Non-uniform rf plasma potential due to edge asymmetry in large-area rf reactors
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In small area capacitive reactors, the rf and dc components of the plasma potential can be assumed
to be uniform over all the plasma bulk because of the low plasma resistivity. In large area reactors,
however, the rf plasma potential can vary over a long range across the reactor due to rf current flow
and the non-zero plasma impedance. A perturbation in rf plasma potential, due to electrode edge
asymmetry or the boundary of a dielectric substrate, propagates along the resistive plasma between
capacitive sheaths. This is analogous to propagation along a lossy conductor in a transmission line,
and the damping length of the perturbation can be determined by the telegraph equation. Some
consequences are:

i) The spatial variation in sheath rf amplitudes causes non-uniform rf power dissipation near to
the reactor sidewalls;

i) The surface charge and potential of a dielectric substrate can be negative, and not only positive
as for a uniform rf plasma potential. The variation of sheath dc potential across a dielectric substrate
causes non-uniform ion energy bombardment;

iii) The self-bias voltage depends on the plasma parameters and on the reactor and substrate
dimensions - not only on the ratio of electrode areas;

iv) The non-uniform rf plasma potential in presence of the uniform dc plasma potential leads
to non-ambipolar dc currents circulating along conducting surfaces and returning via the plasma.
Electron current peaks can arise locally at the edge of electrodes and dielectric substrates.

Perturbations to the plasma potential and currents due to the edge asymmetry of the electrodes

are demonstrated by means of an analytical model and numerical simulations.

PACS numbers: 52.50.Dg, 52.80.Pi, 81.15.Gh

I. INTRODUCTION

Capacitively-coupled parallel plate rf reactors are com-
monly used for plasma enhanced chemical vapour depo-
sition (PECVD) and dry etching of thin films such as
amorphous silicon or silicon oxide. Large area (>1 m?)
reactors are used for the production of photovoltaic so-
lar cells and thin film transistors for flat screens. These
industrial applications typically require a uniformity in
film thickness to better than £+ 10%.

The plasma non-uniformity considered in this paper is
due to the redistribution of rf current along the plasma
near the edges of asymmetric electrodes, which is nec-
essary to maintain rf current continuity. This results
in non-uniform rf plasma potential and power dissipa-
tion, and consequently non-uniform deposition or etch
rates. Moreover, it will be shown that the sheath dc po-
tential can vary across a dielectric substrate resulting in
non-uniform ion energy bombardment, a critical issue for
uniformity of etch rate and material properties.

Many other phenomena can give rise to non-uniform
deposition or etching in rf parallel plate reactors, includ-
ing imperfect contact of the substrate with the electrode
[1], inappropriate gas flow distribution [2], clouds of dust
particles [3], and finite wavelength effects associated with
high frequencies in large reactors [4-9]. In the first part
of this work, it will be assumed for convenience that the rf

frequency is low enough such that a quarter rf wavelength
is much longer than the reactor dimensions. Conducting
electrode surfaces are therefore equipotential for the dc
and rf components over their whole surface. The case of
high frequency in asymmetric reactors, which requires si-
multaneous treatment of both finite wavelength and edge
effects, is briefly discussed in the appendix.

This paper is organised as follows: The basic edge
asymmetry phenomenon is outlined in Section II. Sec-
tion III develops a propagation model based on the tele-
graph equation [10] to show how the rf plasma potential
is affected in large area reactors where the dimensions
are larger than the damping length for rf voltage per-
turbations. Perturbations in potential and currents for
a sequence of reactor configurations are then calculated
by means of a simple analytical model. Comparisons
with two numerical models are shown in Section IV. The
consequences of non-uniform rf plasma potential are dis-
cussed in Section V before concluding.
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FIG. 1: Schematic scale view of two plasma processing reac-
tors with a 25 mm electrode gap (taken from Schmitt et al
[10]); (a) for a 200 mm wafer in a cylindrical reactor, and (b)
for a 1 m? substrate in a rectangular reactor. The large-area
reactor in (b) can be considered to have a central zone having
symmetric electrodes, surrounded by asymmetric edge zones
delimited by a characteristic damping length ¢ for rf current
propagation.

II. FAILURE OF THE
UNIQUE-PLASMA-POTENTIAL MODEL TO
ACCOUNT FOR LARGE-AREA PLASMA
REACTORS

The diagram in Fig. 1(a) shows a conventional asym-
metric reactor where the inner, rf electrode area is less
than the ground electrode area because of the grounded
sidewalls used for lateral confinement of the plasma. His-
torically, rf reactors were sufficiently small so that the rf
and dc plasma potentials could be taken to be the same
over the entire plasma width: the plasma resistivity was
low enough to ’short circuit’ any plasma potential differ-
ences arising from the pattern of rf current flow to the
sidewalls. For this case of a unique plasma potential, the
uniform dc and rf sheath potentials and the dc self-bias
of a capacitively-coupled rf electrode depend only on the
ratio of electrode areas [11, 12].

For the large-area reactor in Fig. 1(b), however, the
central zone could be considered to have symmetric elec-
trodes (with plasma rf potential equal to half of the rf
electrode voltage), whereas the edge zones apparently
have non-symmetric electrodes (consequently with unbal-
anced rf sheath voltages). These different situations can
be reconciled by postulating a variation of the rf plasma
potential laterally across the reactor [10]. This perturba-
tion arises because the supplementary rf current from the
grounded sidewalls must be distributed across the plasma
to the rf electrode to maintain rf current continuity. This
re-distribution of rf current causes a perturbation to the
rf plasma potential when the lateral plasma impedance
is accounted for. The spatial profile of non-uniform rf
plasma potential extends over a characteristic damping
length § which delimits the non-symmetric edge from the
central symmetric region in Fig. 1(b). To summarize: for
a non-symmetric reactor wider than the damping length,
the rf sheath voltage amplitudes are unequal close to the
reactor edges, but tend to be the same in the center as
for a symmetric reactor.

For capacitively-coupled reactors, the dc current in

1z excitation electrode

sidewall

I ground electrode
10 L X

_excitation electrode |4I @ —
il L ;1 L ced
-|_R dx, L de “ I(x)

- v 1(x)
1 it

plasma

Vss C' dx
“ground electrode-r « & ° )T - T =

>
|
:

FIG. 2: Above: Schematic of the plasma reactor, showing a
half-width L, with a grounded sidewall (not to scale). The
electrode gap g contains a uniform bulk plasma, height h,
with sheaths of thickness d so that ¢ = h + 2d. The height
H of the sidewall sheath in contact with the bulk plasma is
H = h. Below: One-dimensional representation of the plasma
equivalent circuit; es refers to the excitation electrode sheath,
gs refers to the ground electrode sheath.

the external circuit and transversely across the plasma
is zero, but it will be shown in the following sections
that, in the presence of non-uniform rf plasma potential,
dc current circulates laterally within the plasma and re-
turns via the conducting electrode surfaces of a large area
reactor. It is only with the advent of reactors whose lat-
eral dimensions exceed the damping length for rf poten-
tial perturbations (this defines ’large’ in the context of
this paper) that the inadequacies of the unique-plasma-
potential model have become apparent. For example, the
electrostatic charging of glass substrates is observed to be
negative, and not positive as for a unique plasma poten-
tial situation [13]. It is shown below that the telegraph
model can account for these observations.

III. THE TELEGRAPH EQUATION APPLIED
TO LARGE AREA RF REACTORS

In order to describe the propagation of a perturbation
of the rf plasma potential in a large area reactor with non-
zero plasma resistivity, we consider a one-dimensional
equivalent circuit model of a uniform plasma slab with
vacuum sheaths as shown in Fig. 2.

For this one-dimensional model, the plasma is taken
to be infinitely long and uniform along the y direction
(see Fig. 1). In the figure, Cj; and C;, represent the



ground and rf electrode sheath capacitance per unit area
respectively, and (Rs; + iwLs,) represents the lateral
plasma sheet impedance per square, estimated as fol-
lows: In usual rf plasma processing conditions, where
w2, > w1+ an/oﬂ)l/ ?. the conduction current in
the plasma dominates the displacement current, and the

2
.. . _ ne
plasma conductivity can be written as o, = F (e

[12] (wpe = \/% is the electron plasma frequency, ne
the plasma electron density, m. the electron mass, w
the rf excitation angular frequency, and v, the electron-
neutral collision frequency). For a uniform plasma slab of
height h, the lateral plasma sheet impedance per square
is 1/(opih) = Rsq + iwLgy, where Ry is the dc sheet re-
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sistance, Rsq = 1/(04ch), (04c = is the plasma dc
conductivity), and Ls; = Req/Vm.

In the following, the transverse impedance of the
bulk plasma is neglected in comparison with the sheath
impedance. The transverse impedance of the bulk plasma
is also small compared with the plasma lateral impedance
because h <« L. For a uniform plasma slab, and in
absence of any perturbation, the rf potential amplitude

across the ground sheath, U?,, which is equal to the rf

~ 9s?
plasma potential Ug , is given by capacitive division:

e 1)

where U, ¢ is the rf excitation amplitude. In the absence
of any dielectric substrate, Cy; = Cpy = €o/d (where d
is the vacuum sheath width) and the rf amplitude of the
plasma potential is half of the rf excitation amplitude, as
expected for equal, unit area electrodes.

In the presence of a perturbation V(z,t) to the rf
plasma potential (for example, due to the sidewall rf cur-
rent), the time-dependent ground electrode sheath and
plasma potentials become

Uys(x,t) = Up(x,t) = U;)S exp(iwt) + V(z,t), (2)
and the excitation electrode sheath potential is
Ues(x,t) = U, exp(iwt) — V(x,1), (3)
where
Uy + U2, = Uys(@,t) + Ues(z,t) = Uyy. (4)

A lateral rf current, I(x,t) per unit length along y, (in-
tegrated over the plasma bulk height h) flows along the
plasma to redistribute the rf current equally between the
asymmetric electrodes, where (see Fig. 2):
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for the voltage drop due to lateral current flow, and
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for continuity of the lateral current, where C' = Cj  +
C!, = 2¢p/d is the combined parallel sheath capacitance
per unit area. The voltage perturbation is therefore given
by

v
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which is the telegraph equation. The lateral current flow
along the plasma between the sheaths which isolate the
plasma from the electrodes is analogous to current flow
down a transmission line which has a lossy conductor; the
sheaths represent the dielectric medium of the line. The
name "telegraph equation” specifically applies to signal
transmission down a lossy transmission line.

The voltage perturbation due to the sidewall in Fig. 2
has the same frequency as the rf excitation, so V (z,t) =
V(z) exp(iwt). The general solution for the voltage per-
turbation in Eq. 7 is

V(z,t) = V1 exp(vyzx) exp(iwt) + Vs exp(—vyz) exp(iwt),

(8)

where ~ is the propagation factor given by
7V =(i- W/ Vi )wRsqC", 9)

and we have substituted for Ls; = Rgq/Vm. For low
excitation frequency and high pressure, w/v, < 1 (for
example, w/vy, =~ 0.1 for 13.56 MHz and 0.2 mbar in
argon), and the sheet inductive impedance wL,, can be
neglected with respect to R, for convenience, giving:

L0+ o [ 2 fouhd [
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(10)

by substitution for Ry, and C'. The solution for the
perturbation to the plasma rf potential propagating along
the z direction is therefore of type

V = Vyea/dgilwt—a/s), (11)

which is a strongly damped wave with 1/e damping
length § and wavelength 27d. The effect of inductance is
to increase the damping length and decrease the wave-
length. Values of § were estimated for various pressures
and electron densities in Fig. 3. The damping length
can easily be smaller than the dimensions of PECVD re-
actors, and consequently any non-uniform rf plasma po-
tential, due to discontinuities such as the edges of elec-
trodes and dielectric boundaries, will extend across the
substrate resulting in a non-uniform plasma process.
For the purposes of the following analytical descrip-
tion, we will assume that the plasma density and tem-
perature are unaffected by the spatial variation of the
voltage perturbation, which is a reasonable first order
approximation if |V (z,t)] < U,s. This model is there-
fore not a self-consistent description and is only intended
to give a physical picture of the various edge effects. A
self-consistent treatment is left to the numerical modeling
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FIG. 3: Estimated damping length §, at 13.56 MHz excitation
frequency, as a function of electron density for four values of
the electron-neutral collision frequency. Approximate equiv-
alent pressures for argon are given in the legend. For the
examples shown in this work, the plasma height is 19 mm
and the sheath widths are 3 mm for a total electrode gap of
25 mm.

in Section IV. We now develop five illustrative examples,
progressing systematically towards a realistic experimen-
tal configuration, in the following sequence:

IITA Asymmetric reactor with insulating electrodes;

IITB Asymmetric reactor with conducting electrodes;

IIIC Asymmetric conducting reactor with a thin di-
electric substrate;

IITD Symmetric conducting reactor with a thick di-
electric substrate;

IITE Asymmetric conducting reactor with a thick di-
electric substrate.

The procedure for each example will be the same as
follows:

i) the telegraph equation is used to calculate the spatial
profile of the plasma rf potential amplitude;

ii) the condition for zero net dc current to the ground
electrode is used to deduce the dc plasma potential;

iii) the condition for zero net dc current to the rf ex-
citation electrode is then used to deduce the dc self-bias
voltage.

Finally, in Section IITF, it is shown how the telegraph
effect can be eliminated using a symmetric reactor design.

1-D Cartesian geometry is used, which assumes that
the reactor dimension along y in Fig. 1 is infinitely long
so that the influence of the reactor corners and lateral
walls parallel to the x axis can be neglected. For a real
reactor, the telegraph equation can be solved for two di-
mensions, « and y [14].

A. Asymmetric reactor with a thin insulating film
on the electrodes

The reactor asymmetry in Fig. 2 is due to the
grounded vertical sidewalls at # = +L. The solution
of Eq. 7, using Eq. 2 for the rf plasma potential, is an

even function in z:

Up(z) = Ugs + Vi exp(yz) + V1 exp(—vyz)
= UY, [1 - Kcosh(vx)] , (12)

where the constant K remains to be determined by the
boundary condition at the sidewalls. There is no dielec-
tric substrate, therefore the sheath capacitances per unit
area are equal in Eq. 1 and so U, = U5 /2.

The capactive coupling of the plasma via the sidewall
sheath, height H, to the sidewall causes a perturbation
to the rf current of

Twan = Cwall% = iwcwallUp(L) (13)
for unit length of the sidewall along y. If we assume
for convenience that the sheath between the plasma and
the sidewall has the same width as for the electrodes,
then Cypan = C’;sH = C'H/2. The boundary condition
is satisfied by equating the current in Eq. 13 with the
current at © = L from Eq. 5 (with Ls;, = 0), which gives
K. The spatial profile envelope of the plasma rf potential
amplitude is then given by the magnitude of

Uy(z) = % [1 - Kcosh(’yx)] ;
H
K= (2/~) sinh(yL) + H cosh(yL) (14)

The ground sheath rf voltage profile Uy, () is identical
to Eq. 14 and the equivalent profile for the rf electrode
sheath, U.4(z), is obtained from Uy + Ues = U, .

The relative non-uniformity in plasma potential can be

represented as the magnitude of %}J;(L). This non-

uniformity extends into the plasma over about 7é from
the reactor wall. In Fig. 4(a) with a fixed reactor size, the
smaller the value of §, the stronger the non-uniformity
and the more closely it is confined to the reactor walls.
In Fig. 4(b), for sufficiently large reactors, the degree of
non-uniformity is independent of L; for such a reactor
with halfwidth L > 7d, the relative plasma potential
non-uniformity is given by [2(6/H)* + 2(6/H) + 1] 1/
which depends only on the ratio of damping length to
the length of the sidewall sheath.

An example of the sheath potential profiles is given in
Fig. 5(a) for a 50 cm wide reactor and =5 cm, where
the transition from the unequal sheath potentials at the
asymmetric edge to the almost-symmetric sheaths at the
center is shown. The sheath potentials vary by about 22
%, and this perturbation extends inwards from the walls
over a distance of about 15 cm.

Since the electrode surfaces in this sub-section are
insulating, they will charge up to the dc sheath self-
rectification voltage [15-17] necessary to maintain lo-
cal ambipolarity (zero dc current) everywhere. For the
ground electrode this is given by

Ugs = Uy + Te n[Io(|U, |/ T0)) (15)
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FIG. 4: The relative non-uniformity in plasma potential, for
H =19 mm: a) as a function of the damping length 4, for L
= 25 cm and for the limit of a large reactor; b) as a function
of reactor halfwidth L, for § = 5 cm. The dashed lines cor-
respond to the expression for large reactors given in the text.
The points indicated correspond to the parameters used for
the following examples in this paper, namely L = 25 cm and
6 =5 cm.

for a sinusoidal sheath voltage, where I is the zeroth or-
der modified Bessel function and Uy = Z= In(M;/2.3m,)
is the voltage difference of a floating probe in a dc
plasma below the plasma potential. The magnitude of
the plasma rf potential is used since the phase has no sig-
nificance for time-averaged, dc values. The correspond-
ing electrode surface voltages are shown in Fig. 5(a). The
time-averaged current is zero everywhere, and therefore
the plasma dc potential is uniform (equipotential), taken
to be U,;/2 = 200 V in the example shown. The ground
electrode surface dc potential becomes more positive to-
wards the edges because the self-rectification voltage is
smaller, compared to the dc plasma potential, in presence
of the reduced rf amplitude of the ground sheath.
Figure 5(b) shows the total edge power dissipation
which increases by about 5 % relative to the unperturbed
value, assuming power dissipation proportional to the
sum of the square of the rf sheath voltages. Note that,
because of the 22 % variation in the individual rf sheath
voltages in Fig. 5(a), the increase in the excitation elec-
trode sheath power at the edge is 49 % above the un-
perturbed value, and 39 % less power at the edge of the
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rf potentials at the ground and excitation electrodes in an
asymmetric reactor, halfwidth L = 25 cm, with plasma height
h = H = 19 mm and rf voltage amplitude 400 V. The damp-
ing length is 6 = 5 cm. The transition from the asymmetric
edge to symmetric center is clearly shown. Also shown are the
time-averaged potentials on the ground and excitation insu-
lating electrodes for T, = 3 eV - the electrode surfaces charge
up to maintain local ambipolarity; b) the relative increase in
total rf plasma power at the edge, assuming power dissipa-
tion proportional to the sum of the squares of the rf sheath
voltages, and magnitude of the rf lateral current perturbation
normalised to the transverse rf discharge current.

ground electrode sheath with respect to the unperturbed
value.

From Eq. 5 or 6, the lateral rf current perturbation
I can be calculated. When normalised to the rf plasma
(transverse) current Iy = wLC'U,s/2 per unit length
along y, we obtain:

= (%)Ksinh(yx), (16)

whose magnitude is about 3 % in the example of Fig.
5(b), being largest at the edges and falling to zero at the
center, as expected because the edge sidewalls are the
source of the rf current perturbation.

B. Asymmetric reactor with conducting electrodes

The reactor geometry is the same as in Fig. 2, and so
the solutions for the envelopes of the sheath rf voltage
amplitudes are the same as in Eq. 14 and Fig. 5(a).



However, now the dc potential of the conducting elec-
trodes, the dc plasma potential Up and therefore the
dc sheath voltages are all uniform. Since the rf ampli-
tude varies with position, however, there are now regions
where the dc and rf sheath voltages do not satisfy the
self-rectification condition in Eq. 15 for zero dc current,
resulting in local non-ambipolar dc current flow. The dc
current density from the plasma to the ground electrode
is given in terms of U,(z) and U, by [15]:

. . ~ Uy - U,
Jde = Jsat 1- IO(|UP|/T6) exp(%)], (17)

where jgq: is the saturated ion current density [12]. Ion
current from the plasma to the electrodes is defined as
positive in this work. The surface-integrated dc current
flow is zero for each electrode, as imposed by the capac-
itive coupling: The constraint of zero net dc current to
the ground electrode, fOL Jde dx + Hjge(z—r) = 0 (which
includes the dc current to the sidewall), using Eq. 17, de-
termines the dc plasma potential U,. The constraint of
zero net dc current to the excitation electrode is obtained
by a similar integral (excluding sidewall) for the excita-
tion electrode sheath with rf voltage U.,="U, = ﬁp and
dc voltage U.s = U, — Ug, which determines the self-bias

Ugp. Dc current is therefore constrained to flow in to and .

out of each electrode sheath, circulating via the plasma
and the conducting surface of the electrode. The result is
that asymmetry in large reactors leads to circulating dc
currents. The spatial profiles of dc current flow across the
sheaths, using Eq. 17, are shown in Fig. 6(a) along with
a schematic of the circulating dc current in Fig. 6(b). In
Fig. 6(b), a net positive time-averaged dc current in Fig.
6(a) is represented as a net flow of positive ions from the
plasma to the corresponding electrode; similarly, a net
negative dc time-averaged current is represented as a net
flow of electrons from the plasma to the corresponding
electrode. The dc current densities are given in units of
saturated ion current density, jsq¢, and the integrated dc
currents flowing along the electrode surfaces (per unit
length along y) are in units of jseem. The dc plasma
potential is U, = 206 V, and the self-bias Uy, = -28 V.

Since there are dc as well as rf currents, there is no a
priori reason why the dc plasma potential Up should, in
fact, be equipotential, because the rf and dc resistivities
are the same in the limit w/v,, < 1 chosen for conve-
nience in this work. A self-consistent plasma model, as
in Section IV, would also take the spatial variation of U,
into account. However, since the dc currents are gener-
ally limited by the ion saturation current, except where
strong localized electron currents arise, the dc currents
and lateral voltage variations are much less than the rf
currents and voltages, and the time-averaged plasma po-
tential is therefore taken to be spatially uniform in this
work for simplicity. Measurements of the dc currents can
serve as diagnostics for experimental verification of the
telegraph effect [14].

Because the plasma density is assumed to be constant
throughout the whole reactor, and not influenced by
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FIG. 6: a) Calculated dc current flow across the sheaths of
the ground and excitation electrodes (zero net dc current to
each electrode) in an asymmetric conducting reactor (same
dimensions as Fig. 5); b) schematic representation of the cor-
responding circulating currents. This is the dc current circu-
lation caused by the reactor asymmetry in Fig. 2. Ion current
from the plasma to the electrodes is defined as positive.

the spatial variation of rf sheath voltage (reasonable if
V(z,t) < U, ), the intense peaks of electron current at
the edges of the rf electrode are due entirely to the non-
uniform rf plasma potential in this model, and not due to
zones of intense power disspiation due to edge-localized
fields as, for example, in Refs. [7, 18].

Due to the high electron mobility, the plasma poten-
tial will tend to remain positive with respect to all con-
ducting electrode surfaces. In the limit where the rf
voltage is much larger than T,, the dc sheath poten-
tial will therefore always be approximately equal to the
maximum of the envelope of rf amplitude (due to self-
rectification [17]). Consequently, the dc plasma potential
will be approximately equal to the ground sheath rf am-
plitude in the central, symmetric zone of the reactor, i.e.
Up ~ Uys(z = 0). In contrast, the rf amplitude of the



sheath potential of the excitation electrode increases to-
wards the edge, © = L, and so its dc sheath voltage must
increase accordingly. This can only be accomplished by
driving the dc voltage of the excitation electrode to a neg-
ative self-bias value. In the limit U, > T, the self-bias
U, tends to the difference between the largest values of
the sheath self-rectification voltages:

Usp = Uys(x = 0) — Ups(z = L). (18)
Substituting the expressions for the rf sheath amplitudes
in section III A, the self-bias can be estimated from:

Usp ~ —|%K(1 + coshyL)|,

(19)
which is negative as expected for a reactor with excitation
electrode smaller than the ground electrode [11]. The
self-bias for a small reactor (i.e. with unique plasma
potential as described in Section II), in the same limit of
U,y > T., depends only on the sheath capacitances [11]
Ces=Cls
Ces+Cygs
Ces = €02L/dand Cys = €9(2L+2H)/d in the model used
here. This corresponds to the limit of Eq. 19 for L < 6,
as expected because this defines a small reactor in the
context of this work. The dependence on § of Eq. 19 is
indicated Fig. 7(a), and on L in Fig. 7(b). Compared to
the conventional unique-plasma-potential model relevant
to small reactors, the telegraph model predicts that the
self-bias voltage in a large reactor can be more negative
and depends on reactor geometry and damping length,
and not only on the ratio of sheath capacitances.

and is given by Uspp =

- " .
= -Uyy —2L+H>, since

C. Asymmetric conducting reactor with a thin
dielectric substrate

We now consider the effect of a thin dielectric substrate
placed symetrically on the ground electrode, width 2S5
(S < L), as in Fig. 8(c). By ’thin dielectric’ it is meant
that the capacitive impedance of the dielectric is negligi-
ble compared with the sheath impedance, in which case
the dielectric substrate does not alter the rf current dis-
tribution in the reactor. Consequently, the envelopes of
the sheath rf voltage amplitudes are again the same as
in Eq. 14 and Fig. 5(a), as for sections IIT A and IIIB.
However, global ambipolarity for the ground electrode
now concerns the dc current only near to the reactor
edge, beyond the substrate. The surface integral of the
time-averaged ground sheath current is now performed
for the sidewall and S < # < L only. The modified val-
ues of the dc potentials and currents are shown in Fig.
8(a) and (b). For a physical interpretation of these fig-
ures, we note that the dc plasma potential is constrained
to decrease to 184 V (from 206 V), being approximately
equal to the rf ground sheath amplitude at the edge of the
substrate which now defines the maximum rf amplitude
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FIG. 7: (a) The dependence of self-bias, normalised to the
rf voltage amplitude, on the damping length for a reactor of
halfwidth L = 25 cm and plasma height h = H =19 mm. In
the limit of long damping length, the self-bias tends towards
the value given by the area law, which depends on L,h and
not 0. (b) The dependence of self-bias, normalised to the rf
voltage amplitude, on reactor half-width for a given damping
length of 6 = 5 cm and plasma height h = H = 19 mm. In
the limit of a wide reactor, the self-bias depends on the edge
zone determined by hH, § and not L; this is different from the
area law.

above the conducting surface, so that

O, (2) = U,s(x) ~ |% [1 _ Kcosh('yS)] (20

In order to compensate the positive ion current to the
grounded sidewall and electrode, a localized peak of elec-
tron current from the plasma to the electrode arises near
to the boundary of the substrate, as shown in Figs. 8(b)
and (c). The rf sheath voltage at the excitation elec-
trode is unchanged, and therefore, since the dc plasma
potential has decreased, the self-bias is driven to a more
negative value by a similar amount, to -49 V (from -28
V). Eq. 19 becomes

_ U,
Ugp ~ _|Tf K (cosh(yS) + cosh(yL))|]. (21)

In contrast, since the rf current continuity is identical for
the reactors in sections III A and III B, the conventional
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the thin dielectric substrate; and c¢) schematic representation
of the corresponding circulating dc currents.

self-bias calculation [11] would predict that the self-bias
is the same, i.e. independent of the thin substrate.

The insulating substrate surface charges up to reach
the dc sheath voltage necessary for local ambipolarity ac-
cording to Eq. 15. However, because the rf ground sheath
potential is unchanged with respect to the previous sec-
tions, whereas the dc plasma potential is now reduced, a

surprising consequence is that the substrate surface be-
comes negatively charged to maintain local ambipolarity
- this effect has been observed experimentally by mea-
suring a negative substrate charge [13]. This negative
polarity would be impossible to explain in the context of
a unique-plasma-potential model, because capacitive di-
vision between the positive plasma potential and the sub-
strate surface would otherwise always lead to a positive
substrate potential and a positive surface charge. The
experimental observation of negative substrate charge is
strong support for a spatially-varying rf plasma potential
description such as the telegraph model.

D. Symmetric conducting reactor with a thick
dielectric substrate

A thick dielectric substrate on the ground electrode re-
duces the unit area capacitance of plasma to ground, Cj,
due to capacitive division between the vacuum sheath
and the substrate. There are two consequences in this
1D telegraph model, namely an increase in the equilib-
rium rf plasma potential, U, (Eq. 1), and an increase
in the damping length § (Eq. 10). We will illustrate the
effect of the thick substrate by first considering the sub-
strate in a hypothetical reactor with no sidewalls (H=0
and therefore Cy,,;=0 in Eq. 13) as in Fig. 9(c).

For a dielectric substrate of thickness ¢ and relative
permittivity €., the series capacitance of the substrate
and sheath (with assumed constant thickness d) is re-
duced by a factor (1 + t/de,) and the equilibrium rf
plasma potential is increased from U’gs = Nrf /2 by an
amount FU,;/2 where F = (1 + 2de,/t)~'. The damp-
ing length dg is longer than § by a factor /(14 F).
By matching the rf plasma potential and lateral rf cur-
rent at the boundaries of the substrate, x = £S5, the rf
plasma potential profile within (0 < z < S) and beyond
(S <z < L) the substrate area are:

Up(x) = % [1 + F — Kos COSh(’ny):| for0 <z <8,
(22)
and
. U
Up(z) = 5 1+ Kgp, cosh(~y(L — z))| for S <z < L,
(23)
where
Kos =
Fsinh(yD) (24)

cosh(vsS) sinh(yD) + (ys/7) sinh(vysS) cosh(yD)

and

Ksp _ (ﬁ)M (25)

Kos \ 7 ) sinh(yD) "

D = L — S is the gap between the substrate edge and the
reactor edge. The corresponding profiles for rf current
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FIG. 9: For a thick dielectric substrate (3 mm thick, relative
permittivity e, = 6, corresponding to glass) in a hypotheti-
cal symmetric reactor with no sidewalls: a) Sheath rf voltage
amplitudes and dc potential of the substrate surface; b) cal-
culated dc current flow; c¢) schematic representation of the
corresponding circulating dc currents.

amplitude, dc potentials and dc current circulation are
shown in Fig. 9. The sheath rf voltages are now unequal
above the thick substrate, and tend towards equality at

the symmetric edge of the reactor. The dc plasma poten-
tial is 211 V. Note that the dc voltage on the substrate
surface this time is determined from Eq. 15 using the
rf voltage across the ground sheath, not the rf plasma
potential. The ground sheath rf voltage is reduced due
to capacitive division with the thick dielectric substrate,
which leads to a reduction in the ground sheath dc volt-
age required for local ambipolarity (using Eq. 15), and
the substrate voltage is consequently always positive for
this case of a reactor without sidewalls. The disconti-
nuity in the dc potential of the ground electrode surface
in Fig. 9(a) at the substrate edge is likewise due to the
abrupt change in sheath rf amplitude, in the presence of
a continuous plasma-to-ground rf amplitude envelope.

Note that the self-bias, +13 V, is also positive because
the effective capacitance to ground is now less than the
capacitance to the excitation electrode [11], even though
the electrode areas are the same. The non-uniform pro-
file of rf plasma potential amplitude, in the presence of
the equipotential dc plasma, leads to the circulating dc
currents as shown in Fig. 9(c).

E. Asymmetric conducting reactor with a thick
dielectric substrate

The configuration shown in Fig. 10(c) is closest to a
typical situation for reactors used for PECVD and etch-
ing. The analytical treatment is complicated by the op-
posing changes to the plasma-to-ground sheath capac-
itance (it is larger due to the grounded sidewall, but
smaller due to the thick dielectric substrate), and the
many independent parameters (H, L, S,t/e,,d,8). For-
tunately, it is only necessary to combine the modelling
steps outlined in the preceding sections. The boundary
condition at x = L accounts for the sidewall current,
and the internal boundary at x = S requires continuity
of voltage and current at the substrate edge. The solu-
tion for the rf plasma potential amplitude, shown in Fig.
10(a), is:

Up(x) = U;f [1 +F — Kjq COSh(’ny):| for0<z <S8,
(26)
and
. U,
Uy(z) = Tf 1+ K%, cosh(y(z — S))
— K¢ sinh(y(xz — S))] for S <z < L(27)
where
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the dc current circulation.

H+F [H cosh(yD) + (2/7) sinh(7D)]

[
KOS_

cosh(ysS) | H coshyD + (2/7) sinhyD

Kby, = F - Kjg cosh(ysS),

(29)

|

10

; (28)
+ 2% cosh(ysS) [H sinhyD + (2/v) coshyD
[
41 = (D)Kjssinh(sS) (30)



This unwieldy solution unfortunately diminishes the il-
lustrative value of the model. Nevertheless, it does reduce
to the previous solutions in Section IIT A, TII B and III C
for S or F — 0 (no, or very thin, dielectric substrate),
and Section IIID for H = 0 (no sidewalls). Depending on
the dimensions, especially for thick glass, the substrate
surface can be positive, despite the opposing tendency of
the asymmetry effect in Section ITI C. In some cases, as in
Fig. 10(a), the substrate surface potential (and charge)
can be bipolar. The dc plasma potential of 190 V, and
the self-bias of -41 V are intermediate between the cases
of no substrate (section III B) and thin substrate (section
ITIIC). The similarity of the dc current flows in Figs. 8
(thin substrate) and 10 (thick substrate) shows that the
effect of wall asymmetry dominates the effect of the thick
glass substrate.

F. Elimination of the telegraph effect

The reactor geometry in Figs. 1 and 2 considered up
till now has been the simple configuration of a plane rf ex-
citation electrode suspended in a grounded box. If both
the ground and excitation electrodes have a partial side-
wall of height H, and H, respectively, as in Fig. IIIF,
then the effect is to replace H everywhere by H, — H,.
Clearly, if the electrode geometry were symmetric, with
H, = H, (and in the absence of a dielectric substrate),
then the net sidewall rf current is eliminated, and all
of the telegraph propagation non-uniformities disappear.
Only evanescent fields localized at the electrode edges
remain - see the next section and Figs. 13 and 15.

However, even if the sidewalls are symmetric, the elec-
trodes should ideally also be symmetric from the point of
view of the dielectric substrate, otherwise the telegraph
effect will persist even in a symmetric reactor as shown
in Section IIID.

IV. NUMERICAL SIMULATIONS: TELEGRAPH
EFFECT AND EDGE-LOCALIZED FIELDS

The analytical model equivalent circuit in Fig. 2 and
Section III made several simplifying assumptions, such
as constant sheath width, uniform plasma parameters,
and a 1D approximation which treats the plasma as a
flat sheet with no vertical structure. Here we consider
two different numerical simulations for the plasma in two
dimensions, z, 2.

Maxwell’s equations for an infinite, uniform plasma
along y reduce to the wave equation A4 for the y-
component of magnetic field. This equation was solved
numerically using a commercial partial differential equa-
tion solver FLEXPDE [19]. The relative permittivity of
the plasma was represented by the usual expression [12]

w2

= (31)
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FIG. 11: Above: Schematic of the plasma reactor with par-
tial sidewalls for both electrodes so that h = Hy + H.. Below:
One-dimensional representation of the plasma equivalent cir-
cuit. For the calculation of the telegraph perturbation, H is
replaced by Hy — H,

where wpe, w and v, were chosen (see the caption of
Fig. 12) by reference to Eq. 10 to give 6= 5 cm for
comparison with the analytical model figures. The pro-
files of the rf amplitude of the sheath voltages and the
vertically-integrated lateral current in Fig. 12(a) are the
same as for the analytical solutions shown in Fig. 5.
The results therefore support the 1D equivalent circuit
approach in Section III. The numerical simulation also
gives the vector field of the rf current, which shows the
redistribution of the sidewall current to the excitation
electrode in Fig. 12(b) over a distance ~ J = 5 cm. The
results of the 1D telegraph model of III and Fig. 2 are
therefore reproduced by the 2D Maxwell equations solu-
tion. This dielectric slab model is not a self-consistent
plasma simulation and therefore it does not include the
ion and electron fluxes of a plasma and so no comparison
can be made here with the substrate surface voltage.

The same calculation, but for a symmetric reactor, is
shown in Fig. 13. For the 1D analytical model, the
case with symmetric electrodes has the trivial solution
of uniform, flat profiles for the rf and dc plasma poten-
tials as mentioned in Section IIIF. For the 2D calcu-
lation of a symmetric reactor, however, a perturbation
of the plasma rf current in Fig. 13(b) exists near the
junction of the electrodes. This is due to two sources:
i) the dielectric discontinuity (impedance mismatch) at
the lateral plasma/vacuum sheath transition [7]; and ii)
the near field (’fringing field’) of the rf power propagat-
ing into the reactor through the slit between the ground
and excitation electrodes. In contrast to the propaga-
tion of the telegraph perturbation for the asymmetric
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FIG. 12: a) Numerical calculation of the ground sheath rf
voltage amplitude in an asymmetric reactor (with excitation
frequency 13.56 MHz, n. = 6 - 10" m™2 and v = 6 - 10° col-
lisions per second, to give § = 5 c¢m), and the profile of the
vertically-integrated lateral rf current; b) rf current flow pat-
tern in the plasma showing the redistribution of the grounded
sidewall current to the excitation electrode (the lateral com-
ponent is magnified for clarity in the diagram).

case, these perturbations are due to evanescent modes
[7] which do not propagate inwards from the edge; conse-
quently the sheath rf voltage amplitudes remain uniform
and the net lateral current perturbation is zero as can
be seen in Fig. 13(a). These evanescent edge effects re-
main even when the telegraph perturbation is removed
by using symmetric electrodes, but nevertheless the con-
sequent non-uniformity is confined to a scale length of
only h/m from the reactor sidewall [7].

A more realistic self-consistent plasma simulation can
be made using SIGLO-2D [20], a two-dimensional fluid
model for the plasma, which self-consistently accounts
for plasma density and temperature, sheath width, and
fluxes of ions and electrons. The simulation ensures con-
tinuity of rf current for a resistive plasma, which suffices
to demonstrate telegraph effects. In Fig. 14, the princi-
pal features of the analytical model in Section IIIC are
reproduced, in particular, the profile of the rf potential
amplitudes and the negative dc voltage of the substrate
surface which would be impossible in a plasma with a
unique rf plasma potential. The plasma resistivity was
chosen to be similar to the value in the model. Fring-
ing fields are also accounted for in this simulation; these
fields generate an intense plasma near the junction be-
tween the rf and ground electrodes as shown by the time-
averaged ionisation rate. For the asymmetric case in Fig.
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FIG. 13: The same parameters as in Fig. 12, but for symmet-
ric electrodes: In (a), the rf perturbation is absent and there
are no non-uniformities due to the telegraph effect. The rf
current flow pattern in the plasma in (b) shows the closed
current distribution of the grounded sidewall current to the
excitation electrode (the lateral component is magnified for
clarity in the diagram).

14, the rf sheath voltages due to the redistribution of rf
current propagating inwards causes the ionisation rate
to be higher in the rf sheath for several centimeters from
the edge. For the symmetric case in Fig. 15, the fringing
fields still cause an intense ionisation rate in the immedi-
ate vicinity of the electrode junction at mid-height, but
the rf currents are equalised at the junction and no cur-
rent redistribution occurs. Therefore the rf sheath volt-
ages, plasma power and ionisation rate are constant, as
discussed in Section IIIF, beyond the localized fringing
field zone. Comparing Figs. 14 and 15, the telegraph
effect is again seen to affect the plasma uniformity over
a wider edge region than the fringing field effects. Finer
details of the analytical model, such as the damped oscil-
lation in the rf amplitude profile and the exact values for
the rf and dc voltages, are not reproduced because the
assumptions of sinusoidal voltages and constant sheath
capacitance are not valid in this self-consistent numeri-
cal simulation.

There is good agreement between the numerical sim-
ulations and the one-dimensional analytical model. The
difference between the edge effects due to the telegraph
propagation and the fringing evanescent fields are clearly
demonstrated. The advantage of the analytical approach
for the telegraph model is the understanding given by the
physical interpretation.
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tour plot of the time-averaged ionisation rate in the electrode

gap.

V. CONSEQUENCES OF THE NON-UNIFORM
RF PLASMA POTENTIAL DUE TO THE
TELEGRAPH EFFECT

Some consequences of the telegraph model are sum-
marised for an asymmetric reactor (with rf electrode
smaller than ground electrode) for plasma conditions so
that § < L. The telegraph model predicts that:

i) The rf plasma potential and sheath rf voltages vary
across the reactor. The net rf power dissipation is there-
fore non-uniform, with the plasma becoming more intense
near to the edges. In contrast, an intense edge plasma due
to fringing fields [7] is confined to the immediate vicinity
of the edge discontinuities. In the examples shown, the
variations in rf power due to the telegraph effect are only
a few per cent if summed for both sheaths, but they are
much larger for each individual sheath.

ii) For a sufficiently thin substrate, the substrate sur-
face potential and charge are negative and non-uniform
across the substrate, and not only positive and uniform.
Negative substrate charging has been observed exper-
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FIG. 15: 2D fluid simulation (SIGLO-2D) as in Fig. 14 but
for symmetric electrodes; (a) the rf perturbation is absent and
there are no non-uniformities due to the telegraph effect; (b)
the ionisation rate is highest near the electrode junction at
mid-height due to the localized fringing fields.

imentally [13]. For a sufficiently thick substrate, the
surface potential can become positive or even bipolar.
Non-uniform dc potential on the substrate surface in the
presence of a uniform dc plasma potential results in non-
uniform ion bombardment energy, which is detrimental
for some plasma processes.

iii) The self-bias is different from that estimated using
the conventional ’area law’. For example, it depends on
the plasma parameters and the dimensions of the reactor.
It becomes more negative for a thin dielectric substrate
partially covering the ground electrode.

iv) Dc current circulates internally, via the plasma
across the sheath and returns along the electrode con-
ducting surfaces. This distribution of dc current flow
across the sheaths has been observed experimentally [14].
A localised peak of electron flux from the plasma can
arise at the edge of a substrate and also at the edge of
the excitation electrode.

If the reactor configuration, including substrates, is
symmetric, then all of the telegraph propagation non-
uniformities disappear, leaving only the fringing evanes-
cent fields localized at the electrode edges.



VI. CONCLUSIONS

An analytical model and numerical simulations show
that electrode edge asymmetry in rf plasma reactors
causes a spatial variation in the rf plasma potential which
can be described by a telegraph equation. This leads
to non-uniform rf sheath voltages and rf power density
in the reactor which would perturb the process unifor-
mity. The non-uniform rf plasma potential in presence of
the uniform dc plasma potential results in non-ambipolar
currents circulating through the plasma and along con-
ducting electrode surfaces. Another consequence is that
the surface potential of a dielectric substrate can be neg-
ative. The dc sheath potential can vary over a dielectric
substrate resulting in non-uniform ion bombardment en-
ergy. If the electrode sidewall areas are made equal, then
the rf plasma potential and the power density are made
uniform, except for localized fringing fields due to edge
discontinuities.

Acknowledgments

This work was funded by Swiss Federal Research Grant
CTI 5994.2 and performed with the collaboration of
Unaxis Displays in Palaiseau, France, and Truebbach,
Switzerland.

APPENDIX A: THE COMBINATION OF
TELEGRAPH, STANDING WAVE AND
EDGE-LOCALIZED EFFECTS

In the first part of this work it was assumed that the
rf frequency was low enough such that a quarter rf wave-
length was much longer than the reactor dimensions. Fi-
nite wavelength (standing wave) effects associated with
high frequencies in large reactors [4-9] were therefore ab-
sent and any non-uniformity of the plasma rf potential
was due solely to the telegraph effect in the analytical
model. In this appendix, we briefly consider the different
origins of the telegraph, standing wave and edge-localized
effects.

For the case of a reactor infinitely long and uniform
along y, the electromagnetic propagation mode along z
is a quasi-TEM mode, having only the magnetic field
component H,, since the excitation frequency used is
far below the cutoff frequency of the first TM mode [9].
Maxwell’s equations can be written for the co-ordinate
system in Fig. 1 as:

O0H )
a—zy = —iweger(x, 2) By, (A1)
O0H .
a—xy = iweger(x, 2)E,, (A2)

0z oxr
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where €,.(z,z) = 1 in the vacuum sheath region, and
€(x,2) = €y (see Eq. 31) for the plasma. The field
equation for H, is therefore

£|: 1 %]_‘_2[ ! %]+k§]{y:07
oz | e (z,2) Oz 0z | &r(z,2) Oz
(A4)

where ko = w/c is the vacuum wave number of the rf exci-
tation. The combination of the standing wave, telegraph
and edge-localized effects all appear in the solution for
this field equation for the asymmetric geometry of Fig.
2. The correspondence between the plasma complex con-
ductivity o, in Section III and the relative permittivity
€p of the plasma can be seen from the equivalent expres-
sions in Maxwell’s equation for V A H:

VAH = jwegepE = (op + jweo) E

(A5)

The telegraph effect appears as a natural mode in Eq.
A4 (as will be shown in a separate paper) which propa-
gates inwards from the edge, as described in Section III.
The solution in Refs. [7] and [21] is for a symmetric re-
actor and therefore does not include the telegraph effect.
For the collisional plasmas considered in this work, the
resistive skin depth

2
6resistive = 5
Waqc Mo

is much longer than the plasma slab height h (and longer
than the telegraph damping length, d), and so it was
justified, in retrospect, to treat the plasma as a uniform
conductor for the telegraph effect in Section III. Edge
discontinuities (see Section IV) give rise to edge-localized
evanescent modes of scale length h/7 [7] which do not
propagate.

In this appendix, the interest in separating the stand-
ing wave and telegraph effects, insofar as their superpo-
sition gives a reasonably accurate representation of the
full solution, is to obtain an understanding of the phys-
ical cause of each phenomenon. Once identified, steps
can be taken to eliminate each source of non-uniformity.
The surface wave mode, which gives rise to the standing
wave effect, and the telegraph mode can be compared us-
ing their equivalent circuit descriptions. The equivalent
circuit for the surface wave can be represented as in Fig.
16, where the rf excitation voltage propagates along the
electrodes which are separated by a dielectric medium
consisting of the plasma/sheath series combination. For
the telegraph effect, Fig. 2 shows the perturbation prop-
agating inwards along the lossy plasma, with the vacuum
sheaths providing the dielectric separation of the resistive
plasma from the electrodes. It is the transmission along
the lossy plasma which causes the telegraph wavelength
and damping length to be much shorter than for the sur-
face wave.

Any non-uniform plasma rf potential, whether due to
telegraph, standing wave or both effects simultaneously,
in presence of a uniform plasma dc potential, will give

(A6)



excitation electrode dx

Lplatex @
¢ ’exdx

plasma

bulk (R'+joL")dx

T T T
-:g-round electrode ¢ dx N =

FIG. 16: A one-dimensional equivalent circuit for the prop-
agation of the surface wave. Lpiqtes represents the self-
inductance per square of the parallel plate electrodes, and
R’ + jwL’ represents the transverse bulk plasma impedance
per unit area.
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rise to dc currents circulating via the plasma and con-
ducting electrode surfaces; preliminary experiments have
measured these dc currents in all of these cases [14].
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