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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 densityptsma 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 offf8i@ 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 located
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. The
behavior of the simulated distributions of the etch rates showed good agreement with the measured ones.
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INTRODUCTION free [Cho et al., 1999a]. Therefore, it is possible to obtain obliquely
etched substrates either by using a tilted plane of the grid [Cho et

Plasma etching is widely used for patterning of thin solid fims, al., 1999a] or a sloped substrate holder [Boyd et al., 1980].
which is a crucial operation in the fabrication of microcircuits and Using a Faraday cage has advantages of providing a chemical
other microdevices due to its anisotropic (vertical) etching capabil-environment similar to a practical plasma etching process as well
ity [Economou, 1995; Chung et al., 2002; Park et al., 2002]. Theas controlling precisely the energy and angle of incident ions [Cho et
directionality of etching is determined by the incidence angle ofal., 2001]. In addition, using a Faraday cage finds application in sup-
ions following the electric field across the sheath. In a conventionapression of faceting [Cho et al., 1999b], direct pattern etching with-
plasma etching system, a substrate is immersed in a plasma and thiet use of a resist mask [Cho et al., 2000], and the fabrication of
sheath forms nearly parallel to the substrate surface although thgurface gratings with V-grooves [Cho et al., 1999a)].
substrate is tilted from the electrode surface. Therefore, ions tend As mentioned above, a Faraday cage is supposed to shield the
to arrive at the substrate surface in nearly normal direction to it, irspace inside the cage from the outer electric field so that ions pass-
respective of the surface angle. It is this normal incidence of ionsng through the grid openings would maintain their directionality
that results in anisotropic profiles in plasma etching. normal to the grid plane. This is true for most ions. At the edge of

In some cases, however, it is desirable to etch oblique angles frohe grid openings, however, the electric field may be curved due to
the substrate normal. For example, it is beneficial to make sidethe presence of grid wires. This may cause ions near the edge of
walls of contact holes inclined for better control over metal deposithe grid openings to deflect from surface normal to the grid plane.
tion on the sidewalls [Cho, 1999]. Manipulation of the incident angle The size of grid openings of a Faraday cage is usually a few mil-
of ions impinging on a substrate surface can be achieved by usinigneters and the effect of fringing electric field is negligible for a
a Faraday cage [Boyd et al., 1980]. Faraday cage located in low density plasmas such as capacitively

A Faraday cage is simply a closed box of a conductor covereaoupled plasmas. This is because, in these plasmas, the sheath thick-
with a conductive grid on top of it. The Faraday cage shields theness is order of centimeters and much larger than the size of the
space inside the cage against the outer electric field in a plasmayrid opening. In high density plasmas, however, the sheath thick-
making the electric field zero in the Faraday cage. Although theness is usually several millimeters, comparable to the size of the
Faraday cage has small grid openings on its surface, the effect of aid opening. This may result in partial leakage of the plasma through
external field is attenuated drastically within a few diameters of thethe grid openings and deflection of ions inside a Faraday cage can
opening, and most of the space inside the Faraday cage remains fiddg significant in high density plasmas. Therefore, it is important to

understand and predict electric potential distributions around the

To whom correspondence should be addressed. Faraday cage and, in turn, ion trajectories inside the cage located in
E-mail: shmoon@surf.snu.ac.kr high dgnsity plaSmaS. . S '
“This paper is dedicated to Professor Baik-Hyon Ha on the occasion of In this work, trajectories of ions inside a Faraday cage located in
his retirement from Hanyang University. a high density Cfplasma etcher are presented by simulating po-

407



408 J-H.Ryu et al.

tential distributions around a grid. Based on ion trajectories, etclet al., 2000]; therefore, only the most important dimensions will be

rates of Si@films below grid openings and grid wires were cal- repeated: (i) the inner diameter of the reaction chamber was 30 cm,
culated at various distances between the grid and the substrate sii} the diameter of the cathode was 12.5 cm, and (iii) the spacing

face to elucidate ion focusing and/or ion deflection inside the Farabetween the 0.8 cm thick dielectric window under the coil and the

day cage. The etch rates were also measured and compared withthode was 3.5 cm.

the simulated ones. A cage with copper sidewalls and a roof made of a copper wire
grid was bolted on the cathode to make an enclosed Faraday cage
EXPERIMENTAL OBSERVATIONS [Fig. 1(b)]. The Faraday cage was 10 mm wide, 20 mm long, and
10 mm high. The gridded top surface of the Faraday cage was par-
1. Apparatus and Procedure allel to the horizontal cathode plane. The diameter of the grid wire

Etching experiments were carried out using a specially-designedvas 0.3 mm with 2 mm pitch. A substrate for etching wagra 1
Faraday cage to extract parameters for the simulation of ion trajedhick SiQ, film thermally grown on a p-type Si wafer. The sub-
tories during an etching process. A high density plasma was gerstrate was cut into the dimension of the cage (20 mmx10 mm) and
erated in a transformer coupled plasma (TCP) etcher shown in Fig. &tched in a Cplasma under the following process conditions: the
Fig. 1 also shows a Faraday cage used in this study. The etchingressure was 5 mtorr, the bias voltage v&&% V, the source pow-
system [Fig. 1(a)] was described in detail in the previous study [Chaer was 200 W, and the etch time was 6 min.

The substrate was fixed on a substrate holder (copper) placed on
the cathode inside the Faraday cage. Several substrate holders with

/ Source power different heights were used to obtain etch rates at various distances
P : between the grid (top of the Faraday cage) and the substrate sur-
~; TCP coill .

L) / face. The distances were 0.3, 1.8, 3.8, 5.5, and 8 mm. The etch rate

® @ @ B @ B @ B / Dielectric was obtaingd by. measuring changes in the film thickness with a
, I window Nanospec fim thickness meter (model AFT 200).

2. Observations

¥ Grid Substrate (SiOz film) Fig. 2 illustrates the etch rates of Siitns in a CF; plasma meas-
SR / ured at various positions in the Faraday cage when the distance be-
Faraday cage —» Substrate holder tween the grid and the substrate surface was 0.3 mm. Filled circles
(variable height) L .
at top of the plot represent grid wires. Therefore, rectangles and tri-
| <1 Cathode angles represent the etch rates measured below grid openings and
below grid wires, respectively. Similar plots were achieved at other
istances between the grid and the substrate surface to obtain the
I\ dist between th d and th bstrat rface to obtain th
= \ Blocking Capacitor etch rates below the grid openings and below the grid wires (not
Bias Power shown).
(a) Fig. 3 shows the changes in the etch rates of i below
' Grid wire ~_
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(b) Horizontal distance across the Faraday cage, x (mm)
Fig. 1. Schematics of (a) the TCP etcher and (b) the Faraday cage Fig. 2. Etch rates of SiQ films measured in a Clz plasma as a func-
used in this study. The wire diameter and the pitch of the tion of horizontal distance across the Faraday cage (see Fig.
grid surrounding the cage cover were 0.3 and 2 mm, respec- 1). The distance between the grid and the substrate surface
tively. x and y in the Faraday cage represent the directions was 0.3 mm. Filled circles at top of the plot represent grid
parallel and normal to the substrate surface, respectively. wires.
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30 where/, is the Debye length, e is the elementary chargés e
1 sheath potential, k is the Boltzmann constant, aigitfie electron
25+ temperature [Chen, 1984]. With typical values found in a high den-
1a A——a— sity plqsma of the similar type used in this work such that plasma
204 - / potential=1&-102 cm®, electron temperature=2-5 eV, and plasma
£ | \-/' potential=20-50 V, it can be estimated that the sheath thickness is
o 15- about 0.4-5.6 mm. Note that the sheath potential was in the range
® of 320-350 V in Eq. (1) since the bias voltage employed in the ex-
5 104 periment was 300 V. Since the ion mean free path and the sheath
i thickness are not affected by the presence of the Faraday cage but
5 by process conditions such as pressure and power, it can be said
—®— Etch rate below grid openings that the ion mean free path is much greater than the sheath thick-
—&— Etch rate below grid wires . . . . .
ness in this study. Therefore, the assumption of a collisionless sheath
oo';'é'é""'é'é';'é'é'w is reasonable.
Distance between grid and substrate surface, y (mm) (3) lons respond to a time-averaged sheath potential. The critical

parameter that controls ion modulation in an rf sheatlt jsvhere
Fig. 3. Changes in the measured etch rates of Siims below the s the frequency of the applied field ans the ion transit time
grid openings @) and below the grid wires &) asa func-  yhough the sheath [Panagopoulos and Economou, 1999]. When
tion of distance between the grid and the substrate surface. wr<<1, ions travel the sheath in a short time compared to the field
oscillation. In this case, an ion experiences the phase of the rf cycle
the grid openings (rectangles) and below the grid wires (trianglesprevailing at the time the ion enters the sheath. On the other hand,
as a function of distance between the grid and the substrate suwhen wr;>>1, ions experience many field oscillations while they
face. At a given distance between the grid and the substrate suraverse the sheath and respond only to a time-averaged sheath po-
face, the etch rates measured at 1, 3, 5, 7, and 9 mm from one etehtial. lon transit time can be estimated in a collisionless sheath
of the Faraday cage in x-direction were averaged out to obtain afiPanagopoulos and Economou, 1999] as in the form of
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 ,=3d,, | m, @
etch rates measured at 2, 4, 6, and 8 mm in x-direction. When the 2€Van
substrate was located in close proximity to the grid, i.e., the gap wawhere mis the ion mass. Using the same typical plasma parame-
0.3 mm, the etch rate below the grid openings was much higheters used in the first assumption (plasma potentil208 cn?,
than that below the grid wires by a factor of about 6. As the gapelectron temperature=2-5 eV, and plasma potential=20-50 eV) and
between the grid and the substrate surface increased, the etch ratke experimental bias voltage (300 ¥)is estimated to be about
below the grid wires became higher than those below the grid op40-560 ns in a CHlasma. A 13.56 MHz field was applied in the
enings. When the gap increased further, i.e., at 8 mm, the etch ratexperiment so thabis (2 7)x(13.56 MHz)=8.52x1Gs". Then, it
below the grid wires and the grid openings became nearly identicatan be found thabr, is about 4-48, which is much greater than unity.
implying that uniform etch rates were obtained across the samplét indicates that the time-averaged motion of ions is valid in this
at this gap. This behavior will be explained later by the results ob-study.
tained from the simulation of ion trajectories inside the Faraday cage2. Model Equations
Assuming that a plasma contains only one type of positive ions
MODEL FORMULATION (CR), the potential distribution within the sheath is described by
the Poisson’s equation

1. Assumptions
To simulate trajectories of ions inside the Faraday cage used in 0*® =—£9(n, —n,) )
this study, a simple model was developed based on the dynamics °
of an RF sheath obtained by Lieberman [Lieberman, 1988]. Thavhere® is the instantaneous potentialjsnthe ion density, .ris
assumptions of the analysis are as follows: the electron density, amglis the permittivity of free space.
Using the Bohm sheath criterion [Chapman, 1980] such that an
(1) In a CE plasma, CFis assumed to be the dominant ion spe- ion enters the sheath with a Bohm velocity, the energy conserva-
cies [Lieberman and Lichtenberg, 1994]. tion of ions within the sheath becomes
(2) lon-neutral collisions within the sheath are negligible. Under
the experimental conditions employed in this study, the mean free %m,u,z =%m,u§ -ed @)
path of ions is estimated to be about 6 cm assuming that the col-
lision cross section is T0cn?. At lower pressures, the sheath thick- where uis the ion velocity and,ts the Bohm velocity defined as
ness (g) can be estimated from

T 12
u, =K ©®)
va DmI O
dsh:l-uDDeV_ShD (€Y . : ey :
kT 0 Note that in Eq. (4), the time-averaged potertial () was used since
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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 S

-140.00 —— -140.00 -140.00 —

SR — 18000 ————-180.00 ————-180.00—
NU=NUg (6) E o 22000 ,;W — zzo 00- \77: —-22000_
where R is the ion density at the sheath edge (sheath-presheath bourZ o \\7 8”"0« [0 X \/.A%"/

ary). \_J N
Egs. (4) and (6) give the ion density in the form of 1 o \J T -~

Grid wire (-300V)

~v2

2epl] ) -2 9
n n.s[l elD =N _e—% W) <— Faraday cage (-300V)
mUBD EIS
where E is the initial ion energy expressed as \ T2 3 4 X?mm)e 78 9

Cathode (-300V)

EIS m uB (8) . . . . . . .
2 Fig. 4. Simulated distributions of the electric potential around the

Faraday cage used in this study. The potential difference

The electrons were assumed to be in Boltzmann equilibrium with between the equipotential contours is the same, 20 V. x and

the electron density given by y represent the directions parallel and normal to the sub-
strate surface, respectively (see Fig. 1). Filled circles repre-
n, nesexp%D 9) sent grid wires.

where 1, is the electron density at the sheath edge.

The presheath is electrically quasi-neutral with almost equal den- Since ions acquire their energy from the electric field developed
sities of positive () and negative (hcharges. Therefore, setting in the sheath and the electric potential profiles affect the direction
n=n.=n at the sheath-presheath boundary and substituting Eq®f ions crossing the electric field, it is instructive to see how the po-

(7) and (9) into the Poisson’s equation, one can obtain tential distributions form around the Faraday cage. Fig. 4 shows
5 the potential distributions around the Faraday cage obtained by solv-

O’ = EF{ -& D exp%% (10) ing Eq. (11) numerically by using the finite element method. The

° space within 3 mm both above and below the grid was simulated

Miller and Riley [Mlller and Riley, 1997] suggested that the time- since the sheath thickness is expected to be about several millime-
averaged potentiali{ ) is linear with respect to the instantaneouters in this study as estimated earlier. Geometries of the cage walls
potential ®). The modulation o was found to be negligible for and the grid are the same as those used in the experiment. All the
large values otut;, based on work of Panagopoulos and Econo- surfaces of the Faraday cage including the grid wires and the cath-
mou [Panagopoulos and Economou, 1999]. As estimated in the prede were set t6300 V, which was the bias voltage in the experi-
vious sectiongr, is about 4-48 under the typical high density plas- ment. The plasma potential and electron temperature were fixed at
ma conditions. Therefore, it can be said ta replaced byp for 20V and 5 eV, respectively.
large values otur,, implying that an equivalent DC sheath model  In Fig. 4, it can be seen that most of the potential drops above
can be applied to this study. This argument is partially supportedhe grid and its gradient decreases to zero below the grid. This in-
by the fact that the plasma potential is predominantly DC in induc-dicates the field shielding capability of the Faraday cage. lons pass-
tive discharges [Woodworth et al., 1996]. Normally, this DC (time- ing through the grid maintain their directionality inside the Faraday
averaged) potential has only a small AC (instantaneous) compoeage due to the absence of the electric field within it. It is shown
nent superimposed on it due to stray capacitances between the Rifiat the potential profile near the grid wires is severely disturbed.
induction coil and the plasma. Finally, the potential distribution in This is expected since the size of the grid opening is about 2 mm,

the sheath is expressed as comparable to the sheath thickness. Kim and Economou [Kim and
P Economou, 2002] proposed that the sheath thickness and the di-
—i—r{%l—eE—% —ex p%%} (12) ameter of the grid openings are the important length scales that con-

trol the shape of the plasma sheath formed over surface topogra-
Once the potential distribution is known, the electric fi@ll (  phy. They pointed out the plasma leaked partially through the grid
can be obtained, i.e., opening when the diameter of the grid opening is comparable to
the sheath thickness. Therefore, it can be said that the plasma leaks
partially through the grid openings in this study, showing the sig-
Knowing the electric field, trajectories of ions are easily deter- nificant disturbance of potential profiles near the grid wires.
mined by the equation of motion This partial leakage of the plasma affects the trajectories of ions
inside the Faraday cage, as shown in Fig. 5, where the trajectories

O0b=-E (12)

ma =~eE (13) of ions passing through the grid are simulated. The filled circles
wherea, is the ion acceleration vector. represent the grid wires and the spaces between the circles corre-
spond to the grid openings. lons are generated at the top plane

RESULTS AND DISCUSSION (plasma-sheath boundary) with the same initial spacing between
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Fig. 6. Changes in the simulated etch rates of Sj@ms below the
grid openings @) and below the grid wires &) as a func-
tion of distance between the grid and the substrate surface.

tance from the grid (substrate B in Fig. 5), ion flux below the grid
wires can be greater compared to below the grid openings due to
ion focusing. This leads to higher etch rates below the grid wires
than those below the grid openings, corresponding to the distances
of 1.8, 3.8, and 5.5 mm between the grid and the substrate in Fig. 3.
When the gap between the grid and the substrate surface is suf-
the Faraday cage used in this study. Substrates A, B, and ficiently '05‘9 (substrate C in Fig. 5), the .|0n trajecForles gxtenswgly
C represent the substrate positions where the etch rates be- overlap with each other such that the difference in the ion flux dis-
low the grid wires are much lower than, higher than, and ~ @Ppears and eventually the etch rates become uniform across the
nearly equal to the etch rates below the grid openings, re-  Substrate at the distance of 8 mm from the grid, as shown in Fig. 3.
spectively. The simulated ion trajectories inside the Faraday cage allow one
to approximate the etch rates of Slilins. It is known that the etch
rate of SiQin a Ck plasma is proportional to the cosine of the angle
them. Therefore, the density of lines representing ion trajectorie®f the ion incident on the substrate [Mayer et al., 1981]. It is also
indicates ion flux. lon-neutral collisions are not considered in theknown that etch yield (etch rate divided by ion flux) by ion bom-
simulation. In Fig. 5, it can be seen that ions passing through théardments has a linear relationship with respect to the square root
middle of each grid opening have their directionality in the surfaceof the kinetic energy (Jzof ions impinging on the substrate [Stein-
normal to the substrate surface all the way down to the bottom obruchel, 1989]. Accordingly, an etch rate of Si®a CF plasma
the Faraday cage. However, the direction of ions incident througttan be estimated as follows, neglecting chemical etching by radicals;
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 ofIn Eq. (14), Nis the number of incident ions afids the incident
the measured etch rates below the grid openings and below the grahgle from the surface normal.
wires at various distances between the grid and the substrate sur-Fig. 6 shows the simulated etch rates of, 8i@s below the grid
face (see Fig. 3). When the substrate is located in close proximitppenings and below the grid wires as a function of distance between
to the grid (substrate A in Fig.5), ions with little change in their the grid and the substrate surface. It can be seen that the behavior
flux are incident on the substrate below the grid openings. How-of the simulated etch rates is qualitatively in accordance with the
ever, nearly no ions are incident on the substrate below the grid wirameasured etch rates (see Fig. 3). One can see that at the gap of 0.3
due to blocking or masking by the grid wires. This results in muchmm, the simulated etch rate below the grid wire is zero, whereas
higher etch rates below the grid openings than those below the grithe non-zero etch rate was measured in the experiment. At this gap,
wires, corresponding to the case where the distance between tm® ions were expected to arrive at the position below the grid wires
grid and the substrate is 0.3 mm in Fig. 3. in the simulation (see substrate A in Fig. 5). In an actual situation,
As the gap between the grid and the substrate surface increasémwever, some ions can reach the position below the grid wires by
ions incident on the substrate are subject to diverge due to the papn-neutral collisions or by scattering at the edges of the grid open-
tial leakage of the plasma. This beam divergence causes ions to focimg)s although they are neglected in the simulation.
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- CONCLUSIONS

Fig. 5. Simulated trajectories of ions passing through the grid of

Etch raté] NcosA/E, 14
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A Faraday cage is effective for controlling the direction of ions V,, :sheath potential
incident on the substrate in plasma etching. In this study, potential
distributions around a grid of a Faraday cage and trajectories of ion@reek Letters
inside the cage located in a high density plasma etcher were sing  : permittivity of free space

ulated by solving Poisson’s equation. Ao : Debye length

The size of the grid openings (2 mm) was comparable to the thické  : incidence angle from the surface normal
ness of the sheath developed in the high density plasma, implying . ion transit time
that the plasma leaked partially through the grid openings. As are  :instantaneous potential

sult, the potential distributions near the edge of the grid openingsP  : time-averaged potential

(or near the grid wires) were severely disturbed and correspondingy  : frequency

trajectories of ions passing through the grid openings near the edge

deflected from the surface normal.

The etch rates of Sidilms simulated by knowing the ion tra-

jectories showed that the deflection of ion incidence angle affecte@®oyd, G. D., Coldren, L. A. and Storz, F. G., “Directional Reactive lon

the distribution of the etch rates as the distance between the grid and Etching at Oblique Anglesippl. Phys. Lett36, 583 (1980).

the substrate surface was varied. When the substrate was located@hapman, B., “Glow Discharge Processes; John Wiley & Sons, Inc.,

close proximity to the grid, i.e., the gap was 0.3 mm, the etch rates New York (1980).

below the grid wires were much lower compared to those belowChen, F. F., “Introduction to Plasma Physics and Controlled Fusion;

the grid openings. This was due to blocking (or masking) by the Plenum Press, New York (1984).

grid wires. As the gap between the grid and the substrate surfadgeho, B.-O., “A Study on the Etch Rate and Profile of Si and [Si@

increased, ions impinging on the substrate started to diverge, caus- in Fluorocarbon Plasma; Ph. D. Thesis, Seoul National University

ing ions to focus below the grid wires. This resulted in higher etch  (1999).

rates below the grid wires than those below the grid openings whegho, B.-O., Hwang, S.-W., Lee, G.-R. and Moon, S. H., “Angular De-

the substrate was placed beyond a certain distance (1.8 mm) from pendence of the Redeposition Rates During Bi€hing in a CF

the grid. When the gap increased sufficiently long (8 mm from the Plasma;J. Vac. Sci. TechnoA 19, 730 (2001).

grid), the ion trajectories finally overlapped with each other and theCho, B.-O., Hwang, S.-W., Ryu, J.-H., Kim, .-W. and Moon, S. H.,

etch rates were uniform across the substrate. “Fabrication Method for Surface Gratings Using a Faraday Cage in
The etch rates were also measured with the same geometry of a Conventional Plasma Etching Apparattgttrochem. Solid-State

the Faraday cage used in the simulation. The behavior of the sim- Lett, 2, 129 (1999a).

ulated distributions of the etch rates showed qualitatively good agreecho, B.-O., Hwang, S.-W., Ryu, J.-H. and Moon, S. H., “More Vettical

ment with the measured ones. Etch Profile Using a Faraday Cage in Plasma EtctR®y! Sci.
Instrumt, 70, 2458 (1999b).
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