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Abstract−−−−Simulation was used to investigate potential distributions around a grid of a Faraday cage and trajectories
of ions inside the cage located in a high density CF4 plasma etcher. It was observed that the potential distributions near
the edge of the grid openings (or near the grid wires) were disturbed, due to the partial leakage of the plasma through
the grid openings whose size was comparable to the sheath thickness. Corresponding trajectories of ions incident
through the grid openings near the edge were found to deflect from the surface normal and focus below the grid wires.
It is this ion focusing that is responsible for higher etch rates of SiO2 films below the grid wires compared to those
below the grid openings at a proper distance between the grid and the substrate surface. When the substrate was locate
sufficiently far away from the grid plane (8 mm), the ion trajectories overlapped with each other and the etch rates were
uniform across the substrate. At the gap of 0.3 mm from the grid plane, however, ion focusing does not play a role
due to close proximity to the grid. This resulted in much higher etch rates below the grid openings than those below
the grid wires. The etch rates were also measured at various distances between the grid and the substrate surface. Th
behavior of the simulated distributions of the etch rates showed good agreement with the measured ones.
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INTRODUCTION

Plasma etching is widely used for patterning of thin solid films,
which is a crucial operation in the fabrication of microcircuits and
other microdevices due to its anisotropic (vertical) etching capabil-
ity [Economou, 1995; Chung et al., 2002; Park et al., 2002]. The
directionality of etching is determined by the incidence angle of
ions following the electric field across the sheath. In a conventional
plasma etching system, a substrate is immersed in a plasma and the
sheath forms nearly parallel to the substrate surface although the
substrate is tilted from the electrode surface. Therefore, ions tend
to arrive at the substrate surface in nearly normal direction to it, ir-
respective of the surface angle. It is this normal incidence of ions
that results in anisotropic profiles in plasma etching.

In some cases, however, it is desirable to etch oblique angles from
the substrate normal. For example, it is beneficial to make side-
walls of contact holes inclined for better control over metal deposi-
tion on the sidewalls [Cho, 1999]. Manipulation of the incident angle
of ions impinging on a substrate surface can be achieved by using
a Faraday cage [Boyd et al., 1980].

A Faraday cage is simply a closed box of a conductor covered
with a conductive grid on top of it. The Faraday cage shields the
space inside the cage against the outer electric field in a plasma,
making the electric field zero in the Faraday cage. Although the
Faraday cage has small grid openings on its surface, the effect of an
external field is attenuated drastically within a few diameters of the
opening, and most of the space inside the Faraday cage remains field

free [Cho et al., 1999a]. Therefore, it is possible to obtain obliqu
etched substrates either by using a tilted plane of the grid [Ch
al., 1999a] or a sloped substrate holder [Boyd et al., 1980].

Using a Faraday cage has advantages of providing a chem
environment similar to a practical plasma etching process as 
as controlling precisely the energy and angle of incident ions [Ch
al., 2001]. In addition, using a Faraday cage finds application in s
pression of faceting [Cho et al., 1999b], direct pattern etching w
out use of a resist mask [Cho et al., 2000], and the fabricatio
surface gratings with V-grooves [Cho et al., 1999a].

As mentioned above, a Faraday cage is supposed to shiel
space inside the cage from the outer electric field so that ions p
ing through the grid openings would maintain their directional
normal to the grid plane. This is true for most ions. At the edge
the grid openings, however, the electric field may be curved du
the presence of grid wires. This may cause ions near the edg
the grid openings to deflect from surface normal to the grid pla
The size of grid openings of a Faraday cage is usually a few 
limeters and the effect of fringing electric field is negligible for
Faraday cage located in low density plasmas such as capacit
coupled plasmas. This is because, in these plasmas, the sheath
ness is order of centimeters and much larger than the size o
grid opening. In high density plasmas, however, the sheath th
ness is usually several millimeters, comparable to the size of
grid opening. This may result in partial leakage of the plasma thro
the grid openings and deflection of ions inside a Faraday cage
be significant in high density plasmas. Therefore, it is importan
understand and predict electric potential distributions around 
Faraday cage and, in turn, ion trajectories inside the cage locat
high density plasmas.

In this work, trajectories of ions inside a Faraday cage locate
a high density CF4 plasma etcher are presented by simulating p
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tential distributions around a grid. Based on ion trajectories, etch
rates of SiO2 films below grid openings and grid wires were cal-
culated at various distances between the grid and the substrate sur-
face to elucidate ion focusing and/or ion deflection inside the Fara-
day cage. The etch rates were also measured and compared with
the simulated ones.

EXPERIMENTAL OBSERVATIONS

1. Apparatus and Procedure
Etching experiments were carried out using a specially-designed

Faraday cage to extract parameters for the simulation of ion trajec-
tories during an etching process. A high density plasma was gen-
erated in a transformer coupled plasma (TCP) etcher shown in Fig. 1.
Fig. 1 also shows a Faraday cage used in this study. The etching
system [Fig. 1(a)] was described in detail in the previous study [Cho

et al., 2000]; therefore, only the most important dimensions will
repeated: (i) the inner diameter of the reaction chamber was 30
(ii) the diameter of the cathode was 12.5 cm, and (iii) the spac
between the 0.8 cm thick dielectric window under the coil and 
cathode was 3.5 cm.

A cage with copper sidewalls and a roof made of a copper w
grid was bolted on the cathode to make an enclosed Faraday
[Fig. 1(b)]. The Faraday cage was 10 mm wide, 20 mm long, 
10 mm high. The gridded top surface of the Faraday cage was
allel to the horizontal cathode plane. The diameter of the grid w
was 0.3 mm with 2 mm pitch. A substrate for etching was a 1µm
thick SiO2 film thermally grown on a p-type Si wafer. The sub
strate was cut into the dimension of the cage (20 mm×10 mm)
etched in a CF4 plasma under the following process conditions: t
pressure was 5 mtorr, the bias voltage was −300 V, the source pow-
er was 200 W, and the etch time was 6 min.

The substrate was fixed on a substrate holder (copper) place
the cathode inside the Faraday cage. Several substrate holder
different heights were used to obtain etch rates at various dista
between the grid (top of the Faraday cage) and the substrate
face. The distances were 0.3, 1.8, 3.8, 5.5, and 8 mm. The etch
was obtained by measuring changes in the film thickness wi
Nanospec film thickness meter (model AFT 200).
2. Observations

Fig. 2 illustrates the etch rates of SiO2 films in a CF4 plasma meas-
ured at various positions in the Faraday cage when the distanc
tween the grid and the substrate surface was 0.3 mm. Filled ci
at top of the plot represent grid wires. Therefore, rectangles an
angles represent the etch rates measured below grid opening
below grid wires, respectively. Similar plots were achieved at ot
distances between the grid and the substrate surface to obta
etch rates below the grid openings and below the grid wires 
shown).

Fig. 3 shows the changes in the etch rates of SiO2 films below

Fig. 1. Schematics of (a) the TCP etcher and (b) the Faraday cage
used in this study. The wire diameter and the pitch of the
grid surrounding the cage cover were 0.3 and 2 mm, respec-
tively. x and y in the Faraday cage represent the directions
parallel and normal to the substrate surface, respectively.

Fig. 2. Etch rates of SiO2 films measured in a CF4 plasma as a func-
tion of horizontal distance across the Faraday cage (see Fig
1). The distance between the grid and the substrate surface
was 0.3 mm. Filled circles at top of the plot represent grid
wires.
March, 2003
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the grid openings (rectangles) and below the grid wires (triangles)
as a function of distance between the grid and the substrate sur-
face. At a given distance between the grid and the substrate sur-
face, the etch rates measured at 1, 3, 5, 7, and 9 mm from one end
of the Faraday cage in x-direction were averaged out to obtain an
etch rate below the grid openings. The similar method was applied
to get an etch rate below the grid wires, i.e., by averaging out the
etch rates measured at 2, 4, 6, and 8 mm in x-direction. When the
substrate was located in close proximity to the grid, i.e., the gap was
0.3 mm, the etch rate below the grid openings was much higher
than that below the grid wires by a factor of about 6. As the gap
between the grid and the substrate surface increased, the etch rates
below the grid wires became higher than those below the grid op-
enings. When the gap increased further, i.e., at 8 mm, the etch rates
below the grid wires and the grid openings became nearly identical,
implying that uniform etch rates were obtained across the sample
at this gap. This behavior will be explained later by the results ob-
tained from the simulation of ion trajectories inside the Faraday cage.

MODEL FORMULATION

1. Assumptions
To simulate trajectories of ions inside the Faraday cage used in

this study, a simple model was developed based on the dynamics
of an RF sheath obtained by Lieberman [Lieberman, 1988]. The
assumptions of the analysis are as follows:

(1) In a CF4 plasma, CF3
+ is assumed to be the dominant ion spe-

cies [Lieberman and Lichtenberg, 1994].
(2) Ion-neutral collisions within the sheath are negligible. Under

the experimental conditions employed in this study, the mean free
path of ions is estimated to be about 6 cm assuming that the col-
lision cross section is 10−15 cm2. At lower pressures, the sheath thick-
ness (dsh) can be estimated from

(1)

where λD is the Debye length, e is the elementary charge, Vsh is the
sheath potential, k is the Boltzmann constant, and Te is the electron
temperature [Chen, 1984]. With typical values found in a high d
sity plasma of the similar type used in this work such that plas
potential=1010-1012 cm−3, electron temperature=2-5 eV, and plasm
potential=20-50 V, it can be estimated that the sheath thickne
about 0.4-5.6 mm. Note that the sheath potential was in the ra
of 320-350 V in Eq. (1) since the bias voltage employed in the 
periment was 300 V. Since the ion mean free path and the sh
thickness are not affected by the presence of the Faraday cag
by process conditions such as pressure and power, it can be
that the ion mean free path is much greater than the sheath t
ness in this study. Therefore, the assumption of a collisionless sh
is reasonable.

(3) Ions respond to a time-averaged sheath potential. The cr
parameter that controls ion modulation in an rf sheath is ωτι, where
ω is the frequency of the applied field and τi is the ion transit time
through the sheath [Panagopoulos and Economou, 1999]. W
ωτi<<1, ions travel the sheath in a short time compared to the 
oscillation. In this case, an ion experiences the phase of the rf c
prevailing at the time the ion enters the sheath. On the other h
when ωτi>>1, ions experience many field oscillations while the
traverse the sheath and respond only to a time-averaged shea
tential. Ion transit time can be estimated in a collisionless she
[Panagopoulos and Economou, 1999] as in the form of

(2)

where mi is the ion mass. Using the same typical plasma para
ters used in the first assumption (plasma potential=1010-1012 cm−3,
electron temperature=2-5 eV, and plasma potential=20-50 eV) 
the experimental bias voltage (300 V), τi is estimated to be abou
40-560 ns in a CF4 plasma. A 13.56 MHz field was applied in th
experiment so that ω is (2 π)×(13.56 MHz)=8.52×107 s−1. Then, it
can be found that ωτi is about 4-48, which is much greater than uni
It indicates that the time-averaged motion of ions is valid in t
study.
2. Model Equations

Assuming that a plasma contains only one type of positive i
(CF3

+), the potential distribution within the sheath is described 
the Poisson’s equation

(3)

where Φ is the instantaneous potential, ni is the ion density, ne is
the electron density, and ε0 is the permittivity of free space.

Using the Bohm sheath criterion [Chapman, 1980] such tha
ion enters the sheath with a Bohm velocity, the energy conse
tion of ions within the sheath becomes

(4)

where ui is the ion velocity and uB is the Bohm velocity defined as

(5)

Note that in Eq. (4), the time-averaged potential ( ) was used s
dsh 1.1λD

eVsh

kTe

---------- 
 

3 4⁄

≈

τi  = 3dsh
mi

2eVsh

-------------

∇2Φ = − 

e
ε0

---- ni  − ne( )

1
2
---miui

2
 = 

1
2
---miuB

2
 − eΦ

uB = 
kTe

mi

-------- 
 

1 2⁄

Φ

Fig. 3. Changes in the measured etch rates of SiO2 films below the
grid openings (�) and below the grid wires (�) as a func-
tion of distance between the grid and the substrate surface.
Korean J. Chem. Eng.(Vol. 20, No. 2)
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ions were assumed to respond to the time-averaged potential.
By the assumption of a collisionless sheath, the continuity equa-

tion of ion flux in the sheath becomes

niui=nisuB (6)

where nis is the ion density at the sheath edge (sheath-presheath bound-
ary).

Eqs. (4) and (6) give the ion density in the form of

(7)

where Eis is the initial ion energy expressed as

(8)

The electrons were assumed to be in Boltzmann equilibrium with
the electron density given by

(9)

where nes is the electron density at the sheath edge.
The presheath is electrically quasi-neutral with almost equal den-

sities of positive (ni) and negative (ne) charges. Therefore, setting
nis≈nes≈ns at the sheath-presheath boundary and substituting Eqs.
(7) and (9) into the Poisson’s equation, one can obtain

(10)

Miller and Riley [Miller and Riley, 1997] suggested that the time-
averaged potential ( ) is linear with respect to the instantaneous
potential (Φ). The modulation of  was found to be negligible for
large values of ωτi, based on work of Panagopoulos and Econo-
mou [Panagopoulos and Economou, 1999]. As estimated in the pre-
vious section, ωτi is about 4-48 under the typical high density plas-
ma conditions. Therefore, it can be said that Φ is replaced by  for
large values of ωτi, implying that an equivalent DC sheath model
can be applied to this study. This argument is partially supported
by the fact that the plasma potential is predominantly DC in induc-
tive discharges [Woodworth et al., 1996]. Normally, this DC (time-
averaged) potential has only a small AC (instantaneous) compo-
nent superimposed on it due to stray capacitances between the RF
induction coil and the plasma. Finally, the potential distribution in
the sheath is expressed as

(11)

Once the potential distribution is known, the electric field (E)
can be obtained, i.e.,

(12)

Knowing the electric field, trajectories of ions are easily deter-
mined by the equation of motion

(13)

where ai is the ion acceleration vector.

RESULTS AND DISCUSSION

Since ions acquire their energy from the electric field develop
in the sheath and the electric potential profiles affect the direc
of ions crossing the electric field, it is instructive to see how the 
tential distributions form around the Faraday cage. Fig. 4 sho
the potential distributions around the Faraday cage obtained by 
ing Eq. (11) numerically by using the finite element method. T
space within 3 mm both above and below the grid was simula
since the sheath thickness is expected to be about several mil
ters in this study as estimated earlier. Geometries of the cage 
and the grid are the same as those used in the experiment. A
surfaces of the Faraday cage including the grid wires and the c
ode were set to −300 V, which was the bias voltage in the expe
ment. The plasma potential and electron temperature were fixe
20 V and 5 eV, respectively.

In Fig. 4, it can be seen that most of the potential drops ab
the grid and its gradient decreases to zero below the grid. Thi
dicates the field shielding capability of the Faraday cage. Ions p
ing through the grid maintain their directionality inside the Farad
cage due to the absence of the electric field within it. It is sho
that the potential profile near the grid wires is severely disturb
This is expected since the size of the grid opening is about 2 m
comparable to the sheath thickness. Kim and Economou [Kim 
Economou, 2002] proposed that the sheath thickness and th
ameter of the grid openings are the important length scales that
trol the shape of the plasma sheath formed over surface topo
phy. They pointed out the plasma leaked partially through the 
opening when the diameter of the grid opening is comparabl
the sheath thickness. Therefore, it can be said that the plasma
partially through the grid openings in this study, showing the s
nificant disturbance of potential profiles near the grid wires.

This partial leakage of the plasma affects the trajectories of 
inside the Faraday cage, as shown in Fig. 5, where the traject
of ions passing through the grid are simulated. The filled circ
represent the grid wires and the spaces between the circles c
spond to the grid openings. Ions are generated at the top p
(plasma-sheath boundary) with the same initial spacing betw

ni  = nis 1− 
2eΦ
miuB

2
----------

 
 
 

− 1 2⁄

= nis 1− 
eΦ
Eis

------- 
 

− 1 2⁄

Eis = 
1
2
---miuB

2

ne = nesexp
eΦ
kTe

-------- 
 

∇2Φ  = − 
ens

ε0

------- 1− 
eΦ
Eis

------- 
 

− 1 2⁄

− exp
eΦ
kTe

-------- 
 

Φ
Φ

Φ

∇2Φ  = − 
ens

ε0

------- 1− 
eΦ
Eis

------- 
 

− 1 2⁄

− exp
eΦ
kTe

-------- 
 

∇Φ  = − E

miai  = − eE

Fig. 4. Simulated distributions of the electric potential around the
Faraday cage used in this study. The potential difference
between the equipotential contours is the same, 20 V. x and
y represent the directions parallel and normal to the sub-
strate surface, respectively (see Fig. 1). Filled circles repre-
sent grid wires.
March, 2003
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them. Therefore, the density of lines representing ion trajectories
indicates ion flux. Ion-neutral collisions are not considered in the
simulation. In Fig. 5, it can be seen that ions passing through the
middle of each grid opening have their directionality in the surface
normal to the substrate surface all the way down to the bottom of
the Faraday cage. However, the direction of ions incident through
the open space close to the grid wires deviates from the surface nor-
mal due to the partial leakage of the plasma through the grid opening.

The trajectories of ions shown in Fig. 5 explain the behavior of
the measured etch rates below the grid openings and below the grid
wires at various distances between the grid and the substrate sur-
face (see Fig. 3). When the substrate is located in close proximity
to the grid (substrate A in Fig. 5), ions with little change in their
flux are incident on the substrate below the grid openings. How-
ever, nearly no ions are incident on the substrate below the grid wires
due to blocking or masking by the grid wires. This results in much
higher etch rates below the grid openings than those below the grid
wires, corresponding to the case where the distance between the
grid and the substrate is 0.3 mm in Fig. 3.

As the gap between the grid and the substrate surface increases,
ions incident on the substrate are subject to diverge due to the par-
tial leakage of the plasma. This beam divergence causes ions to focus
below the gird wires, resulting in an increase in ion flux below the grid
wires. Therefore, when the substrate is placed beyond a certain dis-

tance from the grid (substrate B in Fig. 5), ion flux below the g
wires can be greater compared to below the grid openings du
ion focusing. This leads to higher etch rates below the grid w
than those below the grid openings, corresponding to the dista
of 1.8, 3.8, and 5.5 mm between the grid and the substrate in Fi

When the gap between the grid and the substrate surface is
ficiently long (substrate C in Fig. 5), the ion trajectories extensiv
overlap with each other such that the difference in the ion flux 
appears and eventually the etch rates become uniform acros
substrate at the distance of 8 mm from the grid, as shown in Fig

The simulated ion trajectories inside the Faraday cage allow
to approximate the etch rates of SiO2 films. It is known that the etch
rate of SiO2 in a CF4 plasma is proportional to the cosine of the ang
of the ion incident on the substrate [Mayer et al., 1981]. It is a
known that etch yield (etch rate divided by ion flux) by ion bom
bardments has a linear relationship with respect to the square
of the kinetic energy (Ek) of ions impinging on the substrate [Stein
bruchel, 1989]. Accordingly, an etch rate of SiO2 in a CF4 plasma
can be estimated as follows, neglecting chemical etching by radic

(14)

In Eq. (14), Ni is the number of incident ions and θ is the incident
angle from the surface normal.

Fig. 6 shows the simulated etch rates of SiO2 films below the grid
openings and below the grid wires as a function of distance betw
the grid and the substrate surface. It can be seen that the beh
of the simulated etch rates is qualitatively in accordance with 
measured etch rates (see Fig. 3). One can see that at the gap
mm, the simulated etch rate below the grid wire is zero, whe
the non-zero etch rate was measured in the experiment. At this
no ions were expected to arrive at the position below the grid w
in the simulation (see substrate A in Fig. 5). In an actual situat
however, some ions can reach the position below the grid wire
ion-neutral collisions or by scattering at the edges of the grid op
ings although they are neglected in the simulation.

CONCLUSIONS

Etch rate Ni∝ cosθ Ek

Fig. 5. Simulated trajectories of ions passing through the grid of
the Faraday cage used in this study. Substrates A, B, and
C represent the substrate positions where the etch rates be-
low the grid wires are much lower than, higher than, and
nearly equal to the etch rates below the grid openings, re-
spectively.

Fig. 6. Changes in the simulated etch rates of SiO2 films below the
grid openings (� ) and below the grid wires (�) as a func-
tion of distance between the grid and the substrate surface.
Korean J. Chem. Eng.(Vol. 20, No. 2)
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A Faraday cage is effective for controlling the direction of ions
incident on the substrate in plasma etching. In this study, potential
distributions around a grid of a Faraday cage and trajectories of ions
inside the cage located in a high density plasma etcher were sim-
ulated by solving Poisson’s equation.

The size of the grid openings (2mm) was comparable to the thick-
ness of the sheath developed in the high density plasma, implying
that the plasma leaked partially through the grid openings. As a re-
sult, the potential distributions near the edge of the grid openings
(or near the grid wires) were severely disturbed and corresponding
trajectories of ions passing through the grid openings near the edge
deflected from the surface normal.

The etch rates of SiO2 films simulated by knowing the ion tra-
jectories showed that the deflection of ion incidence angle affected
the distribution of the etch rates as the distance between the grid and
the substrate surface was varied. When the substrate was located in
close proximity to the grid, i.e., the gap was 0.3 mm, the etch rates
below the grid wires were much lower compared to those below
the grid openings. This was due to blocking (or masking) by the
grid wires. As the gap between the grid and the substrate surface
increased, ions impinging on the substrate started to diverge, caus-
ing ions to focus below the grid wires. This resulted in higher etch
rates below the grid wires than those below the grid openings when
the substrate was placed beyond a certain distance (1.8 mm) from
the grid. When the gap increased sufficiently long (8 mm from the
grid), the ion trajectories finally overlapped with each other and the
etch rates were uniform across the substrate.

The etch rates were also measured with the same geometry of
the Faraday cage used in the simulation. The behavior of the sim-
ulated distributions of the etch rates showed qualitatively good agree-
ment with the measured ones.
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NOMENCLATURE

ai : ion acceleration vector
dsh : sheath thickness
E : electric field
Eis : initial ion energy
Ek : ion kinetic energy
e : elementary charge
k : Boltzmann constant
mi : ion mass
Ni : number of incident ions
ne : electron density
nes : electron density at the sheath edge
ni : ion density
nis : ion density at the sheath edge
Te : electron temperature
ui : ion velocity
uB : Bohm velocity

Vsh : sheath potential

Greek Letters
ε0 : permittivity of free space
λD : Debye length
θ : incidence angle from the surface normal
τi : ion transit time
Φ : instantaneous potential

: time-averaged potential
ω : frequency
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