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Nonplanar electrode topographies in plasma etching reactors are known to perturb plasma
properties. In this article results from a computational study of plasma etching reactors having
nonuniform dielectric structures below the wafer are presented. The system is an inductively
coupled plasma reactor having a 13.56 MHz bias applied to the substrate. The model we have used
is a hybrid simulation consisting of electromagnetics, electron Monte Carlo and fluid kinetics
modules, and an off-line plasma chemistry Monte Carlo simulation. We found that the subwafer
dielectric adds a series capacitance to the sheath and wafer resulting in voltage division of the
applied potential between the sheath, wafer, and dielectric. This produces a smaller sheath potential
and smaller sheath thickness above the dielectric. The ion energy distribution is therefore depressed
in the vicinity of the dielectric. The effect is more severe at high plasma densities where the
capacitance of the sheath is larger compared to the subwafer dielectric. © 1995 American Institute

of Physics.

1. INTRODUCTION

The surface topography of wafers, and the profile of me-
chanical structures in contact with the plasma, are known to
affect the uniformity of the plasma and the quality of the
product during the plasma etching of microelectronic
devices.!” The electric field enhancement which occurs at
the edges of grooves, wafers, electrodes, wafer clamps, and
other structures cause local perturbations in the plasma po-
tential and subsequently in the electron impact source func-
tions. The resulting perturbations in the ion flux (either in its
magnitude or energy distribution) and radical flux can cause
non-uniformities in etching characteristics. Typically, any
discontinuity in permittivity caused by either geometry or
material properties will, in a bounded system, perturb the
plasma potential. Although these perturbations are generally
undesirable, they have been capitalized to control of dust
particle contamination of wafers. Dust particle traps can be
created or controlled by strategic placement of structures
which produce local extrema in the plasma potential or ion
flux.? '

If one broadens their view of the “electrical system” of
the plasma to include the structural materials of the reactor,
then it is reasonable to expect that discontinuities in permit-
tivity below the wafer may also perturb plasma properties by
changing the electrical boundary condition at the edge of the
plasma. For example, dielectric structures below the wafer
can act as capacitors which change the local impedance and,
as a result, perturb the local current density. This phenom-
enon has been independently experimentally observed in the
context of the control of dust particle traps.*

In this article we will computationally demonstrate the
consequences of dielectrics located below the wafer on
plasma properties in inductively coupled plasma (ICP) etch-
ing reactors having an rf bias on the substrate.””!*> We find
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that the subwafer dielectrics modify the local impedance by
adding a series capacitance to the sheath and wafer. If the
capacitance of the dielectric is small, voltage division by the
dielectric reduces the sheath voltage. This results in a reduc-
tion in the ion energy and displacement current, and possibly
in the ion flux, to the wafer above the dielectric. The models
we have used in this study will be briefly described in Sec.
IT. Our results are discussed in Sec. III, followed by our
concluding remarks in Sec. IV.

Il. DESCRIPTION OF THE MODELS

The computer models we have used in this study have
been previously described,'*~'® and so will be only briefly
discussed here. The two-dimensional simulation, called a hy-
brid plasma equipment model (HPEM), is composed of a
series of modules which are iterated to a converged solution.
The electromagnetics module (EM) generates inductively
coupled electric and magnetic fields in the reactor. These
fields are next used in the electron Monte Carlo simulation
(EMCS) module. In the EMCS electron trajectories are fol-
lowed for many rf cycles producing the electron energy dis-
tribution as a function of position and phase. These distribu-
tions are used to produce electron impact source functions
which are transferred to the fluid kinetics simulation module
(FKS). In the FKS, continuity and ion momentum equations
are solved for all neutral and charged particle densities, and
Poisson’s equation is solved for the electric potential. The
resulting plasma conductivity is passed to the EM. The spe-
cies densities and time-dependent electrostatic potential are
passed to the EMCS. The modules are iterated until cycle
averaged plasma densities converge. Acceleration algorithms
are used to speed the rate of convergence of the model.

At the end of the HPEM electron impact source func-
tions and time-dependent electric fields are exported to the
plasma chemistry Monte Carlo simulation (PCMCS).!*!1517
The PCMCS launches pseudoparticles representing ions and
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neutral species during the rf cycle from locations weighted
by the electron impact source functions obtained from the
HPEM. The trajectories of the pseudoparticles are followed
in a time-dependent fashion using interpolated electric fields
(position and phase). Surface reactions are represented by
reactive sticking coefficients. Particle-mesh algorithms are
used to represent ion-ion, ion-radical, and radical-radical col-
lisions. In doing so, statistics on the densities of radicals and
ions are collected during the flight of the pseudoparticles and
transferred to the mesh. The pseudoparticles then collide
with the mesh defined densities. A converged solution is ob-
tained by iterating through many flights (or launchings) of
pseudoparticles.

In an improvement to the previously described models,
we have implemented a semianalytic sheath model in the
HPEM and PCMCS to address conditions where the mesh
spacing, Ax, exceeds the actual sheath thickness, \;, at
boundaries. If the mesh is too coarse to resolve the sheath,
the apparent sheath thickness is that of the mesh spacing
adjacent to the wall. The sheath voltage is then dropped
across the width of the numerical cell. For low pressures
where the sheath is collisionless, the sheath voltage and other
. parameters are little affected by the artificially large sheath
thickness. However, in not resolving the sheath, the electric
field in the sheath is diminished by the ratio of Aj/Ax. To
compensate for the latter effect in the HPEM, we separately
compute the conduction and displacement current to each
location on the plasma-material boundary. With knowledge
of the plasma density adjacent to the sheath (n,) we can
compute the expected rf sheath amplitude thickness using the
Lieberman sheath model,18

xszw]q‘; . Ax>), (12)
N [ da 7 1b
Ax \wgn,Ax (1b)

where j; is the displacement current density and j,q is its
uncorrected value. If A ,<<Ax, then j, is corrected. The re-
vised value of j, is then used to compute circuit parameters,
among them the dc substrate bias. In the PCMCS, a similar
procedure is followed to obtain the actual sheath thickness
A, . This is an important consideration since the transit time
of ions through the sheath relative to the duration of the rf
cycle in part determines the shape of the ion energy
distribution.'*~2! In the PCMCS the computational cell adja-
cent to a boundary is compressed to the actual sheath thick-
ness so that transit time effects are more accurately repre-
sented.

lll. PLASMA PROPERTIES WITH SUBWAFER
DIELECTRICS

We will investigate an inductively coupled plasma (ICP)
reactor having an rf bias applied to the substrate.” ' In this
type of reactor, ionization is dominantly provided by the in-
ductively coupled power as opposed to the substrate bias.
Therefore, the consequences of the subwafer dielectrics are
largely decoupled from plasma production. The thickness of
the sheath, inversely proportional to the electron density, can
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FIG. 1. Schematic of the inductively coupled plasma (ICP) reactor used in
this study. The plasma is produced by a spiral coil placed on top of the
dielectric window powered at 13.56 MHz. An rf bias, also at 13.56 MHz, is
applied to the substrate. To investigate subwafer structures, a dielectric ring
is placed under the wafer, as shown in the left panel. The time averaged ion
density in the absence of the ring is shown in the right panel (Ar, 5 mTorr,
800 W, 100 V rf bias).

also be independently varied (for a given rf bias) by varying
the ICP power. This situation differs from conventional par-
allel plate capacitively coupled plasma reactors where power
deposition (electron heating) is largely a result of sheath ac-
celeration. Perturbation of the sheaths by subsurface dielec-
trics could therefore be expected to have an effect on ion
production. RIE reactors will be addressed in a separate com-
munication. The working gas for this study is argon. The
electron impact cross sections and heavy particle collisions
used in the model are discussed in Ref. 22.

The ICP reactor is modeled after the LAM Research Inc.
9400 and 9600 series etching tools, and is schematically
shown in Fig. 1."""'® The 13.56 MHz inductively coupled
field is produced by a flat spiral coil (resolved as nested
annuli in the model) set on top of a dielectric window. The
wafer to window spacing is 7.5 cm. The 200 mm wafer sits
on an 1f biased substrate (100 V amplitude in this study). The
subwafer dielectric we have investigated is an alumina ring
flush to and embedded in the metal substrate as shown in the
left panel of Fig. 1. The dielectric ring is 1.5 cm thick and
1.8 cm wide. The wafer is in electrical contact with the sub-
strate and dielectric ring, and is assumed to be a lossless
dielectric.

The rf cycle averaged ion density is shown in Fig. 1 for
an ICP reactor (5 mTorr) without a subsurface dielectric. The
ICP power is 800 W. The peak plasma density is 6.2X 101
cm™3. The dc bias is —32 V. The ion density and plasma
potential are fairly uniform across the wafer with a center to
edge decrease of ~10%. The 1f cycle averaged ion density
for an ICP reactor with a subwafer dielectric ring is shown in
Fig. 2(a) in the vicinity of the dielectric. The plasma poten-
tial as a function of axial position at the center of the reactor
and through the dielectric are shown in Fig. 2(b). There is
clearly a perturbation in the ion density and plasma potential
in the vicinity of the subsurface dielectric. Above the dielec-
tric the sheath appears thinner and the cycle averaged sheath
potential is smaller. As a consequence, the plasma is closer to
the wafer above the dielectric on a cycle averaged basis. The
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FIG. 2. Time averaged plasma properties for an ICP reactor with a subwafer
dielectric ring. (a) Ar* density in the vicinity of the ring, (b) axial electric
potential at the center of the plasma and at the radius of the dielectric ring.

perturbation in plasma properties extends laterally beyond
the subsurface dielectric by perhaps 1 cm.

In the absence of the subwafer dielectric, the plasma-
sheath-wafer-substrate stack can be modeled as an equivalent
circuit consisting of series resistors and capacitors. The se-
ries components are R,(plasma)-C(sheath)-C, (wafer)-
V(voltage source). In the presence of the dielectric, an addi-
tional series capacitor C, is placed between the wafer. and
the voltage source. The equivalent circuit is then
R,-C;-C,,-C4-V. In this example, C, is smaller than or
commensurate to either C,, or C, . Therefore, a large fraction
of the applied voltage is dropped across C,. As a conse-
quence, the sheath voltage is smaller, which produces a thin-
ner sheath.

One can also see the consequences of a thinner sheath
(and lower sheath potential) above the wafer clamp in the
right panel of Fig. 1. The time averaged ion density is closer
to the wafer clamp than it is the wafer. The alumina wafer
clamp is thick, and therefore has a small capacitance com-
pared to the sheath or wafer. It therefore plays the same role
as the subwafer dielectric with respect to voltage division
and lowering the sheath potential in the plasma above it.

The time averaged ion flux and sheath thickness ob-
tained from the HPEM are shown as a function of radius in
Fig. 3(a) for the conditions of Figs. 1 and 2. The sheath
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FIG. 3. Time averaged sheath thickness and ion flux to the wafer when
operating with a dielectric ring. (a) 800 W ICP power, (b) 200 W ICP power.
The sheath thickness is thinner above the dielectric. The effect is less severe
at low ICP power when the sheath is thicker.

thickness in the absence of the subwafer dielectric increases
towards larger radius since the plasma density decreases. The
sheath thickness with the subwafer dielectric has a local
minimum above the dielectric which extends 1-2 cm beyond
the dielectric The ion flux also has a small minimum above
the dielectric, which is more localized to the dielectric. It
should be noted, however, that the ion flux computed using
the PCMCS has a smaller “dip” above the dielectric. The ion
flux calculated in the HPEM does not take into account long
mean free path effects, and hence should be considered a
worst case.

The consequences of the subwafer dielectric depends on
the ICP power since the plasma density scales nearly linearly
with power deposition. The time averaged ion flux and
sheath thickness are shown in Fig. 3(b) for an ICP power
deposition of 200 W. The lower plasma density produces a
thicker sheath which has a smaller capacitance. As a result,
the additional series capacitance of the subsurface dielectric
has a smaller perturbing effect compared to the high power
case. The sheath thickness still has a minimum above the
dielectric, but its relative depth is smaller. The ion flux also
has a small minimum above the dielectric. However, the ion
flux obtained from the PCMCS is nearly uniform.

On a time averaged basis, the sheath potential and thick-
ness above the dielectric are reduced. However these quan-
tities dynamically vary during the rf cycle. For example, a
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FIG. 4. Electric potental m the vicinty of the dielectric a various tunes
during the of cycle. The outline of the wafer and dielectric are shown. The
numbers at the top right of each frame denote the time during the rf cycle
{1-100). The de bias is —32 V, the rf amplitude is V=100 V and the of
voltage is V sin{w!) beginning with Frame 1. The potential in the plasma is
perturbed 1o distances as far as 2 cm from the dielectric.

sequence of the electric potential at eight times during the rf
cycle is shown in Fig. 4. The dc bias is —32 V. The applied
if potential 1s positive during the first half of the rf cycle
{frames 1-50} and negative during the second half of the rf
cycle (frames 51-100). During all portions of the rf cycle,
the voltage drop across the subwafer dielectric reduces the
sheath potential and produces a thinner sheath. During the
anode portion of the cycle, the sheath potential is smaller,
and so the differences in sheath potential above the subwafer
dielectric compared to other locations is smaller. The effect
is more severe during the cathode portion of the rf cycle
when the sheath potential 1s larger. The largest perturbation
in the plasma potential far from the dielectric occurs when
the substrate is at its most negative voltage and increasing
towards positive values, The perturbation in plasma potential
extends more than 2 cm above the wafer and laterally be-
yond the dielectric. At this ume, the sheath is collapsing as
electrons begin moving towards the water. The substrate im-
pedance at the radius of the dielectric is higher than adjacent
regions. From a circuit standpoint, this reduces the current
flowing to the wafer at the radii of the dielectric. The poten-
tial collapse 1s therefore slowed.

The ion energy distributions {IEDs) obtained from the
PCMCS for Ar" striking the wafer as a function of radius are
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FIG. 5. lon energy distnbutions stnking the water as a funcuon of radius for
the {aj 800 W ICP case and (b} 200 W ICP cases. The IED is depressed in
the vicimty of the dielectric due o the reduced sheath potential,

shown in Figs. 5 and 6 for the high and low power cases. The
IEDs are shown as a function of radius in Fig. 5. The IEDs at
the center of the dielectric and far away from the dielectric
are shown in Fig. 6. Due to the thin sheath resulting tfrom the
large plasma density, the ions in the high power case have a
short transit time across the sheath. The ions therefore expe-
rience nearly the instantaneous sheath potential as opposed
10 the time averaged sheath potential. As a result the IED has
the characteristic two peak shape typically associated with
conventional capacitively coupled RIE etching tools operat-
ing at low frequencies {100 kHz to a few MHz} or with light
ions at 13.56 MHz." Typically the sheath transit time for
heavy ions is sufficiently long in reactors operating at 13.56
MHz and at low plasma density (=10' ¢cm ?) that the IED
has a single peak.'®?

Far from the subwafer dielectric, the IED in the high
power case is uniform as a function of radius, but narrows
slightly at large radius. This narrowing is a result of the
lower plasma density at large radius which produces a
thicker sheath, thereby lengthening the transit ume. In the
vicinity of the dielectric, the IED has a “'dip” in energy. This
decrease is a result of the reduced sheath potential above the
dielectric, a consequence of the cited voltage division be-
tween the sheath, wafer, and dielectric. Note that the pertur-
bation of the IED extends approximately 1 cm beyond the
edge of the dielectric. The fact that the IED has a single peak
in the vicinity of the dielectric is less a consequence of a
long transit time than a small I amplitude. The average
angle of incidence of 1ons is shown in Fig. 7 as a function of
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FIG. 6. Ion energy distributions striking the wafer at locations “A” and “B”
denoted in Fig. 5(a) 800 W ICP case and (b) 200 W ICP case.

position on the wafer. Due to the thinner sheath and lower
sheath voltage, the average angle of ions striking the wafer is
larger above the dielectric. The average angle, approximately
7°, is commensurate to that seen in low pressure RIE tools
having similar 1f biases.?!

The IED for the low power case, is less perturbed com-
pared to the high power case. Recall that the sheath is thicker

at low power due to the lower plasma density. The thicker -

sheath results in a longer ion transit time across the sheath,
resulting in the ions residing in the sheath for proportionally
more rf cycles. The end result is the IED has a narrower
width about the time averaged sheath potential. The dc po-
tential is also more negative. This has little to do with the
presence of the dielectric but is rather a characteristic of ICP
discharges. For a given rf bias amplitude, the dc bias is often
observed to become more negative at lower ICP
powers.!?32* Ag with the high power case, the average en-
ergy of the ion flux is decreased in the vicinity of the sub-
wafer dielectric. However the magnitude of the decease in
ion energy is less. This is a result of the thicker sheath having
a smaller capacitance and as a consequence the amount of
voltage division with the subwafer dielectric is proportion-
ally smaller.

The reduction in ion energy and flux above the dielectric
may produce a reduction in etching rate at those locations for
ion driven processes. For example, the outlines of gas distri-
bution channels under the wafer (a “dielectric” with a unity
relative permittivity) have been observed when etching SiO,
using CF, gas mixtures. These observations were made in an
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FIG. 7. Ion angular distribution to the wafer as a function of radius for the
200 and 800 W ICP case. The IAD is wider above the dielectric due to the
reduced sheath potential.

ICP reactor having an electrostatic chuck.? The etch rate for
this ion driven process was lower above the channels where
the ion energies are expected to be lower. '

IV. CONCLUDING REMARKS

The consequences of subwafer dielectrics in plasma
etching tools have been computationally investigated. We
found that dielectric structures positioned between the wafer
and the driven electrode alter the local impedance (£} cm™?).
If the capacitance of the dielectric is small compared to the
wafer and sheath, voltage division will result in a significant
fraction of the applied voltage to be dropped across the di-
electric. As a result, less voltage is locally dropped across the
sheath. This results in a thinning of the sheath and perturba-
tion of the plasma. In ICP etching tools where ionization is
largely decoupled from the applied rf bias, the perturbed
sheath is manifested in a reduced current density (conduction
and displacement) to the wafer above the dielectric. The ion
energy distribution is also lowered in energy above the di-
electric. These effects will be mitigated by highly conductive
wafers which appear to be an equipotential plane, thereby
shielding the plasma from nonuniform permittivities below
the wafer.
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