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ABSTRACT

Matching of power delivery to nonlinear loads in plasma processing is a continuing challenge. Plasma reactors used in microelectronics
fabrication are increasingly multi-frequency and/or pulsed, producing a non-linear and, in many cases, non-steady state electrical termina-
tion that can complicate efficient power coupling to the plasma. This is particularly the case for pulsed inductively coupled plasmas where
the impedance of the plasma can significantly change during the start-up-transient and undergo an E-H (capacitive-to-inductive) transition.
In this paper, we discuss the results from a computational investigation of the dynamics of power matching to pulsed inductively coupled
plasmas (Ar/Cl, mixtures of tens of mTorr pressure) using fixed component impedance matching networks and their consequences on
plasma properties. In this investigation, we used set-point matching where the components of the matching network provide a best-case
impedance match (relative to the characteristic impedance of the power supply) at a chosen time during the pulsed cycle. Matching imped-
ance early during the pulse enables power to feed the E-mode, thereby emphasizing capacitive coupling and large excursions in the plasma
potential. This early power coupling enables a more rapid ramp-up in plasma density while being mismatched during the H-mode later in
the pulse. The early match also produces more energetic ion bombardment of surfaces. Matching late in the pulse diminishes power dissi-
pated in the E-mode at the cost of also reducing the rate of increase in plasma density.
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. INTRODUCTION

The combined impedance of the reactor and the plasma in
low pressure plasma processing for microelectronics fabrication,
using both capacitively and inductively coupled plasmas (ICPs), is
typically non-linear.”” Common combined impedances can range
from 100s of mQ to 100s of Q and up to kilo-ohms of reactance.
These conditions make it difficult to deliver power to the plasma

line (typically a coaxial cable) to the plasma reactor. The reflection
results from the output impedance of the power supply and the
transmission line differing from that of the plasma reactor,
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R

from conventional power supplies and transmission lines that typi-
cally have fixed impedances of 50-75 Q. The power reflection coef-
ficient, T'g, is the power reflected from the plasma reactor relative
to the power delivered by the power supply through a transmission

where Z; is the impedance of the load (in this case, the combined
impedance of the plasma reactor and the plasma) and Z, is the
output impedance of the power supply and the transmission line.’
Since Z; has reactive contributions, 'y typically has both real and

J. Appl. Phys. 127, 133302 (2020); doi: 10.1063/5.0002522
Published under license by AIP Publishing.

127, 1333021


https://doi.org/10.1063/5.0002522
https://doi.org/10.1063/5.0002522
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0002522
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0002522&domain=pdf&date_stamp=2020-04-06
http://orcid.org/0000-0002-8300-9398
http://orcid.org/0000-0001-9715-4134
http://orcid.org/0000-0001-8317-6949
http://orcid.org/0000-0001-7437-8573
mailto:chenqu@umich.edu
mailto:sjlanham@umich.edu
mailto:scshanno@ncsu.edu
mailto:sangki.j.nam@samsung.com
mailto:mjkush@umich.edu
https://doi.org/10.1063/5.0002522
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

imaginary components from which both the magnitude and the
relative phase of the forward and reflected waves can be deter-
mined. Typically, only the magnitude of reflection |T'g| is used to
characterize the matching efficiency.

The usual remedy to maximize power transfer to a plasma
processing reactor (and minimize reflection) is to employ an
impedance matching network (IMN) between the transmission line
and the plasma reactor.”™® The IMN usually contains reactance
(capacitors and inductors) both in series and in parallel to the load
with the goal of making the input impedance to the IMN be the
same as the power supply termination impedance and transmission
line impedance. In doing so, the reflection coefficient is minimized.
In practice, impedance matching is complicated by both the non-
linear characteristics of the plasma and the increasingly common
use of multiple frequencies and pulsed power. Even if driven with a
single frequency, the non-linear response of the plasma to that single
frequency power will produce higher harmonics in current, thereby
making reproducible impedance matching more challenging.”*

The use of pulsed power further complicates matching as the
plasma contribution to Z; can change by orders of magnitude
during the pulsed cycle. For example, pulsed ICPs as used in
microelectronics fabrication operate at pressures of tens of mTorr
in attaching gas mixtures such as Ar/Cl, powered with radio fre-
quency (RF) supplies of a few to tens of MHz. The pulsed repeti-
tion frequency (PRF), pulses per second, can be hundreds of Hz to
tens of kHz. Duty cycle (DC), the fraction of time the power is
applied per cycle, can be 10%-50%. The end result is that the elec-
tron density at the time the power is applied at the leading edge of
the pulse can be as low as 10° cm™, whereas later during the pulse,
the electron density can exceed 10" cm™.”'" These densities can
increase across these three decades during a few to tens or hun-
dreds of us depending on the power delivery system and reactor
design. The reactor contribution to Z;, for an ICP is typically domi-
nated by the positive reactance of the inductance of the antenna,
though the antenna will also have resistance.

Z; for a pulsed ICP has additional dynamics due to the
E-to-H (capacitive-to-inductive) transition that occurs during
the transient in plasma density at the beginning of a pulsed
period."' ™" If the electron density at the beginning of a power
pulse is too low, the electromagnetic skin depth, As, may exceed the
dimensions of the reactor, which then makes inductive coupling of
power from the antenna problematic. For these conditions, the
antenna simply acts as an electrode that electrostatically and capaci-
tively couples power into the plasma through the dielectric window
between the antenna and the plasma.'' This is the E-mode during
which power can be dominantly coupled into the plasma by sheath
oscillation (much like a capacitively coupled plasma) with power
mainly deposited by ion acceleration from the plasma into the
dielectric window under the antenna.'” During the capacitive
E-mode, the reactance of the plasma is negative. As the electron
density increases, A5 decreases, which increases the fraction of
power that is inductively coupled until the power is dominantly
delivered by electron acceleration in the electromagnetic field
within Ag of the window. This is the H-mode during which the
reactance of the plasma is positive. In practice, there may be mixed-
mode coupling, both E-mode and H-mode during quasi-steady
state operation of the ICP.'"'”> The degree of E- and H-mode
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coupling depends on factors such as the voltage across the antenna,
the proximity of the antenna to the window, the shape of the
antenna, gas pressure and composition, and the use of a Faraday
shield between the antenna and plasma.'

The E-H transition in ICPs has been addressed both experi-
mentally and theoretically.' > When measuring the electron
energy distribution (EED), Chung and Chang found that during
the E-mode, the EED evolves from a bi-Maxwellian to a
Druyvestein-like structure when increasing pressure.”” During the
H-mode, having a significantly larger electron density with a
higher rate of e-e collisions, the EED remains essentially as a
Maxwellian. To smoothen the severity of the E-H transition, Singh
and Pargmann investigated the use of a Faraday shield to minimize
capacitive coupling from the antenna.'® When using the Faraday
shield, the plasma potential at low power was lower, indicating
lower capacitive coupling while the electron density was also lower.
During the H-mode, the antenna current and voltage decreased
when using the Faraday shield. Had the plasma been operating
purely in the H-mode, there would not have been a decrease in
current when using the Faraday shield, which then implies that
even in the H-mode, there was mixed E- and H-mode coupling.

Kempkes et al. investigated the effect of the power modulation
on the E-H transition using rectangular and triangular power
waveforms.”” They found that even with smoothly varying power
(triangular waveform), abrupt E-H transitions occurred. Kawamura
et al. performed two-dimensional (2D) simulations by E-H transi-
tions in ICPs sustained in Cl,.”* They found ionization instabilities
and modulations in electron density attributed to rapid transitions
between E- and H-modes.

The E-H transition often displays hysteresis behavior. The
transition between the low E-mode electron density to the high
H-mode electron density occurs at different powers when the
power is increased (occurs at high power) or decreased (occurs at
low power). The power deposition from both inductive and capaci-
tive coupling was theoretically analyzed by Lee and Chung,”” who
found that the pressure and the dimensions of the reactor affected
the power for the E-H transition. The combined effects of electron
density, collision frequency, and skin depth of the electromagnetic
wave contribute to nonlinear dependence of the mode transition
on operating conditions. The hysteresis of the E-H transition was
experimentally investigated by Daltrini et al.”’ They suggest that
rather than being an intrinsic characteristic of the plasma, the hys-
teresis behavior can be affected by the power loss in the matching
system, suggesting the need to include circuit analysis when investi-
gating these transitions.

The E-to-H transition is another complicating factor in
matching pulsed power to the ICP reactor. The change in Z; due to
the E-to-H transition in addition to the reduction in the resistance
of the plasma is typically over shorter times than the components
in the match box can be changed. The end result is that power
delivery cannot be efficiently matched to the plasma reactor during
the entire pulsed cycle. The values of components in the match box
are typically chosen to match at a particular time during the pulsed
cycle—this is called set-point matching. If the match is chosen
early in the pulsed period, the E-mode may be emphasized while
there is a mismatch during the latter part of the pulsed cycle. If the
set-point is late during the pulse period, the E-mode may be

J. Appl. Phys. 127, 133302 (2020); doi: 10.1063/5.0002522
Published under license by AIP Publishing.

127, 133302-2


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

suppressed, but there is also a longer time to ramp up the plasma
density when power is mismatched early in the pulse.

In this paper, we discuss results from a computational investi-
gation of the dynamics of power matching to pulsed ICPs of the
type used in microelectronics processing (etching and deposition).
A model for the circuit and match box has been employed in a
reactor scale two-dimensional model for the ICP. It was found that
under perfect matching conditions, there is a smooth transition
between the E- and H-modes, in contrast to several experimental
results. This suggests that a sharp transition between modes is not
a fundamental plasma transport issue but rather may be related to
power delivery. It was found that when using pulsed power, the
power delivery is highly dependent on the time during the pulse
chosen for the set-point. Matching early in the pulsed period leads
to a faster re-ignition of the plasma while emphasizing E-mode
characteristics during the onset of the pulse. There is also poor
matching during the H-mode. Matching later in the pulsed period
leads to better power delivery overall at the cost of longer ignition
delay. The rapid application of power when operating in the
E-mode can launch electrostatic waves due to the need to establish
a sheath to dissipate the applied voltage. The pulsed duty cycle,
match box parameters, and antenna shape play key roles in power
matching inductively coupled plasmas.

The model used in this investigation is described in Sec. II.
Matching to pulsed ICPs with E-H transitions is discussed in
Sec. I1I. Concluding remarks are in Sec. IV.

Il. DESCRIPTION OF THE MODEL

This computational investigation was performed using the
Hybrid Plasma Equipment Model (HPEM) complemented by a
model for the match box. The HPEM is discussed in detail in
Ref. 31, and so only a brief description will be provided here,
including the unique aspects of the circuit calculation. The HPEM
consists of modules that address different classes of physical
phenomena and exchange information. In this case, we utilized
three modules—the Electromagnetics Module (EMM), the Electron
Energy Transport Module (EETM), and the Fluid-Kinetics Module
(FKM). The frequency domain wave equation for the inductively
coupled electric field is solved in the EMM. In this two-
dimensional simulation, the current flowing in the antenna is in
the azimuthal direction 6, producing components at the fundamen-
tal frequency of the magnetic field in the (r,z) (radius, height)
directions and of the electric field, Eg, in the @ direction. The con-
duction currents through each turn of the antenna that are used in
the solution of the wave equation are provided by a circuit model,
which also provides the fundamental frequency voltages on each
turn of the antenna used in the FKM for the solution of Poisson’s
equation. Continuity, momentum, and energy equations (a fluid
representation) are solved in the FKM for all charged and neutral
species coincident with the solution of Poisson’s equation for the
electrostatic potential, ®. In this two-dimensional simulation, ® is
solved in the (r,z) plane, providing electrostatic field components
E,, E.. Electron heating is provided by the harmonic inductively
coupled fields Ey from the EMM. All components of the electro-
static (E,, E,) and electromagnetic fields (B,, B,, Eg) are used in the
EETM to track the trajectory of secondary electrons from surfaces
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using Monte Carlo techniques. Complex conductivities are trans-
ferred back to the EMM to solve the wave equation. One sweep
through the modules is called an iteration of the model.

The EMM contains a circuit model with which the power
supply is interfaced to the plasma reactor. A schematic of the
circuit representation of the match box, antenna, reactor, and
plasma is in Fig. 1. The antenna is represented as a discretized
transmission line in the circuit model. The physical inductance of
the antenna is determined by its overall diameter, height, number
of turns, and thickness of the wire. This inductance is divided
into 100 discrete series segments, each of which also has an appro-
priate fraction of the total resistance of the antenna. Each segment
n of the transmission line contains a series impedance, Zg,,, consist-
ing of resistance (R4,) and physical inductance (L,,) of the
antenna. Zs, also contains transformed values of resistance and
inductance from the plasma.”” The transformed impedance of the

Transirniession Match Box
Generator LT e reeeeeey
AV NN ‘
| r
Rs Ry Cs
LP
CP
{

a)
R, Lan Z,
Air gap and Dielectric
Sheath Z,
Bulk Plasma
LN ] LN
b)

FIG. 1. Circuit schematic. (a) The circuit consists of impedances of the power
generator, transmission line, matchbox, antenna, plasma, and termination circuit
components. The antenna and transformed plasma impendances area repre-
sented by a discrete transmission line with each segment have having serial
impedance Zs, and parallel impedance due to capacitive coupling Zc,,. (b) The
Zs,, components consist of the physical resistance (Ran) and inductance (Lan) of
the antenna, and the transformed impedance (resistance and inductance) of the
plasma, Z,. The impedance due to capacitive coupling, Zc,, has components
due to the air gap and dielectric, sheath, and bulk resistance of the plasma.
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plasma, Zr; is

M 2
Zr = (“L> <—ia)LP +RP<1 - iﬁ>>, M? = kaLaLp, (2a)
Zp Vm

2
Z;= (C‘)LP + vﬁRP> +Rp, (2b)

m

where o is the radian frequency of the applied power, L, is the
physical inductance of the coil, Lp is the inductance of the plasma,
V,, is the electron momentum transfer collision frequency, Rp is the
plasma resistance, and k, is the antenna transformer coupling coef-
ficient. The effective plasma resistance Rp is given by

_ f}e~ﬁgd3r

Rp L,
(IJB ) dA)

(©)

where the numerator is the volume integrated inductively coupled
power and the denominator is the area integrated azimuthal
current. The consequences of skin depth and nonlinearities in the
plasma are accounted for by the spatial dependence and phase dif-
ferences between the current and the electric field.

From each discrete segment of the transmission line represen-
tation of the antenna, a capacitance and series resistance is directed
to ground, collectively represented by an impedance Zg,. The
impedance Z, represents the capacitive coupling from the antenna
through the plasma to grounding. The reactance of Zc, consists
dominantly of the series capacitances of the air gap between the
antenna and the dielectric window of the ICP reactor, the window,
and the plasma sheath at the surface of the window. The resistance
of Z¢, consists of the bulk plasma conducting capacitive current to
ground. During execution of the FKM, the impedance of each
element Z_, is determined as follows.

For each turn k of the antenna, the voltage amplitude V, and
phase ¢, are determined from the circuit model. The voltage
Vi(t) = Re(Vok exp(i(@t + ¢pyy))) = Vor cos(@t + ¢pyy) is used as a
boundary condition on the metal of the antenna for the solution of
Poisson’s equation in the FKM. Since the antenna is outside the
plasma and not touching a conductive surface, the current flowing
perpendicular to the surface of the antenna, that is the (r,z) compo-
nents of current, is purely displacement current. The displacement
current flowing out of each turn k of the antenna is computed as
an integral over the surface of the antenna having normal 7,

dE®) - 1)

It da, “)

Ii(t) = JSk

where E is the electrostatic electric field produced by the solution
of Poisson’s equation and g is the permittivity of the material in
contact with the antenna. The resulting current is then Fourier ana-
lyzed to provide the amplitude I, and the phase ¢y of the current
at the fundamental frequency w. Ix(t) = Re(Ix exp(i(wt + ¢dy))).
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The impedance Z; is then given by

‘I"’k expli(byy, — by). (5)
ok

Zy =

The real part of Z; represents the dissipative resistance (or
capacitive power deposition). The imaginary part of Z; is the reac-
tance. For purely H-mode operation, (¢ — ¢y) tends toward
—90° resulting in negligible capacitive power deposition with Zj
being capacitively reactive (negative imaginary). With E-mode con-
tributions, —90° < (¢ — ¢p) < 0, and there is a finite real resis-
tive component. These values of Z; are then distributed along the
transmission line representing the antenna in the circuit model.
That is, Z¢, is then a fractional assignment of Z; to those segments
n of the antenna associated with turn k. In a similar way, the total
capacitive power is the sum of the power dissipated by each turn of
the antenna and is computed as a cycle average of

d(E(t) - 7
P, = ;pk = ;%”aVﬂt)%dAdt. (6)

The power delivered by the power supply is specified as a
function of time. This power is delivered into a transmission line
between the supply and the match box. Plasma conductivities, P,
and Zj, are provided by the FKM. Using these values, the circuit
equations representing the match box and plasma reactor are
solved, which produces antenna currents that are then used in the
solution of the wave equation to generate the amplitude Ey(r,z) and
phase ¢(r,z) of the azimuthal electric field. The solution of the
circuit equations also produces P, (resistive losses in the antenna
coils), Py, (resistive losses in the match box), and Z,, (the input
impedance to the matchbox). The power dissipated by inductive
coupling in the plasma is

P = | JomE P )

For the purposes of this study, we assumed that inductive power
deposition in the plasma is collisional while acknowledging that at
low pressures of interest, power deposition has non-local compo-
nents. The methods described here are completely general and
apply to the case of non-collisional heating where kinetic methods
are used to derive P;.

With Z,;, we compute the reflection coefficient, I', for power
delivered by the supply, Ps,

 Zu—Z

= . 8
Zym + Zy ®)

We ignored the consequences of the reflected power back to
the power supply. In a fully self-consistent solution, we should have
the total power dissipation in the system, Py; as

Pr = (1 —T)Ps = Py + P4 + P; + P, 9

where P, is the resistive power dissipated in the antenna and Py, is
the resistive power dissipated in the match box. This equality is
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typically not obtained. Recognizing that Eg scales linearly with the
antenna current and P; scales with E2, the current flowing into the
match box is renormalized so that the equality for Pr is obtained.
With these renormalized values, the circuit and wave equations are
again solved. The process is iterated several thousand times to con-
vergence. At the end of this process, the final values of Vj, E4, and
6 are returned to the FKM and EMM for the next iteration through
the modules for time integration of the fluid equations for densi-
ties, momenta, and energy, typically for a duration of 100s of ns to
0.5 us. During this time, amplitudes Vj and E,, and the phase 6 are
not changed.

For a perfect match of Py to the plasma reactor, we must have
Zy = Zy. For this architecture of the circuit, matching is produced
by adjusting Cp and Cs such that Re(Zy) =Z, and Im(Z,,) =0.
From a procedural perspective, these values can be searched for by
varying Cp and Cs to minimize the value of I'. For select circuit
architectures, one can analytically compute Z,, based on the circuit
values and solve for the values of Cp and Cg that produce the
match (Zy; = Z,). The method of the solution for Cp and Cg, called
the perfect match values, appears in the Appendix.

I1l. MATCHING TO PULSED ICPs WITH E-H
TRANSITIONS

For computationally investigating the fundamental phenom-
ena of E-H matching, we chose a simple ICP geometry and a rela-
tively small chamber. This layout for an ICP reactor powered by a
spiral planar antenna is a standard design used for plasma assisted
semiconductor fabrication.””™” Industrial systems are typically
larger to accommodate wafers up to 30 cm in diameter. Our choice
of a smaller chamber for this investigation was based on wanting a
fine enough mesh to capture the dynamics of the E-H transitions
while also enabling computation of a sufficient number of pulsed
periods to reach the quasi-steady states. The details of our investi-
gation are sensitive to the size and topology of the reactor. For
example, antenna and chamber impedance are both functions of
size and layout, which would affect the specific values of match box
parameters and necessitate a different termination impedance. The
spacing of the antenna from the dielectric window affects capacitive
coupling, as discussed below. Having said that, the systematic
trends we discuss apply to more complex and larger reactors. For
example, we have performed limited studies on industrial size ICP
reactors,” and the systematic trends we discuss here are essentially
the same.

A schematic of the reactor is shown in Fig. 2. The chamber
has an internal diameter of 22.5cm, has a height (substrate to
window) of 12 cm, and is powered by a three-turn antenna having
radii of 2.5, 5.3, and 8.0 cm. The coils have a thickness of 0.45 cm
and a height of 1.15cm and sit above the 0.8 cm thick quartz
window (e/e,=4) with an air gap of 0.4 cm. The total inductance
of the antenna is Lc = 0.95 uH. The antenna-plasma coupling coef-
ficient is k- = 0.75. The entire inner surface of the window serves as
a gas inlet showerhead with the pump port occupying an annulus
between 6.9 and 11.1 cm on the bottom of the chamber. A pressure
sensor is located in the outer wall 2cm above the pump port.
All other surfaces are grounded metal.

ARTICLE scitation.org/journalljap

i Antenna Alr
15| Coil 1

Coil2 Coil 3

-0 0 0O
l l \Dielectric L

- Window

— Showerhead
10}
g 1
e
[e)) L
‘O
T T Plasma

5_

i Pressure

Sensor —~—

Pump
| N |
0 2 4 6 8 10

Radius (cm)

FIG. 2. Geometry of the cylindrically symmetric ICP reactor.

Unless otherwise noted, the gas mixture is Ar/Cl, = 65/35 at a
pressure of 25 mTorr. Ar/Cl, gas mixtures are commonly used for
conductor etching. The gas inlet flow rate is 200 sccm. The outlet
flow rate is adjusted so that the pressure at the sensor is 25 mTorr.
As discussed below, our results are sensitive to the conductivity of
the plasma at the start of the power pulse and that conductivity is
sensitive to the gas mixture. When using pure Cl, plasmas, a
thermal electron attaching gas, the system can transition to an ion-
ion plasma during the afterglow with a negligible electron density.
These conditions then require “re-ignition” of the plasma on every
power pulse. Although this may in fact be the case for many indus-
trial systems, the re-ignition requirement adds another constraint
and complexity. We, therefore, chose a gas mixture for which there
would be a significant change in conductivity during the afterglow
but not to the degree that re-ignition is required.

The reaction mechanism is the same as discussed in Ref. 32.
An important point for this study is that Cl, is a thermal electron
attaching gas for which the rate coefficient for dissociative electron
attachment increases with decreasing electron temperature, T,.
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So for otherwise the same conditions, the rates of attachment are
small when power is applied during a pulse and T, is large. The
rates of attachment are large when the power is off and T, is small.

The fixed circuit elements are coil resistance Rc=0.1 Q and
termination impedances Cy=100nF and Lr=5nH, and induc-
tance in the match box Lp=100 nH. The internal resistance of the
match box was neglected by setting Ry =10"°Q so that P is
small. This allows for the independent study of impedance match-
ing impact on plasma transients. In practice, matching network
impedances can have 100s to 1000s of mQ of real resistance and
consume a significant amount of power delivered by the supply.
Typically, these dissipative losses are accounted for in the series ele-
ments, where the larger dissipative components tend to reside and
where the current through the elements tends to be higher, as
opposed to the shunt components. The inner coil of the antenna
was connected to the match box, and the outer coil of the antenna
was connected to grounding through the series termination compo-
nents Crand Lt

A. Continuous power baseline

With the base case values for circuit and operating conditions,
the continuous wave (CW) characteristics of the ICP reactor were
first investigated as a function of power delivered from the supply.
Using perfect match values for Cp and Cg (see the Appendix), '=0
and Pg=Pr. The electron density, inductive power, and capacitive
power are shown in Fig. 3 for a total power deposition of 5W and
200 W. Note that the capacitive power deposition plotted is actually
the time average of the capacitive and resistive (bulk) power deposi-
tion. The calculation of local power deposition of p=j-E is
unable to distinguish between the capacitive and resistive heating.
Given the spatial distribution and the negative sign of the reactance
of Z, the capacitive power is clearly dominated by sheath heating
at a higher total power.

For 5W, the voltages on the coils (inner to outer) are 147V,
112V, and 44 V. The total capacitive power is 3.19 W (63.8% of the
total), inductive power is 0.86 W (17.2%), and resistive antenna
losses are 0.95W (19%), a power division that indicates the
E-mode operation. On a relative basis, antenna losses are larger at a
lower total power due to the higher relative antenna current
required to sustain the plasma. The capacitive component includes
contributions from both ion and electron acceleration by the
sheath and bulk Joule heating. With the largest voltage and capaci-
tive current from the inner coil, the capacitive heating is maximum
under that coil (3.8 mW/cm?) adjacent to the dielectric with resis-
tive current flowing through the plasma to produce Joule heating of
0.7 mW/cm® in the center of the plasma. Sheath heating also
occurs along the metal boundaries. With the peak electron density
of 6 x 10® cm™, inductive power deposition extends to the middle
of the reactor (electric field skin depth Ap=7.4cm) with a
maximum value of 3 mW/cm®. The voltages on the three coils of
the antenna are nearly in phase. However, with different voltage
amplitudes and different adjacent sheath thicknesses, particularly
with respect to ground, there is some recirculation of current
between the antenna coils that produce a net negative power depo-
sition in the upper outer radius of the reactor.
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FIG. 3. Capacitive and inductive power deposition, and electron density when
plasma is sustained with at a total continuous power of (a) 5W and (b) 200 W
(Ar/Cl, = 65/35, 25 mTorr). The match is perfect. The capacitive power and is
shown as color contours with a line separating the positive and negative values.
Contour labels are mW/cm®. Electron density is shown as color contours.
Inductive power deposition is shown as contour lines with labels in mW/cm?.
The contour lines are blanked near the axis to enable a clear view of the sheath
formed under the powered coil.

For 200 W total power, the voltages on the coils (inner to
outer) are 334V, 276V, and 112 V. The total capacitive power is
9.7 W (4.8% of the total), inductive power is 188.2 W (94.1%), and
resistive antenna losses are 2.1 W (1.1%), a power division that
indicates the H-mode. With a higher electron density (peak
6.8x 10" cm™), the plasma is more conductive and capacitive
heating is largely limited to the periphery of the reactor. The higher
plasma density also reduces the electric field skin depth to
Ag=0.7 cm.

The capacitive power has a cycled averaged layer of negative
power deposition parallel to the dielectric window, in addition to
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that in the upper right corner, which was not observed at lower
power. At high power, the electron flux directed toward the dielec-
tric is dominated by the ambipolar flux originating from the elec-
tron sources produced by inductive coupling. The electron
ambipolar flux is retarded by the ambipolar electric field that
points from the center of the plasma toward boundaries. This is the
same direction as the electric field that produces electron heating
due to the expansion of the capacitive sheath under the window.
During the expansion of the capacitive sheath, power is expended
in slowing the ambipolar driven electron flux in addition to acceler-
ating electrons out of the sheath region. This negative power depo-
sition is not observed at the lower power in the absence of the large
ambipolar electron flux produced by inductive coupling.

The division of power deposition between capacitive and
inductive coupling and average electron density are shown in
Fig. 4(a) for P;y=5-200 W for perfect match conditions and con-
tinuous power. The values of Cp and Cg to obtain perfect matches
and ionization efficiency are shown in Fig. 4(b). (Ionization effi-
ciency is average plasma density divided by power deposition in
the plasma and is a relative measure of efficiency.) These results are
typical of the E-H transition. At low power deposition, the electron
density is low, the skin depth is large, and the sheath is thick. The
low electron density and large skin depth reduce (on a relative
basis) the inductive power deposition, and the thick sheath (on a
relative basis) increases the capacitive power deposition. The thicker
sheaths produce a larger sheath velocity, and capacitive power depo-
sition scales with the square of the sheath speed. As noted above, for
Pr=5W, 77% of the power is capacitive and 11% is inductive. The
power dissipation by the coil is about 12%. With increasing power
deposition, the electron density increases, skin depth decreases, and
sheath thickness shrinks, all of which contribute to lower capacitive
power deposition and higher inductive power deposition. We do not
observe a sharp, step-function increase in electron density that can
be identified as the E-H transition. The power at which the E-H
transition occurs is then somewhat a qualitative judgment. The frac-
tion of power dissipated by inductive coupling exceeds 50% at
Pr=25W and exceeds 90% at P;=140 W. To achieve the perfect
match, the values of the matching elements Cp decrease by about
20% and Cs increase by a factor of 2.5.

Over the range of Pr=5-200 W, the average electron density
increases from 2.8 x 10°cm™ to 2.3 x 10" cm™, an increase by a
factor of nearly 100, for Py increasing by a factor of 40. A portion
of the increase in electron density results from an increase in ioni-
zation efficiency, plotted here as the total electron density divided
by the total power deposition in the plasma. This efficiency
increases by a factor of nearly 3. At low Py the fraction of power
dissipated by the resistive coil and capacitive heating is large. No
ionization occurs from coil heating, and the efficiency of ionization
by capacitive coupling is low due to ion acceleration in the sheaths,
characteristic of the E-mode. The efficiency remains relatively cons-
tant until the H-mode begins, at which time the -efficiency
increases. At high power deposition, a true H-mode occurs, as the
majority of power is dissipated by electron heating in the bulk,
which is intrinsically more efficient at producing ionization.

With there always being a perfect match when changing Ps,
there is a relatively smooth transition from the dominant E-mode
to the dominant H-mode with increasing power. To obtain this
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FIG. 4. Plasma and circuit properties as a function of CW power deposition for
perfect matching (Ar/Cl, = 65/35, 25 mTorr). (a) Electron density and fraction of
power deposition due to the inductive H-mode, capacitive E-mode, and antenna
heating. (b) Analytical solutions for Cp and Cg for a perfect match and the ioni-
zation efficiency. The ionization efficiency is total electron density divided by
power deposition in the plasma and is a relative measure of efficiency.

perfect match with increasing power, the value of Cs smoothly
increases (from 33 pF to 155 pF) and Cp smoothly decreases (from
267 pF to 168 pF). Experimentally, it is often observed that there is
a rapid, almost impulsive, increase in electron density with a rapid
switch between the E-mode and the H-mode when a critical power
is delivered from the supply. Based on fundamental plasma trans-
port, there is no requirement for such a sharp transition to occur.
In practice, the transition in apparent ionization efficiency
may be exacerbated by the difficulty in matching between the
E-mode and the H-mode. If the circuit is better able to match to
the H-mode (positive reactance) than the E-mode (negative reac-
tance), then the ionization efficiency will make a rapid and
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impulsive increase when the H-mode begins to dominate. There
may also be heating of electrical components that can change their
impedance. Another factor that may influence the apparent ioniza-
tion efficiency is changes in plasma conditions due to the power
deposition. For example, when operating at a constant pressure,
higher power deposition produces more gas heating that reduces
the gas density and so reduces the electron collision frequency.
In chemically active mixtures, more power deposition produces
more dissociation and so there are different species with which
electrons collide.

To demonstrate these possibilities, two parameterizations were
performed. In the first, a parameterization over power (Pr=5-200 W)
was conducted with the match box settings chosen to provide a
perfect match at 150 W (Cp=162 pF and Cs= 135 pF), which then
produces mismatches at other powers. The resulting ionization effi-
ciency is shown in Fig. 5. For these conditions, the circuit is mis-
matched at lower powers, producing a large reflection coefficient and
a corresponding low ionization efficiency. With power increasing
toward 150 W, the reflection coefficient decreases, the H-mode begins
to dominate, and so the ionization efficiency increases.

In the results shown in Fig. 4, the length of time for the simu-
lation was deliberately chosen to be long enough so that the plasma
properties came into a quasi-steady state; while being short enough
so that there was no significant dissociation of the feedstock gases
and gas temperature excursions were not significantly different.
These conditions correspond to a short residence time of the gas in
the plasma, 7. In this way, a side-by-side comparison of different
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FIG. 5. lonization efficiency as a function of CW power (Ar/Cl,=65/35,
25 mTorr). Cases are shown for perfect matches for small and large residence
time (z,es) and with circuit values for a perfect match at 150 W with small 7.
The ionization efficiency is the total electron density divided by power deposition
in the plasma and is a relative measure of efficiency.
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powers could be performed without the complication of the impact
of changing gas temperatures, gas densities, and gas compositions
on matching. In actual practice, when changing power, one does
have these complications of gas heating producing rarefaction and
different degrees of dissociation of the gas.

The parameterization in Fig. 4 was repeated when computing
for a sufficient time that all plasma properties including gas tem-
perature and composition come into a steady state. This would cor-
respond to at large 7, With large 7, for Pr=5W, the average
gas temperature was Ty=330K (for a wall temperature of 325K)
and fractional dissociation of Cl, was 1.3%. For Pr=200W,
T, =635K and fractional dissociation was 27%. The resulting ioni-
zation efficiency, also shown in Fig. 5, increases by a factor of 4.5
from low to high power. The majority of this increase in efficiency
results from the decrease in Cl, mole fraction (due to dissociation)
and decrease in gas density (gas heating), which then decreases the
rate of attachment. These results emphasize the difficulty of per-
forming side-by-side comparisons of the E-H behavior when
changes in power deposition also change the fundamental proper-
ties of the plasma in addition to electron density.

B. Set-point matching to pulsed ICPs

In this section, we discuss matching of a pulsed ICP for the
same operating conditions as the CW studies (Ar/Cl, =65/35,
25 mTorr). The standard conditions for pulsed ICP operation were
a pulse repetition rate (PRF) of 13.3 kHz (period of 75 us), a duty
cycle of 35%, and forward power delivered from the supply during
the power-on period of Pg=250 W. As a base case, we used perfect
match conditions by instantly adjusting Cp and Cg to produce I'=0
throughout the pulse period. The maximum in the plasma poten-
tial, the electron density, C1™ density, and positive ion densities are
shown in Fig. 6(a) during the power pulse and immediate after-
glow. The modes of power dissipation are shown in Fig. 6(b). The
resistive and reactive components of the impedance Z; and perfect
matching values of Cp and Cs are shown in Fig. 6(c).

At the beginning of the power pulse, the plasma conditions are
essentially an ion—ion plasma where the positive ion density is nearly
equal to the negative ion density, [M"]~ [Cl7] =4.5x 10 cm™.
The small electron density at the beginning of the pulse,
n.=2x10%cm™>, results from Cl, being a thermally attaching
gas, which reduces the electron density during the afterglow
through the dissociative electron attachment producing CI™.
During the power pulse, the negative ion density [Cl™] is relatively
constant. With the electron temperature T,~2.5-3.5eV during
the power pulse, the thermal dissociative attachment rates are
small compared to ionization rates. The increase in electron
density is nearly matched by the increase in positive ion density.

With this low initial electron density, power is initially capaci-
tively coupled. During the first 3 us, the capacitive power exceeds
that of the inductive power and the plasma operates in the E-mode.
The E-mode is additionally indicated by the oscillation in the
plasma potential, ®p, with an amplitude as large as 450V in the
same manner as a capacitively coupled plasma. The maximum
antenna voltage amplitude (inner turn) is 1080 V. There is some
oscillation in the voltage amplitude on the antenna, which is due to
the rapid increase in electron density, which changes the plasma
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impedance sufficiently to lower the antenna voltage and lowers the
electron density that induces an increase in antenna voltage. This
oscillation is likely magnified by the iterative numerical technique
used to link the plasma portion of the simulation with the circuit.

As the electron density increases, the electromagnetic skin
depth decreases, the sheath under the coils thins, and the fraction
of capacitive power dissipation decreases. By 5us, the electron
density is high enough, 1x10'®cm™, and the skin depth is short
enough so that power is dominantly inductively coupled and the
plasma operates dominantly in the H-mode. Due to the proximity
of the antenna to the dielectric window, approximately 5% of the
total power continues to be capacitively coupled even during the
H-mode. This is similar to the CW operation. In the quasi-steady
state during the pulse, the proportion of capacitively coupled power
decreases by a few watts but is otherwise nearly constant. Upon ter-
mination of the power, both the capacitive and inductive powers
decrease in nearly the same proportion while remaining in the
H-mode. The power decreases quickly enough so that the electron
density does not appreciably change, and the skin depth remains
short enough to allow the H-mode operation. This represents a
hysteresis-type of behavior. The plasma remains in the H-mode
during decreasing power at the same power deposition that corre-
sponded to the E-mode during the beginning of the pulse.

As the plasma density increases at the leading edge of the
power pulse and operation transitions to the H-mode, the oscilla-
tion in ®p decreases to an amplitude of 10-20 V. This modulation
of ®p is on top of the quasi-dc plasma potential of about 20 V.
This dc value of plasma potential results from the ambipolar nature
of the plasma transport (T,> Tion M, < Mion). An indication of
purely H-mode operation without capacitive coupling would be
quasi-dc plasma potential without significant oscillation. Since the
power deposition resulting from E, and electron heating are har-
monic, there can be harmonic oscillation in T,, and so there would
be some small oscillation in ®p even in the pure H-mode.
However, in this case, the majority of oscillation in ®p is due to
capacitive coupling.

With perfect match conditions, Cp decreases during the power
pulse from 290 pF to 160 pF, accompanied by an increase in Cg
from 50 pF to 160 pF. The combined load impedance, Z; (which
includes the antenna coil and plasma) has a positive reactance due
to the inductance of the antenna. This reactance decreases during
the plasma pulse in response to the capacitive component of the
antenna current through the plasma. The resistive component
increases in response to power deposition in the plasma.

The impedance of the variable capacitors in the RF matching
network is typically changed by a mechanical process (e.g., chang-
ing the overlap area between two plates). The speed of the mechan-
ical movement of these variable capacitor systems is largely
determined by the driving motors, with end-to-end movement typ-
ically on the order of hundreds to thousands of milliseconds.
Impedance control algorithms working in conjunction with these
mechanical limits will typically produce a tuning transient with a
comparable characteristic time. With plasma-induced impedance
transients having time scales that are orders of magnitude shorter
that what can be achieved by these mechanically driven systems, it is
typically not possible to change the values of Cg and Cp rapidly
enough to achieve a perfect match throughout the power pulse.
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Typically, set-point matching is employed in which values of Cg and
Cp are chosen to minimize I' at a particular instant during the power
pulse. We investigated the consequences of set-point matching.
Computationally, this was achieved by selecting values at given times
for Cs and Cp from the perfect match case. For example, the plasma
reactor properties are shown in Fig. 7 when values for Cs and Cp
were chosen for set-point matches from early to late in the pulse.
These times, relative to the start of the power pulse, were 1.5, 3.25, 7,
and 21 us. Since the progression of the plasma prior to the time of
the matching point is not exactly the same as for the case with
perfect matching, the reflection coefficient at the match point may
not be exactly zero.

For a matching point of ;= 1.5us, the reactor properties at
the match point are a forward power of 82.7 W and I" =0.013. The
maximum capacitive power of 62.2 W occurs at the match point.
The resistive power is 9.6 W and inductive power is 8.5 W, indicat-
ing operation in the E-mode. (Note that T" is finite due to the
plasma properties being different than for the perfect match that
provided the values of Cs and Cp.) As the plasma density begins to
increase, the E-mode dissipates and the H-mode begins. With this
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increase in plasma density, the values of Cs and Cp required to
achieve a match deviate from the set-point values. The reflection
coefficient then monotonically increases until the H-mode is fully
established at ¢t = 6-7 us, after which I is relatively constant at 0.5.
At the end of the pulse, the electron density is 1.15x 10" cm™
compared to the perfect match value of 2.4x10'cm™. This
decrease in electron density is due to the reduction in power depo-
sition following that I" = 0.5.

As tyy increases, the peak capacitive power decreases, there is a
larger delay in the onset of inductive power deposition and the
maximum inductive power increases, as shown in Fig. 8. The delay
in the onset of the H-mode results from there being less ionization
produced during the E-mode. With a larger f; there is a larger
mismatch that produces a larger I' early in the pulse, which
reduces power deposition and ionization. For example, for
ty=2.5us, the peak capacitive power of Pc=70 W occurs at 2 us
when the inductive power is P;=41 W and I"=0.03. Just prior to
the end of the maximum delivered power at 23 us, Pc=9.3 W,
P;=108, and T"=0.46. For t,; =21 us, the peak capacitive power of
Pc=21W occurs at 2.6 us when the inductive power is P;<1W
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and I'=0.76. At 23us, Pc=12W, P;=235 and I <0.001.
For ty; > 7 us, the set-point values of Cs and Cp are well matched to
the H-mode, and so I"<0.01 for ¢>10-15us for the remainder of
the power pulse. The electron density at the end of the power pulse
is nearly that of the perfect match.

C. Matching for different duty cycles

Matching early during the power pulse is sensitive to the elec-
tron density at the onset of power, and this is particularly problem-
atic in thermally attaching gas mixtures such as Ar/Cl,. During the
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inter-pulse period, the electron temperature decreases, which
increases the rate of attachment and increases the electron loss. The
lower electron density at the onset of power for the next pulse
makes the system appear to be more capacitive to the matching
network. This sensitivity can be demonstrated by varying the duty
cycle of the pulsed power.

For the same peak power during the power pulse, a shorter
duty cycle translates to lower average power deposition and less
fractional dissociation of Cl,. The larger density of Cl, results in
more attachment during a longer inter-pulse period, resulting in a
lower initial electron density at the beginning of the next pulse. For
example, the electron density and plasma potential ®p during
the pulsed period are shown in Fig. 9 for different duty cycles
(25%-65%). Note that the time scales are shifted in Fig. 9(b) by
increments of 10 us in order to show the plasma potentials more
clearly. The electron density at the beginning of the pulsed cycle is
1x 108 cm™ for a duty cycle of 25% and 1x 10° cm™ for a duty
cycle of 65%. The magnitude of oscillation of ®p indicates the
severity of capacitive coupling.

When varying the duty cycle, the same set-point match is
used corresponding to fp;=7us and a duty cycle of 35%. Duty
cycles shorter than 35% produce smaller initial electron densities.
However, the system already starts in the E-mode, and so there is
little change in the oscillation of ®p. Increasing the duty cycle
increases the initial electron density, which enables some H-mode
coupling early during the pulse. This H-mode coupled power
reduces the power coupled into the E-mode, which then reduces
the oscillation in @p. This reduction in capacitive power does come
at a cost of increasing the reflection coefficient. At the time of the
nominal match conditions for a duty cycle of 35%, the reflection
coefficient at t=7pus is I'=0.01. For a 25% duty cycle, I'=0.02
(still small), whereas for a duty cycle of 65%, the reflection coeffi-
cient is I' = 0.08.

D. lon energy distributions (IEDs) onto the window
during the E-mode

A consequence of early matches that allow significant power
into the E-mode is large ion fluxes incident onto the dielectric
window while there is still significant oscillation in the plasma poten-
tial. These conditions produce energetic ions onto the window,
which can result in sputtering and erosion. For example, ion energy
distributions (IEDs) incident onto the window with a duty cycle of
25% are shown in Fig. 10. At the beginning of the pulse, the plasma
potential rises from about 10 V when the sheath beneath the window
is thick. The resulting IED is largely thermal with an extended tail.
As the plasma density increases, which thins the sheath, and plasma
potential increases with the capacitive coupling, the IED extends to
as high as 200 eV, for a plasma potential peaking at 375 V during the
E-mode. The maximum in the IED does not directly correspond to
the maximum in plasma potential due to the locations within the
thick sheath that ions are produced and due to the transient charging
of the dielectric. As the H-mode is established and the plasma poten-
tial decreases, the maximum energy of the IEDs also begins to
decrease. By the end of the power pulse, the peak of the IED occurs
at 18 eV. In the afterglow where the plasma potential decreases below
10V, the peak in the IED occurs at 5 eV.
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When matching early in the pulse, capacitive coupling is
emphasized, there is more power dissipated in ion acceleration, and
there are more energetic of ions incident on all inside surfaces of
the reactor, and on the window, in particular. These energetic ions
could be potentially damaging to the window and other surfaces.
These energetic fluxes are then another consideration in choosing
an early match. Having said that, even with ), being small, the
E-mode dissipates before the plasma density reaches its maximum
value. As such, the flux of energetic ions produced by capacitive
coupling may not be large, thereby reducing the likelihood for
damage.
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E. Antenna placement

The capacitance between the antenna and the plasma consists
of at least three series components—the capacitance of the air gap
between the antenna and window, the capacitance of the window,
and the capacitance of the sheath. In practice, the capacitance of
the antenna-window gap is more variable than that of the window.
For example, placement of the antenna after maintenance must be
extremely precise to replicate the capacitance of the antenna-
window gap. The variable capacitance of the antenna-window gap
then translates into variability in the plasma.
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To demonstrate the sensitivity of matching pulsed ICPs to the
placement of the antenna, the following procedure was followed.
The gap between the bottom of the flat antenna and the window
was varied from d =0 (in contact with the window) to 8.2 mm. For
each gap, calculations were first performed with perfect matching.
The values of Cp and Cg for each gap size were then chosen as the
perfect match values at t,; = 20 us. The simulations for gaps sizes of
d=0-8.2mm were then repeated with these fixed values Cp and
Cs. The resulting capacitive power Pc and inductive power P;
during the power pulse are shown in Fig. 11.
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FIG. 11. Inductive and capacitive power deposition for different gaps, d,
between the coils and the top of the dielectric window. Heights range between
d=0 and 8.2mm. (a) Power over the entire power-on period and (b) power
during the first 5us. The circuit match values correspond to the match time
tw =20 us (Ar/Cl, = 65/35, 25 mTorr, PRF = 13.3 kHz, DC = 35%, Ps =250 W).
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With increasing values of the gap, d, the series capacitance of
the gap-window pair decreases. With d=0 (maximum capaci-
tance), E-mode power is dissipated at the leading edge of the power
pulse. This capacitive power produces ionization, which then
enables the inductive power to begin earlier leading to an onset of
the H-mode. As the gap size d increases, the series capacitance also
decreases. This decrease in capacitance of the gap limits current,
which then decreases the E-mode power at the leading edge of the
power pulse and increases the reflection coefficient. With lower
E-mode power deposition, the increase in electron density is
slower. This slow rate of increase in electron density means that
more time is required for the electron density to increase to the
point that inductive power dominates and the H-mode begins.
During the quasi-steady state portion of the pulse where the circuit
is well matched to the plasma, the small values of d allow for larger
capacitive power deposition, which then reduces the inductive
power deposition.

For all values of the antenna-window gap, there is nearly a
perfect match late in the pulse—all forward power is dissipated
either in the plasma or in the antenna. However, the manner of
deposition, fraction of power dissipated as Pc and Py, is sensitive to
the height of the antenna above the window. In results not shown
here, there is a similar dependence on the flatness of the antenna.
An antenna that may be mounted at a small angle with respect to
the window can be perfectly matched; however, the fractions of
power dissipated as Pc and Py are a function of the orientation of
the antenna. Reproducing performance when replacing an antenna
requires both ensuring a match and also reproducing the fraction
of power separately dissipated as Pc and P;. In the case of pulsed
plasmas, the power waveforms should also be reproduced.

F. Electrostatic waves at the onset of the E-mode

For thermally attaching gas mixtures, as in the Ar/Cl, mixture
used in this investigation, the onset of the E-mode at the leading
edge of the power pulse produces an impulsive perturbation to the
plasma that generates electrostatic waves. At the beginning of the
power pulse, the plasma is essentially an ion-ion plasma with the
positive and negative ion densities greatly exceeding the electron
density. For example, for the base case at the end of the afterglow,
the positive and negative ion densities adjacent to the window are
essentially equal at 3.4 x 10'° cm™>, whereas the electron density is
2x10°cm™. The charge density (units of elementary charge,
q=1.6x10""°C) is —=2.5 x 10* cm™>. There essentially is no sheath
as both positive ions have largely thermalized to the same tempera-
ture during the afterglow and the ions have nearly the same
mobilities.

When the power is applied, a large voltage is generated across
the antenna and capacitive coupling to the plasma occurs. The
response of the plasma is to attempt to form a sheath to dissipate
the capacitive voltage drop. During the first few RF cycles, the
sheath is most easily formed by accelerating electrons adjacent to
the dielectric into the plasma to produce a positive space charge
region. During these first few cycles, the far more numerous posi-
tive and negative ions are nearly immobile and do not significantly
separate to produce the charge density needed to create the sheath.
With each half cycle, electrons are expelled from and attracted to
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the dielectric. The end result is the launching of electrostatic waves
into the ion-ion plasma.

The electron and charge density are shown in Fig. 12 during
the first six cycles of the power pulse for the base case with a match
point of f;=1.5us. These conditions were chosen to emphasize
the initial E-mode coupling for demonstration purposes. The elec-
tron density is shown as color contours. The charge density p
(units of elementary charge/cm?) is shown with numerical labels
with a line for p =0 indicating a sign change in the local charge
density. As the power increases at the beginning of the pulse, the
voltage on the coils increases with each successive RF cycle.
Electrons adjacent to all surfaces in contact with the plasma are
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O19sv [151v [Js9v

_ Cycle 3 (10 MHz)
L [e] (4.0x 10%cm™®)
L p=0 (line), labels 10’cm®

[03ssv [J276v [J10sv

— Cycle 4 (10 MHz)
L [e] (4.5x10%cm™)
15} p=0 (line), labels 10’cm™

[J393v [J304v [J119v

_ Cycle 6 (10 MHz)
L [e](5.9x10% cm™)
L =0 (line), labels 107cm™

[Os529v [J395v [J154v

80 —=,

10 0 2 4 6
d) Radius (cm)

4 6 8
Radius (cm)

Min IR B Max
5oz o7 o5 o5 T

o 08 10

FIG. 12. Electron density (color contours) and charge density over the first few
RF cycles of a pulsed period. (a) Second, (b) third, (c) fourth, and (d) sixth
cycles. The circuit match values correspond to the match time t,=1.5us. The
charge density p is shown by labels in units of 107q (1.6 x 10~"° C)lem? with a
line denoting p=0 (Ar/Cl,=65/35 25mTorr, PRF=13.3kHz, DC =35%,
Ps =250 W). The impulsive power deposition launches electrostatic waves.
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expelled into the plasma in an attempt to form a sheath. This
expulsion is most pronounced under the window adjacent to the
coils but also occurs along the sidewalls and substrate. The expul-
sion first produces an electrostatic wave having p <0. Since the
electron density is two orders of magnitude less than the positive
and negative ions, this wave can propagate through the plasma
without significantly perturbing the overall charge balance. The
anodic half of the cycle launches a positive electrostatic wave. With
each cycle, a new wave is launched, producing layers of alternating
charge propagating into the plasma. The waves appear to emanate
from under the inner and middle coils where the voltage is the
largest and the largest amount of charge must be expelled to form
the sheath.

In time, the electron density increases and positive space
charge sheath is formed under the dielectric while the initial elec-
trostatic waves collisionally dissipate. The waves soon become
chaotic (not shown) due to the disparity in coil voltages, each with
slightly different phases. The oscillating voltage on each coil
launches what appears to be a cylindrically expanding electrostatic
wave of different magnitude. These individually expanding waves
are close enough in phase that their sum appears to have only a
slight curvature. However, on successive pulses, the disparity in
voltage between the coils increases, producing expanding waves
that intersect and become chaotic before dissipating.

These electrostatic waves will occur in any highly electronega-
tive system in which a sharply rising negative voltage is applied to a
surface. For example, in pulsed plasma doping (P’LAD) systems, a
multi-kV negative, nearly step-function pulse is applied to the sub-
strate to accelerate ions into the wafer for shallow junction implan-
tation.” Simulations of P’LAD systems predict similar electrostatic
waves, albeit more soliton-like due to the single transient voltage."’
In the ICP systems discussed here, the amplitude and duration of
the waves are small, and so the effects on processing (e.g., etch rate
or uniformity) are likely not large. Their effects on diagnostics and
sensors could be problematic, particularly if the waves are not
reproducible pulse-to-pulse.

IV. CONCLUDING REMARKS

Power dissipation in CW and pulsed electronegative induc-
tively coupled plasmas sustained in Ar/Cl, mixtures and the conse-
quences of impedance matching were computationally investigated.
During a pulsed cycle, the modulation in electron density deter-
mines the mode of power deposition—capacitive (E-mode) at low
electron density where the electromagnetic skin depth is large, and
inductive (H-mode) at high electron density where the electromag-
netic skin is small. Even with perfect power transfer from the
supply to the plasma, there is a natural E-H-mode that occurs at
the beginning of the pulsed period.

When considering matching, the increase in plasma density
and spatial distribution of the plasma changes the impedance of
the plasma reactor during pulsing, which then changes the match-
ing requirements to deliver power from the supply. Since compo-
nents in the match box are typically fixed during the pulsed period,
components in the match box are set to match the plasma at par-
ticular times during the pulsed period. If the matchbox is chosen to
match the impedance at the onset of the power pulse, the E-mode
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is emphasized and a fast plasma ignition is expected due to efficient
power deposition during power ramp-up. However, the trade-off is
a high power reflection coefficient during the majority of the
power-on period as a consequence of the impedance mismatch to
the H-mode plasma. In contrast, matching the higher power
H-mode produces more net power transfer from the supply to the
plasma but delays the onset of the H-mode due to the mismatch of
power in the E-mode.

Duty cycle during pulsing has important implications on
power matching. In general, the shorter the duty cycle, the lower
the electron density at the beginning of the next power pulse. This
is particularly the case for mixtures using gases that attach thermal
electrons, such as Cl,. The lower electron density with a shorter
duty cycle promotes the E-mode operation at the start of the next
power pulse.

In highly electronegative gases, the plasma at the beginning of
the power pulse is essentially an ion-ion plasma. The impulsive
application of power in purely an E-mode results in launching of
electrostatic waves during the leading RF cycles. The response of
the plasma to the high voltage on the antenna during the E-mode
is to form a sheath. The electrostatic waves result from the expul-
sion of the remaining electrons from nearby surfaces in an attempt
to form a sheath. These waves are more severe when the afterglow
is long and electronegativity is high.

Capacitance is largely a function of geometry and so the
capacitance between the antenna and the plasma is a function of
the gap length between the coil and dielectric window. A big gap
produces a small capacitance and decreases the capacitive power
that can be deposited during the E-mode. That decrease in power
reduces the initial increase in electron density, which then delays
the onset of the H-mode.

Power matching to transient systems will be challenging as
long as the matching requires mechanical changes in components.
These mechanical changes simply cannot be made rapidly enough
to track the change in plasma impedance. As pulsed plasmas
become even more prevalent in semiconductor manufacturing,
advanced matching techniques, such as frequency tuning, will be
required to minimize mode transitions and instabilities.
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APPENDIX: PERFECT MATCH VALUES OF C, AND Cs

For parametric studies, it is desirable to have a perfect match
between the power supply and the plasma reactor. The method of
solution to obtain the perfect match values of Cp and Cg are
described in this Appendix. For the circuit architecture shown in
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Fig. 1, the input impedance to the matchbox is given by

1 1
Zy =Ry + +
MM T G 1 1

T Re(zy) +jIm(Z0)

1
oL L
pr"'jwcp

To obtain the perfect match, we need to have Re(Zy) = Z,
and Im(Z,,) = 0. Define

A= [Re(Zy) — RM]{\ZLEw‘*L; + 0|z + 20°L, Im(Z)| 22}

— RC(ZL)(L)4L12)|ZL|2,
B = 20*L, Re(Z1)|Z1|* — 20|Z;|* [Re(Zo) — RullwL, + Im(Zp)],

C = {[Re(Zy) — Ru] — Re(Z)}| 21|,

where |Z; | is the magnitude of Z;. With these values,

~B + VB2 — 4AC
Cb="0a

| Re(Z)X(1 - ’L,G,)’ + [0G, |2, )" — Im(Zy)(1 — ’L,Cp)I”

Cs =
o(1 —»2L,Cp)|Z ' 0Cy| Zt |* — Im(Z)(1 — »2L,C,)]
The positive value of Cp is chosen.
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