters of the electrons in SF6 are derived, over a
wide range of static E/N from a value of a few Td (1 Td
= 10 i Vcm2) to several thousand Td (see Fig. 2).

k =k
i i

k
(k4+ ks& (ks+ krN)

'

The reaction processes and related rate coefficients in
Eq. (1) are listed in Table I. Equation (1) consists of two
terms, the first is independent of pressure and denotes
the various ion conversions and the direct detachment
from F . The second expresses the pressure dependence
of the direct detachment from SFs . Under the present
discharge conditions (0.05—1.0 Torr), the lifetime for au-
todetachment v (= ks ) ranges from 50 ps to 10 ms
[33]. The inequality kqN » ks is then satisfied and the
efFective detachment, coefficient is, for practical purposes,
given by the first term in Eq. (1). Therefore, the reac-
tions having the rates k6, k7, and ks are not considered

B. Governing equations

The practical narrow-gap HIE consists of parallel plate
electrodes and can be modeled in one dimension by con-
sidering infinite parallel plates separated by an electrode
distance of 20 mm. The schematic diagram illustrating
the plasma reactor and the charged particles under con-
sideration is shown in Fig. 3.

The system of governing equations is similar to that
described in Ref. [14],except for the inclusion of momen-
tum relaxation of the ions. It has been found that in
electropositive gases the delay in moment»m transfer of
the ions has only a slight influence on the entire profile
of the rf glow discharge, since most of the current in the
bulk plasma is carried by the electrons. The situation,
however, is quite difFerent in the case of electronegative
gases, since the ion densities are much higher than that
of the electrons, and a considerable fraction of the cur-
rent in the bulk plasma is carried by several kinds of
ions. Therefore, the momentum relaxation equations for
the elementary ions SF5+, SF6, SF5, and F must be
included. The RCT model for a system where the pos-
itive and negative ions are the predominant carriers in
the bulk plasma is developed as follows.

The continuity equation is

fp
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FIG. 2. The collisional rate coefBcients for electrons in SFe
as a function of the static reduced Beld strength E/N Each.
coefBcient is derived kom rate corresponds to the collision
cross sections shown in Fig. 1.
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letters V and E are the potential and the electric 6eM,
while k;, k, and k„arethe respective ionization, electron
attachment, and recombination rate coefficients. The co-
efficient k „represents the momentum-transfer rate co-
efficient for each of the charged particles. The relaxation
time 7;, in Hq. (6) is defined in this study as
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FIG. 3. Schematic diagram illustrating the geometry of the
plasma reactor and the charged particles considered in this
study.

where Qz(v) is the inelastic cross section above the ion-
ization threshold energy m, v;z/2 and g(v) is the veloc-
ity distribution of the electrons as a function of static
E/¹ The ionization rate coefficient k; is then deter-
mined by the function E,fr(z, t)/N from values previ-
ously obtained under uniform and constant (static) re-
duced 6eld strengths. Each of the rate coefficients used
in Eels. (2)—(6) corresponds to a reaction processes listed
in Table I.

III. RESULTS AND DISCUSSION

A. Discharge structure in the narrow-gap RIE

The numerical calculations were performed for pres-
sures between 0.05 Torr and 1.0 Torr, under external
discharge conditions similar to those in the previous ex-
periments discussed in R1 and R2. The applied voltage
between the electrodes has the wave form

V~~(t) = Vo sinuf,

where Vo is the input voltage, u the frequency, and t the
time. The con6guration of the rf discharge at 0.5 Torr
is the main one presented and discussed in this work,
since the structure at this pressure represents the typical
properties of the narrow-gap RIE.

Figure 4 shows the spatial density distributions of the

COt='ft/2

the eH'ective Geld equation is

O(n. E,'~)
Ot

and Poisson's equation is

OzV e

Oz eo

E2~ —E2
e

O f,'O( En,'~) l
(6)
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where n„n„,n„,, n„„n„„andN are the number den-

sities of the electron, SF5+, SF6, SF5, F, and SF6,
respectively. The mass and charge of the electron and
each ion are, respectively, denoted by mA, and e. The

FIG. 4. Spatial density distributions of the positive and
negative particles in the SFs discharge at the phase wt = s /2
under conditions of f = 13.56 MHz, Vo ——200 V, W = 140
mWcm, and p = 0.5 Torr. The electron density n, has
been magnified by a factor of 100.
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positive and negative species in the periodic steady state
SFs discharge at a phase of art = z /2 under conditions of

f = 13.56 MHz, Vs ——200 V, p = 0.5 Torr, and W = 140
mWcm 2. Several peculiar characteristics are found as
compared with those observed in electropositive gases.
First, the plasma density is greater than that found in
electropositive gases by two orders of magnitude. Sec-
ond, the majority of charged particles consists of the
positive and negative ions, while electrons are in the mi-

nority. The electron density is three orders of magnitude
less than the positive ion density in the center of the bulk
plasma. Third, the electron density exhibits two maxima
during one period in &ont of the instantaneous anode.
The large difference between the magnitudes of the elec-
tron and positive ion densities at the center of the bulk
plasma represents a unique characteristic of the discharge
structure. The difFerence afFects external electrical char-
acteristics of the narrow-gap RIE studied experimentally
in R1 and R2. The local peak in the electron density in
front of the instantaneous anode shown in Fig. 4 can be
understood &om the spatiotemporal density distribution
of electrons displayed in Fig. 5. The peak exhibits a finite
phase delay with respect to the applied voltage maximum

by 0.2x, and the electron density at the edge of the bulk
plasma propagates to the anodic side in opposition to the
positive-ion sheath field. The winglike spatial distribu-
tion is realized for the electrons between the electrodes.
The calculated bulk plasma density of 10 cm matches
Langmuir probe measurements [5].

The potential is a key parameter. Figure 6(a) shows
the potential between the electrodes during one period.
The plasma potential during the second half of the period
is mostly negative with respect to the grounded electrode.
This is quite diferent &om a conventional plasma con-
sisting of electrons and positive ions, which has a positive
plasma potential over the entire period [36,37]. The pos-
itive plasma potential throughout the rf period results
&om ambipolar fields due to the difference in transport
parameters of electrons and positive ions. In the strongly
electronegative SF6 plasma studied here, the majority of
the charged particles are positive and negative ions hav-

ing nearly the same mass as shown in Fig. 4. As a result,
the plasma potential oscillates between the positive and
negative values every half-period. This phenomenon is
similar to that in low &equency discharges in electroneg-

9.
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FIG. 5. Spatiotemporal density distribution of electrons n
for a periodic steady state SF6 discharge. The conditions are
the same as those in Fig. 4.
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FIG. 6. The distribution of the (a) potential V and (b)
electric field E in the rf glow discharge in SFq as functions of
space and time. The conditions are the same as in Fig. 4.

ative gases [10,38], although the spatial modulation of
positive and negative ions densities during the period is
also important at low &equencies.

Although the potential exhibits interesting character-
istics in comparison to the potential of a discharge in
electropositive gases, the electric field distribution in Fig.
6(b) yields more direct and important information. The
collisional rate coeKcient and the electron and ion trans-
port coefficient are defined as a function of the reduced
Geld. The field distribution has local structure, in addi-
tion to the temporal dependence in the bulk plasma and
the sheath. In particular, local minimum and maximum
exist in &ont of the rf and grounded electrodes during
each anodic cycle. This is similar to that found in rf dis-
charges in weakly electronegative SiH4 at 13.56 MHz [39].
The local structure results &om the formation of a dou-
ble layer in &ont of the instantaneous anode. The double
layer formation originates &om the transient accumula-
tion of excess negative charge in &ont of the electrode by
the temporal modulation of electrons in the bulk plasma
during the anodic part of the cycle at 13.56 MHz (see
Fig. 7). The double layer can also be formed at low
frequencies due to the modulation of negative ions den-
sities [10,40]. Once the double layer is formed, electron
multiplication toward the anode occurs between the layer
and the electrode due to the migration of bulk electrons.
As a result, the double layer and the local field peak are
developed toward the anode. In particular, two types of
double layers can be found in Fig. 7(a) at art = 3z/2.
The active double layer is formed in &oat of the instan-
taneous anode, while the passive layer remains near the
cathode.

The relatively high sinusoidal field, having an ampli-
tude of 90 V cm, is formed in the bulk plasma to carry
the massive positive and negative ions as well as electrons
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FIG. 7. Net charge density, electric field E, and potential
V distributions at the phase ~t = 3s/2. The conditions are
the same as those in Fig. 4.

0)t=K/2

1.2-

0.6-J'o

0 -.
o~
V)

Q

-0.6—cI
L
L -12-

SF 5

I,~~4a~ ~ ~ ~ a

SF 6

1'0
Distance (mm)

20

and maintain total current continuity at each position.
The apparent sheath width is narrower in electronegative
gases than in electropositive gases. This will be discussed
later.

Each component of the current density J; at ut = n/2
is shown in Fig. 8 as a function of position. The current
behaves in a very complex manner, but can be simply
explained. The total current is independent of position,
due to the requirement of current continuity, and can
act as an indicator of the accuracy of the numerical cal-

culations. It is known that the drift of electrons is the
main component of the current in the bulk plasma with
electropositive gases [14]. The displacement component
JD as well as the drift of charged particles contribute to
the total current at the center of the bulk plasma with
electronegative gases as shown in Fig. 8. This is due to
the higher field (90 Vcm ) at the center of the bulk
plasma. All components except JD have positive values
at vr/2 and the electron current has a magnitude sim-

ilar to that of the F ion current in the bulk plasma.
This is reasonable because the drift velocity of the elec-
trons is larger than that of F ion by three orders of
magnitude, which compensates for the density difkrence
between them shown in Fig. 4. Although the densities
of massive lons SFS+„SF6. and SFS have the same
order of magnitude as that of F, these ion currents at
~t = m /2 are less than JF- by a factor of 2. This can be
explained by the fact that the massive ions cannot follow
the instantaneous local field due to their lower mobilities.
The peak value and corresponding phase of each current
component at the center of the bulk plasma during the
first half period are listed in Table II. The positive ion
current incident on the electrode is almost constant be-
cause the time variation of the sheath field is weak. The
constant ion current contrasts with that found in elec-
tropositive gases.

The time variation of the total current I during one
period is shown in Fig. 9 along with the wave forms of
the applied voltage V and dissipated power [see Fig. 3(a)
in Rl]. The resistive or even slightly inductive character-
istics of the rf discharge in SF6 can be understood by con-
sidering two diH'erent mechanisms. The electron density
peak in the vicinity of the instantaneous anode develops
in phase with the applied voltage due to the ionization
between the double layer and the anode as mentioned
above. This means that the dominating electron current
is in phase or has a small delay with respect to the applied
voltage wave form, causing resistive or even slightly in-
ductive characteristics. The other mechanism is &om the
ion transport in the bulk plasma. The ion transport (ion
drift in the bulk plasma) has a finite phase delay due to
the momentum-relaxation time of the massive ions. Ions
carry a current comparable to that of the electrons. As a
result, the total current changes Rom capacitive to resis-
tive or inductive in character as the density ratio n„/n,
increases in the bulk plasma. This results in an e%cient
absorption of power in an electronegative plasma reactor
compared with an electropositive plasma.

TABLE II. Peak current and the phase of each charged
particle Bow at the center of the bulk plasma during the first
half-period in the SFe discharge with of f = 13.56 MHs,
V = 200 V, W = 140 mW cm, and p = 0.5 Torr.

FIG. 8. The solid and dashed lines in the lower panel rep-
resent the spatial distributions of the electric field and the
potential, respectively. The distribution of current for each
component at a phase ~t = s'/2 as a function of position. The

JT J Jp Jsp+ — Jsps — Jp — and J~ represent, re-
spectively, the total, electron, positive ion, SF6, SF5, F
and displacement current densities. The conditions are the
same as those in Fig. 4.

Species
SF,+
SF6
SF5
F

Peak value
(mA cm )

0.26
0.027
0.076
0.98
0.78

Phase ~t(s)
0.775
0.775
0.775
0.725
0.4
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TABLE III. Production and extinction rates of the charged

particles in the SF6 discharge. The conditions are the same

as those in Table II.

FIG. 9. The current I (dotted line), applied voltage V
(solid line), and dissipated power W (dashed line) in the SFs
discharge as a function of time. The conditions are the same
as those in Fig. 4.
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Figure 10 shows the net ionization rate between the
electrodes during one period. The inBuence of the
anomalous field distribution can be estimated from Fig.
10, and a possible electron source can be identified as
electroa detachmeat &om negative ions. The net rate of
ionization at position I is from reflected electrons at the
positive ion sheath. Typically, ionization position I rep-
resents the dominant process sustaiaing rf discharge at
13.56 MHz in electropositive gases [10-14],although the
temporal phase of the ionization is considerably difFerent
&om that found here. The ionization at position II in
the figure is from the electron transport in the relatively
high sinusoidal field of the bulk plasma. The increased
ionization at the double layer is denoted by III. The main-
tenance of the rf discharge in SF6 is due to the ionization
between the double layer and the instantaneous anode
at III. The development of electron impact ionization to-
ward the instantaneous anode is caused by the formation
of the double layer and the consecutive electron acceler-
ation and multiplication. With increasing input power,
the ratio of the net ionization at III to other points is
increased. It should be noted that the distance &om the
peak at III to the instantaneous anode is much shorter
than that &om I to the instantaneous cathode. The dom-
inant electron detachraent process is the ion-molecule re-
action between F aad SF6, as mentioned in Sec. II
[28,29]. The calculated electron detachment formation
rate &om F ion has a maxiraum of 3.3 x 10 cm s
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FIG. 10. Spatiotemporal distribution of the net ionization
rate A;(z, t) in an rf glow discharge in SF6 . The conditions are
the same as those in Fig. 4. See the text for an explanation
of the Roman numerals.
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B. Comparison arith experiments

The present numerical results can be quantitatively
compared with experimental results. One of the raost
suitable comparisons involves space- and time-resolved
optical emission spectroscopy (STR-OES) [9,15,41].

In the previous paper R1, the STR-OES was applied
to N2(Csll„) and N2+(B2Z„+) in a mixture of gases
consisting of N2(10%) and SFs(90%) at the central axial
part of the discharge [42], in order to obtain quantitative
results apart from the lack of data on electron impact
excitation cross sections for SF6. The excitation cross
sections for N2(C sll„)and N2+(B 2Z„+)are well known
[23]. Both probe species were produced by direct electron
impact excitation (ionization)

e + N2(X Zs+) m N2(C II„)+ e,

cz
——11.03 eV, (10)

at the sheath, because the detachment rate rapidly in-
creases with increasing field strength [27]. The peak value
is one order of magnitude less than the electron impact
ionization rate during the same phase as shown in Fig.
10. As a result, it is concluded that no appreciable contri-
bution results &om the detached electrons to the overall
sustaining mechanism of the rf discharge in SF6.

In summary, the production and extinction rates of
the charged particles in the plasma reactor, considered
in this work, are classified as to the type of process and
are compared in Table III. It should be noted that more
than three-fourths of the positive ions produced in the
reactor are transported to the electrode surfaces and con-
tribute to the surface reaction. The strongly electroneg-
ative character of the SF6 discharge is indicated &orn the
result that 43% of the electrons formed in the chamber
are transferred into negative ions.
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e + N2(XZ's+) -+ N2+ (B Z„+)+ 2e,

e; = 18.75 eV. (11)

The cross section for N2(C II„)has a sharp peak near
the threshold and is small above 20 eV, while the cross
section for N2+(B Z„+)exhibits a broad maximum near
100 eV. Thus the net excitation rate of N2(C II„)will

yield information on electron kinetics around 15 eV, while
the net ionization rate of N2+(B ~Z„+)can be used as
a monitor of the electrons well above the 20 eV. These
two rates provide information on the behavior of middle-

energy and high-energy electrons. In order to obtain nu-

merical results for comparison with the previous experi-
ments, the numerical calculations of the net production
rates in Eqs. (10) and (11) have been performed using
the rate coefficients for SFs(90%)-N2 and the assump-
tion that the addition of 10% N2 results in no significant
change in the spatiotemporal discharge structure. This
has been confirmed experimentally (see papers Rl and
R2).

Although the numerically calculated excitation rate
A~ (z, t) is large compared with the experimental rates for
N2+(B Z„+)and N2(C II„)in Figs. 11 and 12, respec-
tively, the phase, peak position, and absolute magnitude
of both results are in reasonable agreement. The tem-
poral ridges in the production rate of N2+(B2Z„+) at
ut = x/2 and 3z'/2 during a period have the same val-

ues. The calculated peak magnitude at 2.0 mm in front of
the instantaneous anode is nearly the same as the exper-
imental peak at 1.0 mm. Overall, the calculated net pro-
duction rate for N2+(B Z„+)exhibits good agreement
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FIG. 12. Comparison of the space-time-resolved net pro-
duction rate A~(z, t) of Nq(C II„)determined (a) theoret-
ically and (b) experimentally in a SFs(90%)-Nz discharge.
The conditions are the same as those in Fig. 11.

with experimental results. These results are demonstra-
tive proof that the higher energy electrons with e & 18.75
eV are well described in the present modeling.

The other comparison involving the net excitation rate
of N2(C sII„)is shown in Fig. 12. The values of the sim-
ulation are 5 times larger than the experimental values
at the peak in the sheath. At the center of the bulk
plasma, both results agree rather well with a peak value
of 3.4 x 10 cm s at ~t = 0.55m. This is mainly due
to the overestimation of the production rate between the
double layer and the instantaneous anode. This can be
inferred from the fact that ion transport to the electrode
is overestimated in this numerical model.
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FIG. 11. Comparison of the space-time-resolved net pro-
duction rate A, (z, t) of Nq+(B Z„+)determined (a) theo-
retically and (b) experimentally in a SF6(90%%uo)/N2 discharge
with f = 13.56 MHz, p = 0.5 Torr, and W = 140 mW cm

C. Power and pressure dependences on the
discharge structure

The time-averaged net ionization rate A;(z) as a func-
tion of distance for various amplitudes of the applied
voltage is shown in Fig. 13. As the applied voltage is in-
creased, a broad peak gradually separates from the sharp
peak near the electrode. At Vo ——350 V, two distinct
peaks can be seen in front of each electrode. The sharp
and broad peaks, respectively, result from the ionization
by electrons moving toward the electrode from the dou-
ble layer and from the ionization by reBected electrons in
front of the electrode. These sharp and broad peaks cor-
respond to III and I in Fig. 10. It should be noted that
the sheath width decreases as the applied voltage (input
power) increases due to the development of the double
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FIG. 13. Spatial dependence of the time-averaged net ion-
ization rate A;(z) in a SFs discharge for various values of the
applied voltage Vo with f=13.56 MHz and p=0.5 Torr.
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layer. The excited or dissociated molecules are also pro-
duced by electron impact with a profile similar to that for
the ionization, as shown in Figs. 10 and 13. This means
that the virgin radical as well as the ions, formed immedi-
ately in &ont of the electrode, can be transported to the
electrode with little reaction with background molecules.

In previous experimental work discussed in Rl and R2,
it was shown that a parallel plate rf discharge in SF8
with a distance of 20 mm between the electrodes can be
sustained down to a pressure of 0.05 Torr. It is impor-
tant to investigate whether or not the discharge struc-
ture changes at pressure of 0.05 Torr, since some dry
etchers operate at the lowest pressure that can be sus-
tained. Figures 14(a) and 14(b) show, respectively, the

theoretical and experimental spatiotemporal profiles of
the net ionization rate of Nq+(B Z„+).The theoretical
external discharge conditions p = 0.05 Torr and R' = 21
mW cm are the same as the experimental values. The
maxima in the net production rate appear at approxi-
mately the same position in &ont of the instantaneous
anode. The maxima in Figs. 14(a) and 14(b) during
the first half-period occur at (~t = 0.357r, z = 17.6 mm)
and (art = 0.39z', z = 18 mm), respectively. The den-
sity distribution at ut = m'/2 for each charged particle
is shown in Fig. 15. The spatial profiles of the pos-
itive and negative ions are independent of time, while
the electron density is temporally modulated by a pro-
file similar to the net ionization rate of Nq+(B zZ„+)in
Fig. 14(a). Here it should be recalled that an electroneg-
ative discharge widens bulk plasma region compared to
an electropositive discharge, due to the great difference
in the transport coefEcient of the electrons and nega-
tive ions. In the present case, as shown in Fig. 14, the
electron avalanche develops under a relatively high ac-
celerating field (45 Vcm ~) in the bulk plasma. As a
result, two peaks in the net rate appear in &ont of the
instantaneous anode. Even at pressures of 0.05 Torr, a
small double layer can be discerned in the vicinity of the
anode having a negative net charge density peaking at
—3 x 10 cm at cut = 0.9' and z = 15.2 mm. It is
found that the discharge is maintained by the ionization
near the instantaneous anode. Overall, the positive ion
sheath becomes narrower due to the ionization in &ont of
the instantaneous anode and due to a wider bulk plasma,
as compared to systems with electropositive gases. The
rate of electron production by the collisional detachment
from the F ion is only 1% of the rate of electron impact
ionization, and therefore the electrons resulting &om de-
tachment have no significant inHuence on the discharge
structure.

Figure 16 shows the phase diH'erence p between the
total current and the sustaining voltage as a function of
power deposition in the narrow-gap RIE for various val-
ues of total pressure. The positive and negative values
of y correspond to a capacitive or inductive rf discharge,
respectively. The numerically calculated and experimen-
tal characteristics at 0.5 and 1.0 Torr rapidly change
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FIG. 14. Comparison of the space-time-resolved net pro-
duction rate A;(z, t) of Nq+(B Z +) determined (a) theo-
retically and (b) experimentally in a SF8(90%)/Nz discharge
with f = 13.56 MHz, p = 0.05 Torr, and W = 21 mW cm
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FIG. 15. Spatially resolved density of each charged particle
at a phase of ut = z/2. The conditions are the same as those
in Fig. 14.
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to the constituents of the bulk plasma. The positive and
negative ions are the majority of charged particles, as
discussed in Sec. III A. The main function of the narrow-

gap RIE under typical operating conditions is controlled
by the double layer in front of the electrode. The double
layer acts as the source of virgin radicals immediately in
front of the electrode surface.

IV. CONCLUDING REMARKS

Q.Q 1.Q 2.Q

Power density (Wcrrr2 )

FIG. 16. Phase shift between the total current I(t) and
the sustaining voltage V(t) as a function of dissipated power
density for various pressures denoted in the upper right-hand
corner. The symbols , k, ~ are experimental values, while

are theoretical values.

from capacitive to resistive at 0.25 Wcm, although a
weakly inductive behavior is indicated in the theoretical
results. This means that the numerically calculated neg-
ative ion density is slightly overestimated. The discharge
at 0.1 Torr is essentially capacitive and independent of
the power density.

It can be concluded that the present numerical results
using the RCT model can reproduce both the spatiotem-
poral structure and the external electrical characteristics
of the rf discharge in SF6 at 13.56 MHz.

D. Function of narrow-gap RIE

The source gases must 6rst be classi6ed as electroposi-
tive or negative gases when discussing the function of the
narrow-gap RIE. In a rf discharge with an electronega-
tive gas, in which the positive and negative ions act as
the majority of charged particles, an asymmetric con-
6guration of the electrodes in the RIE is less effective
in producing the asymmetric discharge with a stronger
positive-ion sheath in &ont of the smaller electrode. The
dc self-bias voltage which occurs in electropositive dis-

charges is not expected to occur in electronegative dis-
charges. This leads to a somewhat different conclusion
about the dominant mechanism of the RIE. High energy
positive ions are produced in electropositive discharges in
the strong sheath 6eld f'rom the dc self-bias voltage due
to the asymmetry of the electrodes [43]. The proposed
mechanism that furnishes the beamlike ions to the sur-
face with a high degree of efIIciency is Rom the narrower
positive ion sheath due to the wide difFusion controlled
bulk plasma. The wide bulk plasma can be attributed

Various kinds of reactive electronegative gases have
been employed in dry etching processes for microelec-
tronic device fabrication, selected for their etching ability
and for the type of volatile compounds formed in chemi-
cal reactions with the masked-solid surface. As discussed
in Sec. III, the advantage of electronegative gases used
in plasma etching with a narrow-gap RIE can be under-
stood &om the viewpoint of discharge physics with stable
negative ions.

The diffusion controlled bulk plasma is formed by the
majority positive and negative ions in the narrow-gap
RIE over a range of pressure from the lowest pressure
to several Torr. The resulting double layer acts as the
source of beamlike ions and virgin radicals immediately
in front of the electrode surface. Another advantage is
the realization of a relatively low pressure plasma. This
is possible because the system consists of positive and
negative ions as the majority of charged particles, with a
minority of electrons. The numerical simulations based
on the RCT model of the narrow-gap RIE in SF6 are
in good agreement with experimental results on the net
production rate of excited molecules and ions.

Several mechanisms proposed in two previous papers
(Rl and R2) for the formation of the spatial as well as
temporal structure of SF6 at 13.56 MHz were con6rmed
in this paper. This was accomplished by achieving rea;
sonably good quantitative agreement between the theo-
retical and experimental net excitation rates. The es-
pecially good agreement on the net ionization rate of
N2+ (B2E„+)is important for calculation of the electrical
characteristics of the discharge as well as the simulation
of the major sustaining mechanisms.
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