ABSTRACT

XIAO, YUHUA. Effects of Focus Ring and External Circuit on Ion Energy and Sheath Dynamics
in Electropositive Capacitively Coupled Plasmas. (Under the direction of Steven Shannon).

Capacitively coupled wafer-bearing cathodes are widely used in semiconductor pro-
cesses like etching and deposition. The control of plasma to obtain uniform deposition
and etching is an open problem, particularly within a few millimeters of the substrate edge.
Complex material stacks commonly referred to as focus rings are placed at the wafer edge
to provide uniform processes across the entire substrate, but have limitations with regard
to process window and eventual material erosion. One approach is to combine a focus ring
with a tunable external circuit ground path termination to extend the plasma uniformity
to the wafer edge over a wider process space. The focus ring can be viewed as an arbitrary
impedance element at the wafer edge that balances the sheath voltage above it and the
region above the wafer, minimizing field variation at the wafer edge. The external circuit
coupling focus ring to the ground influences the ion energy profile and ion angular profile
by changing the impedance between the focus ring and the ground, and allows wafer edge
tuning over a wide range of operating parameters.

To validate the effects of focus ring and external circuit, one dimensional circuit models
with focus ring and external circuit are developed. The simulations are compared to ex-
perimental results measured using hairpin probe, voltage-current probe, Langmuir probe,
phase resolved optical emission spectroscopy, and retarding field energy analyzer. It is
found that the focus ring coupling acts as a voltage divider only in high voltage cases, and
the sheath voltage drop over the focus ring will increase in low voltage cases and does
not rigorously follow the voltage divider model typically used. Moreover, the adjustable
external circuit can control the edge ion energy by distributing the current and the energy
loss between directly powered and passively radio-frequency coupled surfaces. Finally, the
focus ring with external circuit assembly can also control the spatial distribution of plasma
density and thereby improve the sheath edge profile. These results point to possible source
designs for engineering the distribution of power dissipation and the electric field of the

wafer edge in industrial plasma reactors.
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CHAPTER

1

INTRODUCTION

1.1 Overview

Plasma is a medium containing free charged ions and electrons that interact dominated by
electromagnetic forces. Though the "plasma” term can be extended to any medium such
as gas, liquid, and solid, plasma is usually referred to quasi-neutral gaseous mixture [1, 2].
Arti cial plasmas play very important roles in laboratories (like fusion), and in our daily
lives (neon tubes, solar panels, integrated circuit fabrication, etc.). In fact, one pillar on
which today's microchip manufacture rests is plasma which deals with surface treatment,
deposition, and etching [3,4]. Itis claimedthat 1 / 3 processing steps of microchip fabrication
are plasma based [5]. Continuous development of new and improved processes have been
seen in the semiconductor industry since microchip rst became commercially available

in 1961 [3]. The gate width of the transistor is decreasing dramatically so that computers
require less power and respond faster. As a result, the transistor density on a chip doubles
every two years to enhance chip performance, which is known as the Moore's law. Another
important trend is that both the die size of a microchip and the semiconductor wafer in
use become larger and larger to gain ef cient production and lower the yield [6, 7].



Figure 1.1: Increase of the wafer size from 1 inch in the 1970s through 2, 3, 4,5, 6, 8, 12 [7].

As the microchip feature sizes keep shrinking and plasma reactor dimensions keep
growing, there is an increasing requirement for spatially uniform plasma processes and
tight control of plasma parameters. The fundamental physics mechanisms concerning
plasma uniformity are reasonably well understood in recent decades [8, 9, 10, 11]. Non-
uniformities caused by electromagnetic effects are inevitable in large plasmas [9]. Most
plasma processing is done using radio-frequency (RF) plasmas with a frequency range
typically from 100s of kHz to over 100 MHz. For substrates larger than 300 mm, the electro-
magnetic effects impact process uniformity at even 13.56 MHz since the plasma chamber
dimensions become commensurate with the RF wavelength  [10, 11]. Plasma uniformity can
be dynamically controlled during operation by gas ow optimization, changing excitation
frequencies [12], multiple RF feeds (or generators) or using phase control [13, 14]. These
plasma operation methods generally work well for only a limited parameter window, and
the cost can be prohibitive. New plasma source designs like shaped electrodes [15] and
combination of multiple small sources [16] can also suppress or compensate electromag-
netic effects. These hardware design techniques generally limit the range over which the



plasma processes and plasma diagnostic tools can be used, and are often costly to adjust
with growing dimensions [17]. Thus, there is still an increased need to explore and develop
plasma technologies that are more readily operative for larger electrodes and wafers.

1.2 Limitations and Solutions

A majority of the effort to improve process uniformity focuses on maintaining plasma
density and sheath voltage over the bulk of the wafer surface area. A particular challenge in
this uniformity effort, however, focuses on just the outer few millimeters of the substrate
where unavoidable structural features such as wafer size, material discontinuities, and
electrode edges can produce non-uniformities that exclude this outer region of the substrate
from device fabrication. As processing yield increases, the uniform electric eld and density
distribution at the substrate edge are compromised due to impedance discontinuities
and physical deviation from an ideal planar geometry  [14]. This "edge exclusion” zone
can be costly for manufacturing. A5 mm edge exclusion on a 300 mm diameter substrate
accounts for 6.6% of the wafer surface, or the equivalent surface area needed to fabricate
approximately 21 additional microprocessors per substrate (using the 215 mm 2 die size
for an Alder Lake-S Intel |9 processor as an estimated processor size [18]). Because of this,
there is a continuous industry push to minimize this edge exclusion zone and extend viable
processing to the wafer edge. The ability to process materials uniformly must be extended
as close as possible to the wafer edge.

Similar to the plasma discharge uniformity issues that need to be addressed more
broadly across the entire wafer surface, the plasma processing uniformity at the wafer
surface area strongly depends on sheath dynamics and spatial density distributions of
charged and neutral species [19, 20, 21, 22, 23, 24]. Therefore the challenges to control
surface functionalities of the processed Ims lie in the control of plasmas to achieve the
optimal balance among the incident ion and radical species uxes, and ion energies. A
better understanding of the role of the incident species uxes, ion energy dependence,
and species selectivity of induced etching reactions is required, in addition to technical
knowledge on how to employ dynamical control of the plasma for better process control.

In order to facilitate uniform etching, requirements like uniform uxes, uniform sheath
voltage drop, and at equipotential lines in the sheath have to be satis ed. Non-uniform
ux or non-uniform sheath voltage leads to discrepancies in ion energy density distribution
and inconsistent etch rates. Contorted sheath edge curves and equipotential lines can



Figure 1.2: The importance of at sheath or pre-sheath edge and equipotential curve. The
left image describes that curving sheath edge brings off-normal ion ux and tilted trenches.
The rightimage is the desired at sheath edge and high aspect ratio trenches.

cause off-normal process anisotropy or severe lateral etch as shown in Figure 1.2. While
discharge uniformity in the bulk across the entire substrate is normally engineered through
source designs that capture spatial dependence of substrate temperature, species transport,
and power dissipation [11, 25, 26], process uniformity on the substrate edge surface tends
to most directly depend on how the geometry of a nite sized cathode assembly and
substrate along with the material discontinuities at the cathode edge impact the shape of
the elds in the vicinity of the substrate edge as well as the temperature distribution in this
region [15, 16, 17]. There are several strategies to accomplish uniform processing. The most
straightforward strategy is to extend the powered cathode surface to a radius suf ciently
beyond the edge of the wafer so that these non-uniformities occur far away from the
wafer edge. An undesired consequence of this is the accelerated consumption of cathode
components due to exposure to high energy ion bombardment. Instead, careful design
of material stacks at the substrate edge commonly referred to as process kit assemblies
or focus ring assemblies, which use a combination of materials with optimized electrical
properties and tailored geometry, are more widely used to optimize the elds, temperature
distribution, and species transport at the wafer edge to minimize these process irregularities
[27, 28].

1.3 Developments and State of the Art

The focus ring, as the name indicates, is rst used for restricting /focusing the distribution
of the plasma to only the wafer surface area, so that the plasma is prevented from attacking



Figure 1.3: Anatomies of typical focus rings. (a) Focus ring mounted directly on the cathode
edge. (b) Focus ring mounted on a ring shaped electrode surrounding the cathode.

hardware components contained in the lower compartment of the chamber in the 1970s
[29, 30]. The focus ring surrounding the wafer used less costly and more economically
replaceable consumable components that protect the high-value bias cathode.

Since the focus ring encircles the wafer (Figure 1.3(a)), its effect on local plasma con-
ditions has been widely utilized to modify radial non-uniformity since the early 1990s
[31, 32, 33, 34]. At that time, efforts were focused on non-uniform processing rate caused
by non-uniform gas ow rate over the wafer surface. The wafer edge has a higher gas ow
rate while the reaction seeds are depleted at the center due to a lower gas ow rate, which
denigrates plasma processing uniformity. The progress is thus slower at the center portion
of the wafer than at the edge. Focus ring can decrease the reaction speed at the edge by
restricting the incidence of reactive ions to the wafer edge, and therefore the uniformity is
improved. At that time, it was found that the height of focus ring is important for control-
ling the reaction speed and the ions impacting upon focus ring tend to erode focus ring
unavoidably [31]. One typical solution (Figure 1.3(b)) is to mount the focus ring on a metal
ring electrode susceptor which is further supported by a lift mechanism that can adjust
focus ring height and allow focus ring replacement  [33]. In addition, a dielectric is used to



separate focus ring assembly from the ground [30, 35].

To elongate focus ring lifetime and enhance uniformity, work was done concerning
focus ring materials and geometries soon after [36]. Ying-Shuang Liang et al. numerically
investigated the effects of focus ring thickness and relative permittivity on ion density and
ion axial ux [37]. Kyung Chae Yang et al. experimentally investigated the effects of focus
ring structure and materials on the etch characteristics  [38]. Focus ring can be made of
aluminum oxide which also forms the chamber wall or substrate so that focus ring erosion
does not introduce any different extra contamination  [34]. Other materials include quartz,
silicon, silicon carbide, and conductive materials, or multi-layer materials with low sputter
yields and low etch reactivity [30, 38, 39]. Other properties like surface conditions and focus
ring temperature were also found to have in uences on etching characteristics [40, 30].

As mentioned before, uniform density and uniform etching rate are not the only re-
guirements for uniform etching. Flat equipotential lines and ion ux with narrow angular
distribution are also desired to avoid tilting and other non-normal features at the edge of
the wafer, especially for larger wafers and high aspect ratio etching. An empirical theory
is widely known in the industry, that a focus ring electrically contacted with the cathode
is no more than a voltage divider that shares the total sheath voltage above the wafer
with the sheath above itself [38]. A smaller permittivity or thicker focus ring produced a
smaller capacitance, which resulted in a higher focus ring voltage and a smaller sheath
thickness above it. This rough voltage divider theory has only been veri ed partially. Kim
and Economou rst numerically analyzed the sheath properties of and ion uxes at the
transition between a conductor and insulator (can be treated as an analog to a focus ring)
on the powered electrode [41]. They found that the sheath potential and sheath thickness
at the insulator surface were functions of the insulator thickness, a consequence of the
change in capacitance of the insulator. The results about insulator's effects on electric elds
and sheath potentials were further veri ed experimentally  [42].

Recent years have seen more numerical studies about the effects of focus ring on elec-
tric elds and ion energy and angular distributions (IEADs). Kim et al. investigated the
consequences of the geometry and permittivity of the focus ring in a capacitively coupled
plasma at a pressure of a few Torr as used for deposition [28]. They found that the increase
in thickness or permittivity makes the ion angle distributions outward on the left side of
the focus ring and that the magnitude of ion uxes onto the focus ring is sensitive to the
dielectric constant of the focus ring. Xifeng Wang et al. explored the IEADs onto and the
erosion of the focus ring at a relatively low pressure as used for etching [43]. Between the
focus ring and wafer, there is a small gap reserved for wafer placement and to isolate the



focus ring from the wafer and the electrostatic chuck. This gap also has signi cant in u-
ences on electric eld and IEAD on the wafer edge. Babaeva and Kim both computationally
examined the sheath and IEADs around the wafer, focus ring, and this wafer-focus ring gap
[28, 44, 45]. Babaeva and Kushner found that plasma penetration and acceleration of ions
into the wafer-focus ring gap increase as the gap size approaches and exceeds the Debye
length and that IEADSs striking surfaces in the gap are sensitive to the dielectric constant
and thickness of focus ring [44, 45].

Another important development in the industry is that focus ring can be coupled to
the ground by an adjustable external circuit assembly to optimize the focus ring ability to
improve electric eld under various conditions  [35]. Generally, a focus ring allows for gross
adjustment and external circuit accounts for ne adjustment of edge process uniformity
and reduction of edge exclusion zones.

1.4 Motivation and Thesis Outline

Focus ring design is complicated. The manipulation of elds at the wafer edge due to the
focus ring material depends on plasma conditions, namely the powered plasma sheath that
resides above both the substrate and the focus ring. Because of this, the process window
over which the focus ring can provide optimal conditions at the wafer edge can be smaller
than desired. Understanding the electronic interplay between the plasma, electrode, and
focus ring is central to the formation of design rules for uniform processing to the wafer
edge as well as pathways for advanced control strategies that could tailor the focus ring's
manipulation of elds at the wafer edge for a speci ¢ process step.

Focus ring design has been evolving for several decades. However, systemic research is
always lagging behind and most works are merely based on simulation with only qualitative
results while experimental validation is left empty. The mechanism and effect of focus
ring with external circuit assemblies for ne adjustment and minimization of edge pro-
cess exclusion zones are not fully understood, even though an adjustable external circuit
connected to either the powered electrode or oating counter electrode has been used
and studied for decades [46, 47, 48, 49, 50]. Moreover, the voltage divider theory has to
be veri ed quantitatively both numerically and experimentally under up-to-date focus
ring design. The essential interaction mechanism between plasma sheath and focus ring,
particularly with regard to how the plasma’s electrical properties couple the equivalent
circuit of the cathode structure, needs to be revealed. Lastly, with more precise and vari-



ous measurement methods being developed, the effects of focus ring and external circuit
assemblies on ion ux, IEAD, sheath dynamics, and electric elds should be re-examined
and explored further.

In this dissertation, a simpli ed rendition of the focus ring concept is rst used to
unravel a portion of this plasma-focus ring equivalent circuit to better understand how
focus ring design can impact plasma conditions at the wafer edge. This simpli ed setup
mounts the focus ring on an electrode to capture the effects of wafer-focus ring gap and
other possible isolation between the ring electrode and the chuck, allowing simpli ed
experimental and theoretical study of the effect of coupling between a passive focus ring
assembly and powered cathode. The voltage divider theory is re-described as that electrical
isolation between the primary cathode and passive focus ring elements can be regarded
as a simple voltage divider, reducing the sheath voltage above it for high sheath voltage
only [51]. Then, a new parallel plate plasma chamber with a focus ring and external circuit
was designed. Since the external circuit used here is different from previous efforts, the
effects of this external circuit independent of the focus ring on voltages, densities, and
sheath dynamics are examined. Last, the effects of focus ring with external circuit on voltage
uniformity, density uniformity, and sheath dynamics are investigated using several different
measurement methods. An equivalent 1-D circuit model is developed to simulate all the
effects and to explain the mechanism theoretically. The simulation results about focus ring
and external circuit are further compared to the experimental results. Simulation shows
quite good agreement and can aid in the preliminary design of new plasma sources.

This dissertation is laid out in the following manner. In this chapter, the motivation for
investigating the focus ring and external circuit effects on plasma uniformity and electric

elds are presented. Chapter 2 discusses the basic description of capacitively coupled
plasma, an overview of dual frequency plasma, a basic science of sheath dynamics, relevant
diagnostic theory, and methodology, and also outlines the circuit model which is compared
with experimental results. Chapter 3 describes the detailed experimental setup of the two
plasma chambers and their respective 1-D circuit models. Chapter 4 and chapter 5 present
and discuss the experimental results and simulation results of the focus ring effect and
external circuit effect separately. Chapter 6 presents and discusses the effect of focus ring
with external circuit assembly. Conclusions are drawn and future work is suggested in
chapter 7.



CHAPTER

2

THEORY BACKGROUND

In the previous chapter, the challenges associated with focus ring and external circuit for
plasma processing uniformity near the wafer edge were discussed. In this chapter, the
theoretical groundwork is presented to understand the discharges under study. In section
2.1, relevant fundamental concepts in low temperature plasmas necessary to understand
the experimental results are introduced. In section 2.2, a general description is presented
for the plasma sources investigated. A circuit model related to the simulation is introduced
in section 2.3. Simulations using the circuit model are compared to measurements when it
is feasible. In section 2.4, the theory necessary to understanding diagnostic principles is
presented.

2.1 Sheath Dynamics

Plasmas for semiconductor fabrication and most laboratories are weakly ionized gaseous
discharges containing electrons, ions, atoms, free radicals, and molecules. These different
particles interact with each other via collisions that occur on very short time scales depend-

ing on the densities and pressure. The collision can be elastic without kinetic energy loss,



or inelastic with energy transfer between involving particles. Collisions between charged
particles are infrequent and direct electron-ion recombination is mostly neglectable in low
pressure and low density plasma [52]. Thus, the charged particles tend to be generated in
the plasma bulk through ionization (an inelastic collision between electrons and neutral
particles) and lost at the plasma reactor walls which con ne the plasma. In the boundary
area of plasma between the bulk plasma and these walls, known as the sheath, the prop-
erties and charges are different to some extent from the plasma’s bulk region where the
region is quasi-neutral.

2.1.1 Sheath Formation and De nition

Within a plasma, the distribution functions of charged particles are often near a thermal
equilibrium distribution called the Maxwellian-Boltzmann distribution. The Maxwellian
distribution conveniently relates a characteristic temperature to the average energy and
the mean speed of the corresponding charged particles. The vector velocity Maxwellian
distribution is given by

. <o < g J 2 2 2
3=2 mu? m 3=2 m(ux+uy+uz)

ex =Nn ex
P T 2 KeT P kg T

fu)=n (2.1)

m
2 kgT

where n, m, T are the density, mass, and temperature, respectively. kg is the Boltzmann
constant. The scalar velocity Maxwellian distribution can be derived as

¢ <3=2 mu 2
f(u)=4 n uZexp (2.2)
2 kgT 2kgT
Basedon f (E)dE = f (u)du, the kinetic energy ( E) Maxwellian distribution is
[ ] < 3:2 p . L] E <
f(E)=2 n E exp (2.3)
B kB
The density is now recovered by integrating over all possible speeds,
Z,
n= f(u)du (2.4)
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The mean speed of a particle is then de ned by
YA 1

u-= uf (u)du =
0

" 8kgT 17

(2.5)

For the particles crossing a speci ¢ plane, likethe x vy planeinthe z-direction, the ux
can be determined by an integral:

-n. m ot duZl du21uex u’ du -n.kBT<1:2 (2.6)
"N ket T Ty SR ey ST oy '
Similarly, the energy uxinthe z-direction can be found
1 2
S=n< Emu u,>,=2kgT (2.7)

Equation 2.7 suggests that the average kinetic energy per particle of the uxis 2kgT . Sub-
stituting the mean velocity de ned in Equation 2.5 into Equation 2.6, the ux can also be

expressed as
1
=-nu 2.8
. (2.8)
Now, the electron ux and the ion ux to the chamber wall due to random thermal motion

for an electropositive plasma (ions are positively charged) are

o < 1=
ezlneUe:ne @ - (2.9a)
4 2 mg
1 kT
i = =Nju;=n; (2.9b)
4 2 m,;

lons have less mobility and are close to room temperature [53]. The ion temperature T, can
be assumed to be 0.5 eV for pressures less than 1 mTorr and can approach 600 K for higher
pressures [54]. Since T, >> T, and m; >> m,, itis obvious to obtain u.,>> u;and .>> ;.
The electrons accumulate near the wall's surface, which results in a negatively charged walll
and a positively charged nearby area known as sheath as shown in Figure 2.1.

The negative charges on the surface quickly form a negative potential compared to
the bulk plasma potential . Then, electrons start to be repelled while positive ions are
accelerated to the wall by the electric eld in the sheath. A steady state would be reached
when the potential of the wall is negative enough for the electron ux to exactly balance the
ion ux. Such a potential is called the DC oating potential ¢. If the wall is conducting, it
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Figure 2.1: Plasma, presheath, and sheath structures when the plasma is in contact with a
wall [53].

can also be biased by a voltage source and held at any potential with respect to the plasma
potential.
The potential in the sheath, , is derived from Poisson's equation:

r2 = — (2.10)

Since the electric eld and the space charge gradientare along z direction here, the equation
can be written as

@ _ (@) nde_e oo 0" @)

@2 : : KaT n;(z)) (2.11)

The boundary conditionis  (s)= , where s is sheath thicknessand , is the wall potential.
If the potential is suf ciently negativethat e << kgT,, electrons are nearly swept away in
the sheath and the electron density is negligible:

@2 ni(z)e

ai- (2.12)

For ion density, the simplest assumption is called ion matrix model assuming a constant
ion density in the sheath n;(z) = n;(0) = ng, where ug is the density at the sheath edge ( z=0).
One solution of Equation 2.12 is

2)= Zli,onsz2 (2.13)
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with the voltage across the sheath V having
€ 2
Ve= (0) (s)= > (S (2.14)
0

The sheath voltage V; is one of the most important characteristics of plasma etching. It sup-
plies anisotropic bombardment energy for the ions accelerated toward the etching surface
and this ion bombardment creates an anisotropic etch mechanism  [19]. Apparently, this
matrix sheath is not self-consistent since it does not account for ion density variation as the
ion uid accelerates across the sheath. Considering a cold ion uid with neglectable initial
kinetic energy, the energy conservation and ion current density conservation equations for

a collisionless sheath are

1 2 1 2
Smu@?+e( (@) (O)=5mu(©) (2.15)

J=-en;(z)u(z)=-en;(O)u () (2.16)

Combine Equation 2.15 and Equation 2.16, and substitute the result into Equation 2.12:

&; 37 2e( () () ¥

@2 m (2.17)
0 i
This gives the well-known Child-Langmuir law:
4 ¢ 26 ¢ 12\ 32
I=5 — 5 (218)
|

Though the initial ion speed u(0) is ignorable, it can not be zero, or there is no ion ux

in the sheath. However, to give the ions a velocity to enter the sheath, there must be an

electric eld in some region beyond the sheath, called presheath as shown in Figure 2.1.

The famous Bohm sheath criterion uses the Bohm velocity ug to de ne the sheath edge

and to separate the sheath from presheath. The presheath has a very small electric eld

with u; < ug, while u; > ugin the sheath. ug can be derived from space charge equations
> Oor ﬂ— < 0. Only the result is given here:

£ q—
kgT, 7
m;

Ug= (2.19)

Moreover, the in nite electric eld indicates some space charge and a potential change in
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the presheath.
1
o (®=?mﬁwznﬁ (2.20)

Now, the density at the sheath edge, ng, can be related to that of the bulk plasma ng by the
Boltzmann relation
ng=nee (¢ O 061n, (2.21)

Commonly speaking, the difference between ngand ng is due to the diffusion and collision
in the plasma. It was revealed that the sheath edge-to-center density ratio (  h = ng=ny)
strongly depends on the pressure while its sensitivity to plasma density is slight  [23]. Lee
and Lieberman gave a good heuristic t to different pressure regimes about  h [54]. The
results are
h, 0.86 (2.22)
[3+1=2 ;+(0.86lug= D,)?]**?

for parallel-plane geometry with plates distance | and

0.8
h - (2.23)
" [4+r=+(0.8rug= g di( 01)Da)2
for cylindrical geometry with radius  r. D, ,ff‘—L is the ambipolar diffusion coef cient. iis

the ion mean free path and , is the momentum transfer frequency of ions.

Another sheath characteristic that should be highlighted here is "collisionless”. When a
monoenergetic particle hits a static target with a hitting velocity of ~ u, the collision frequency
isdenedas = (U)UNiyget = KNiager- The cross section  (u) is usually a function of u.
The commonly used rate constant K is the collision frequency per unit density de ned as

K=< (u)u>, (2.24)

For ion-neutral collision in a plasma with background gas density  ng, the total scattering
cross section, ;, is approximately 10 ¥ m?for0.05eV 0.5 eV Argon ions [55]. The collision
frequency is

=< j(u)u >ny (2.25)

Then, the ion mean free path  ; in the sheath can be simply estimated as

= (2.26)

Usually, a collisionless sheath is assumed when ; is larger than sheath thickness (a Child
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law sheath thickness is commonly used) [56].

2.1.2 Electron Heating Mode

As can be seen in the previous section, the potential drop across the sheath is a function
of the relative masses of electrons and ions, electron temperatures, and reactor chamber
design. When a direct current (DC) voltage or a RF voltage is applied to a surface (cathode),
the potential drop across the plasma sheath is enhanced and made adjustable. In fact, the
voltage across a plasma sheath is dependent on the heating mechanism and the power
absorbed by the plasma. To obtain a complete sheath dynamic, how the plasma is sustained
from an external energy source must be speci ed, and how that source transfers energy to
the electrons and ions has to be determined. Depending on the power source that feeds
the plasma, DC, low-frequency alternating current (AC), RF, and microwave discharges
can be distinguished. The typical heating mechanisms of RF discharges, which are the
only sources employed in this thesis, are Ohmic heating, stochastic heating (collisionless
heating), and secondary electron emission heating. All three mechanisms are related to the
interactions between the electron motion and the applied electric eld.
Assume a spatial uniform oscillating electric eld:

E(x,t)= RefEse!’ 'g (2.27)
where! =2 f isthe angular frequency. Electrons will also oscillate with the eld with a
xed phase delay of 90°. The time-averaged electron power absorption per unit volume is
iven b
g y . Z .
Pavs= = Jr(t)E(t)dt = Refd; Eog (2.28)

0
The total current J; consists of the conducting current J, = e n.u, and the displacement
current Jysp = j!" oE. Ontime-average, it will not gain or lose energy.
To break down the balance, the electrons have to lose energy by collision before trans-
ferring kinetic energy back to the eld. This is called Ohmic heating. With collisions, the

electron force equation is
due

m =
¢ dt
where |, is the momentum transfer frequency of electron-neutral collision. By solving

eE m. ,ue (2.29)
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Equation 2.29,

_ o " pe
J= j! TR ] m)E (2.30)
can be obtained and thus
— ™
I 2
h=dipt k=" o 1 = E=( p+jI" E (2:31)
SO Y
where ! . is the electron plasma frequency and  , is the plasma conductivity. They are
de ned as
5 1=2
= 2o (2.32)
e .
||O| 2
- - pe
p - J ' + o (233)
By relating Jr to Ethrough Jr = j!" ,"oE, the plasma relative permittivity ", can be de ned
as
I 2
A [ (2.34)
P PO om)

The Ohmic heating equation can be obtained by combining Equation 2.28 and Equation
2.31

=L iR ! 2.35
Pohm = EJJTOJ e ﬁ (2.35)

If the eld is spatially non-uniform like the sheath in plasma, electrons will also lose
phase coherent with electric eld, and gain or lose energy. This electron heating mechanism
is called stochastic heating. Stochastic heating is the dominant heating mechanism in low-
pressure capacitive discharges. The hardwall model was proposed originally by Fermi to
explain the origin of cosmic rays and was used by Godyak [57, 58, 59] to explain stochastic
heating by treating the sheath edge as a rigid barrier that perfectly re ects all incident
electrons (Figure 2.2). Electrons with a velocity u, incident on the moving sheath edge,
which has a velocity ug, are re ected such that the new velocity u,, is given by:

U= Ug+ 2ug (2.36)

Because of this condition, electrons re ected when the sheath edge is moving towards the
plasma gain energy, while electrons re ected from the retreating sheath edge lose energy.
If the parallel electron velocity distribution at the sheath edgeis  f.(Ue,t), thenin atime
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Figure 2.2: Schematic of the hardwall model. The sheath edge (hardwall) oscillates within
a position range given by the dashed lines.

interval dt and for a speed interval du the number of electrons per unit area that collide
with the sheath is given by (U, ug)fes(Ue,t)du dt. This results in a power transfer per unit
area 1

dSyee = SMe(U; UD(Ue  Ufes(Uie,t)du (2.37)

For the simplest matrix sheath model with a homogeneous ion background and a single
frequency RF power, ug = ugcos! t can be assumed. Then, using u, = u.+ 2ug and
integrating over all incident velocities, it is easy to obtain
Z,
Swe = 2m, Ugcos! t(us UECOS! t)*fog(Ue,t)duU, (2.38)
Us
To further simplify the calculation, several simplifying approximations are made. Sheath
velocity is much smaller than the mean electron speed, u << Vg, soitis good to set the
lower limitin Equation 2.38 to zero. For the uniform bulk electron density with a Boltzmann
distribution, the density distribution function has
VA 1
fes(Ue,t)dus=ng(t)=ng (aconstant) (2.39)
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Averaging Equation 2.38 over time, only the termin cos 2! t survives giving
YA 1

§StOC = 2meu(2) uefes(u e)due (240)

0

Now, the remaining is the random ux integral for a Boltzmann distribution. Substitute
Equation 2.6 and Equation 2.9, leaving the simple result

_ 1 _
Satoc = Emeugnsue (2.41)

An important result from expression (2.41) is that stochastic heating is proportional to
sheath velocity squared and mean electron velocity.

Secondary electron emission heating is associated with the recombination at surface,
which typically refers to the three-body neutralization reaction:

e+A"+S! A+S (2.42)

For typical processing discharges which have positive ion energies in the range 10 1000
eV at the surface, all positive ions are neutralized instantly. If the electron in Equation 2.42
has high energy, a second electron may be released from the solid and is free to move away
from the surface. This process is called Auger emission or secondary emission. In addition
to Auger emission, secondary electrons can be created by high kinetic ion (or neutral)
ejection with impact energies 8§ 1 kV which is not common in the discharges studied here.
Thus, the secondary emission process is practically independent of ion kinetic energy, and
mainly depends on the incident ion species and the near-surface composition of the surface
[60, 61]. It is found that constant ion ux independently of RF voltage can still be ensured
for low pressure dual frequency plasma discharge even if secondary electron emission is
notignorable [62]. The secondary electrons ux . produced by the collision of anion ux

i with the surface, is subsequently accelerated to comparatively high energies in the sheath.
Then these energetic electrons transfer most of their energy to heavy particles through
inelastic collisions. The term, secondary electron emission coef cient ser

se™ se— i (2-43)

is de ned to describe the probability that an incident ion will produce a secondary electron
when bombarding a surface. 4 is within the range of 0.1 0.2 for 20 mTorr Argon and
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metal surface [63]. At low pressures, secondary electrons act primarily as an energy loss
mechanism since most of these secondary electrons reach the opposite electrode and leave
the discharge without incident. As pressure increases, the probability that these high energy
electrons suffer a collision while traversing the discharge can become large enough that the
plasma can be sustained entirely by ionization due to secondary electrons. This regime is
referredtoas -mode and was predicted theoretically and measured by Godyak [64]. Recent
phase resolved optical emission spectroscopy (PROES) work has observed this transition
and another measured the secondary electron emission coef cient with computational
assistance[65, 66, 67]. Although no strict de nition for -mode exists, the transition can
be roughly characterized as occurring when the electron mean free path at high electron
energies (>10 eV) becomes small enough that the majority of ionization occurring in a
discharge is produced through this process.

2.1.3 lon Energy and Angular Distribution

lons gain energy mainly while passing through the pre-sheath and sheath regions that
bound the bulk plasma discharge, where drift forces and charge density induced electric
elds are much larger than in the bulk plasma. Under conditions where the sheath voltage
is signi cantly greater than the positive plasma potential, the characteristics of sheath and
ion energy distribution functions (IEDFs) are strongly related  [68, 69.

Figure 2.3: Schematic of IEDF curves. (a) Single peak IEDF. (b) Bimodal IEDF.

For DC sheath, all ions gain the same amount of energy so that the IEDF will have a
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single peak as sketched in Figure 2.3(a). If the sheath is a collisionless Child-Langmuir
sheath, the energy loss will be
E =kgT,=2+ e\, (2.44)

based on the Bohm sheath criterion. For collisionless RF driven sheaths, the sheath expands
and collapses alternately as a response to the oscillation of the RF waveform on the cathode.
lons may experience several sheath motion cycles before impinging the cathode surface
due to their heavy mass. Thus, the shape of IEDF is determined by the ratio of ion transit
time to the RF cycle period: ;= [70, 71, 72]. The ion transit time is de ned as the time for
ions to traverse the sheath when the sheath voltage is at its average value Vg

1
2

_m
i=3s — (2.45)
2eVq
where S is the time-averaged sheath thickness. For low ion transittime (= s 1), ions

respond to instantaneous sheath voltage, or say, electric eld change. Thus, the IEDF is
bimodal with midpoint equivalentto eV ¢ (Figure 2.3(b)) and the peak separation  E for
sinusoidal signal approximately is

E 2eV (2.46)

For highion transittime ( ;= ;> 1), the ions are less likely to respond to the instantaneous
changes, but more to the time-averaged electric eld changes. The mid of IEDF energy
peaks are still centered at eV  due to collisionless sheath, but  E narrows relatively. A good
estimation [72] of E forallvaluesof = is
7 — CEl:2
1=2¢ <
, 2kT, P2

E=2eV, 1+ — L (2.47)
Vs rf

2.2 Plasma Source

2.2.1 Capacitively Coupled Plasma

The parallel plate discharge operated at 13.56 MHz RF frequency is perhaps the most
prevalent technology in the processing industry for plasma etching or plasma-enhanced
chemical vapor deposition (PECVD) [73]. If the angular frequency satis es

L) e (2.48)
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the electrons still respond to the instantaneous sheath potentials and follow the RF elec-
tric eld. The electron density distribution presents a step pro le while the ion density
pro le in the sheath is static. Thus, the electron-free sheath, like matrix sheath or Child-
Langmuir sheath, can still be assumed. The parallel plate discharge belongs to the family
of capacitively coupled plasma (CCP), which means that the RF electric eld results from
surface charges on electrodes or dielectrics. This distinguishes it from inductively coupled
discharges (ICPs) where the electric eld is generated by a magnetic eld from an exter-
nal antenna. Compared to ICP, a CCP has a high voltage capacitive sheath between the
electrode and the bulk plasma. Its RF currents owing through the bulk plasma and across
the sheath lead to Ohmic heating in the bulk plasma and stochastic heating in the sheath.
Ohmic heating of the plasma bulk is not the dominant process at low RF power and low
gas pressure. Rather, electrons mainly gain energy from stochastic heating, especially for
high RF frequency. Thisis called -mode. Both -regime and -regime were rst observed
and characterized experimentally by Levitskii [74]. Belenguer used a uid model of RF glow
discharges to analyze the existence of these two regimes and the transition between them
[75].

Theoretically, either electrode can be grounded, oated, or connected to one or more
RF power supplies. This section only focuses on single frequency cases and the next section
will discuss dual frequency and multi-frequency cases. For single frequency, one electrode
is usually grounded (labeled as b, ,(t)= 0), while the counter electrode (labeled as a),
on which the wafers are placed, is subjected to a RF power source. The discharge can be
operated through a blocking capacitor between the powered electrode  a and the power
supply. The voltage on electrode a has the form

A1) =V + Vygsin! t (2.49)

The voltage drop of the associated sheath V; will contain second harmonic component due
to the non-linearity of the current-voltage characteristic of the sheath. This component is
usually much smaller than the fundamental component and the sheath can be treated as a
pure capacitor. Then the plasma potential will have the form

o(t) =V + Vy,sin! t (2.50)

As mentioned in Sec.2.1, plasma potential can not be less than the potential of any surface
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in contact with the plasma. Hence, the limiting conditions for p Can be obtained:

p,max = \% p + Vrf,p \4 at Vrf,a (2.518.)
p,min = Vp Vrf,p 0 (2.5lb)

For direct coupling between RF generator and electrode a, at least one of these inequalities
becomes an equality. When a blocking capacitor is inserted, no net current can ow through

the circuit of the powered electrode a and, therefore, the (t) must approach the ,(t)
for a brief period during each RF cycle to allow electrons to reach electrode a. Similarly,
net current ow leaving the plasma must be zero, therefore, no net current can ow to the
ground electrode b eitherand ,(t ) mustapproach zero brie y. Thus, these two inequalities

in expressions.2.51 become equalities and the well known Vp estimation expression [76]
can be obtained

— 1
Vp = EN a+ Vrf,a) (2-52)
The mean sheath voltage is

_ 1
Vsa:Vp Vazz(vrf,a Va) (2-53)

The commonly used DC self-bias is dened as V.. = V, V. Since electrode b is
grounded, V. = V , for this section. V. is formed due to charge conservation for each
electrode when electrode b is oating or a blocking capacitor is used. It is related to the
surface area and sheath density distributions of both electrodes (Figure 2.4). The two
electrodes of CCP can have equal or different areas (named geometrically symmetric and
geometrically asymmetric, respectively). The maximum sheath voltage can be found by

integrating Poisson's equation twice at the maximum sheath extension s,
B o Zs Zy
\ smax = w_

e

n,(x%dx%x = ZTsrf]ﬁSIS (2.54)
0 o 0 0
The mean charge density in the sheath nand the sheath integral are de ned as

12w
ng= g i n;(x)dx (2.55)

Z,
ls=2 n;( )=n.d (2.56)
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Figure 2.4: Plasma potentials V,(t) (solid curves) and powered electrode voltages V (t)
(dashed curves) for three-system geometries and for DC-coupled and capacitively coupled
powered electrode [76].

with = x=s,. |sis a dimensionless quantity that depends only on the normalized sheath
density pro le. Itis easy to get |, = 1 for a matrix sheath. At s,,, the space charge in the
sheath also reaches its maximum

Qm=es,nA (2.57)

Substituting Equation 2.57 into Equation 2.54, the maximum sheath voltages become

. <

1 Qam 2 sa
Veamax= —— — =2 2.58a
sa,max 26"0. Aa ( ﬁsa ( )
L Qi lw (2.58b)

=]

Vsb max —
2e"y Ay sb
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Assuming two similar sheath density pro les, the sheath integrals also have Iy, lg. If
electron density uctuation in the bulk plasma is negligible, one sheath collapses to its
minimum when the other expands to its maximum due to current continuity

Vsb,max Vdc+Vrf,ar Vsa,max Ndc Vrf,a) (2-59)

By further assuming that both sheaths will collapse completely (Vs min = 0), any possible
small difference in the nite potentials during collapse at the two sheaths is ignored. Both
inequalities in Equation 2.59 become equalities. Moreover, the two maximum charges must

be identical due to charge conservation: Q.. Q,m. The absolute value of the ratio of the
two sheath voltages (symmetry parameter) can now be expressed as

° Ky —
_ Vsb,max — E 2 n_sa (2 60)
Vsa,max Ab ﬁsb
Solving equations 2.59 gives [77]
— 1
Vdc =V a— 1+ Vrf,a (2-61)
and
2
Vsa.max = 1Tvrf,a (2-62)

2.2.2 Dual Frequency

Single frequency CCP was adopted as the rst generation device for microchip fabrication
in earlier 1970s. However, its intrinsic drawback, that the ion ux and ion energy are strongly
coupled, limits its application for today's larger wafer and high density reactors. Figure 2.5
gives the ion energy as a function of the ion ux for a 15 mTorr argon CCP discharge for
three different frequencies both simulationally and experimentally. The plot presents that
the ion energy increases as ion ux increases no matter what frequency is used in single
frequency CCP [78]. On the other hand, it indicates that the high frequency (HF) mostly
increases the ion ux while the low frequency (LF) increases the ion energy predominantly.
Separate control over ion ux and ion energy can be achieved by separately changing the
input power of two different signals.

Due to the ability to decouple ion energy and ion ux, dual frequency CCP gained great
attention and soon became the main stream technology in the semiconductor industry
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Figure 2.5: lon energy vsion ux at the discharge center for three different frequencies
[78]. The argon pressure was 15 mTorr.

Figure 2.6: Dual frequency CCP setups. (a) One electrode is subjected to two power sources;
(b) Each electrode is connected to one power source separately.

after 2000 [79]. Generally, there are two different setups for dual frequency CCP as presented
in Figure 2.6. For setup 1, the electrode potential  (t) will be

et)= Vet Viesin(l (rt +' )+ Viesin(l yet +' ) (2.63)

Itis found that the self-bias V . is in uenced by this frequency mixing which also introduces
an intermodulation component( ! 4 ! rand! 4 +! p)that attens the low-voltage
portion of the time-varying sheath potential, and thus affecting the IEDF signi cantly
[80]. The high frequency can be chosen to be the second or higher order harmonic of low
frequency. By controlling the locked phase between the fundamental and its harmonic, the
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resulting self-bias and ion energy are hence changed. This works even for geometrically
symmetric discharges, and the roles of the two electrodes can be reversed using the phase.
This effect is called the electrically asymmetric effect which can be used to control the ion
energy while the applied RF voltage and frequency and thereby the discharge parameters
are effectively unchanged [81, 77]. Setup 2 is simpler. For each electrode, the adjacent
sheath is dominantly affected by only one frequency of its associated power source. Most
equations derived for sheaths of single frequency CCP in Section 2.2 can be applied to dual
frequency CCP of setup 2 without many modi cations.

2.3 Circuit Model

Circuit models are useful preliminary simulation tools for capturing the equivalent circuit
properties of the plasma, sheath, and electrodes for CCP [82, 83, 84]. Circuit models can
be easily modi ed and adapted for various CCP sources, especially for external circuit
and focus ring with multiple circuit components. In this section, a 1-D circuit model is
described based on the equivalent circuit model developed by Lieberman et al [56, 53].
Another pioneering circuit model which is utilized in this thesis is given by Metze etal [82].

Several assumptions mentioned before are made in the basic circuit model. Here, the
assumptions are summarized as the following:

» Symmetric parallel plates. No other dielectrics or walls are included.

* No radial / transverse variation. This is valid if the electrode distance | and electrode
area A have | P A.

» The ions only respond to the time-averaged electric eld while the electrons respond

to the instantaneous electric eld. ! ; ! ! pe-

» The electron conduction current can be derived by substituting Equation 2.9 into the
Boltzmann relation:

1 1
lo(t)= L(t)A= Ze NU A = Ze nsexp UA (2.64)

Step sheath model (T, V) is assumed so that the electron density and the electron
current in the sheaths are zero.

26



» Matrix sheath is adopted for ion density in the sheath  n; = n = constant. Usually, it
is assumed to be equal to the bulk plasma density n = n,. The best assumption is
Child-Langmuir sheath which is more complicated. Only some nal results under
this assumption will be given at the end.

» Having the density of the sheath edge n = ngis more accurate for estimations while
the model is kept simple. However, the area A should be replaced by effective reaction
area A due to collision and diffusion.

» Secondary electron emission is negligible.

2.3.1 Plasma Impedance

Figure 2.7: The basic 1-D equivalent circuit model of the homogeneous RF capacitively
coupled plasma discharge.

The impedance Z,, of the bulk plasma with thickness d and cross-sectional area A can
be derived directly from Equation 2.35. Remember p,,,» only accounts for time-averaged
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power for resistance per unit volume. The total power for the entire bulk plasma is

Pouk (t) = 1Ad JA(t) ! = 1(AJ(t ) d (2.65)
M2 p il o 2 il o A |
Thus, the bulk plasma impedance is
d 1
Z,= —————— (2.66)
A o+ "
In circuit model, Equation 2.66 is further rewritten as
= ! (2.67)
p J I Co+ m .

where Cy = ",A=d is the vacuum capacitance, L, =" pgco !is the plasma inductance, and
Ry, = ml, isthe plasma resistance which contributes the Ohmic heating. The bulk plasma
now can be treated as a resistor R, in serial with an inductor L, and they are in parallel
with a capacitor C, as shown in Figure 2.7. The stochastic heating near the sheath edge also
leads to equivalent sheath resistance R, and R, for each sheath. Based on Equation 2.41,
sheath resistance can be de ned as

MeUe
- eznA

(2.68)

Ra,b

Since the electron density is approximately zero within the sheath, the currents through
the two sheaths are a steady ion ow for each sheath and a displacement current due to the
time-varying electric eld. The ion current can be modeled as an equivalent DC current
source with

;= JA=enugA (2.69)

The displacement current owing from electrode  a through the sheath is related to the
electric eld E(z,t):

laisp =" OA% = e nA(:I—?‘ (2.70)
The displacement current is equal to the applied sinusoidal current [ (t)=1,cos(! t)and
both sheaths oscillate linearly with the applied current. For symmetric electrodes, the
sheath thickness is given by

Sp(t)=3 Ssin( t) (2.71)
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Table 2.1: De nitions for all circuit components of the basic model.

circuit component  symbol de nition
applied current I en! Ascos(! t)
steady ion current l; enugA
sheath capacitance Cab "oA=S(t)
vacuum capacitance Co " oA=d
plasma inductance Lp I p=(e2Co)
plasma resistance Rp mbp
sheath resistance Rab mJU.=e?nA)
where
s= 11 (2.72)
en! A

is the mean sheath thickness. By integrating Poisson's equation twice, sheath voltage is

obtained ‘

ens?(t) ens? 3 1

Vo gt)= — 22~ = Z 2sinl't Zcos2 t (2.73)
' "o 2 2", 2 2

Now, by differentiating Equation 2.73 and substituting for 1 (t) using Equation 2.70, the
sheath capacitance C,, can be de ned as:

dV,
S = oAt (2.74)

Cap(t)= 1(t)=

All circuit components are summarized in Table.2.1. The remaining variables are the
density n and temperature T,, which need to be evaluated rst to calculate all circuit
parameters. To complete the analysis, particle balance and energy balance equations are
utilized. Particle balance per unit area, for a uniform CCP, is given by

nKi;ngdA=2nugA (2.75)

where K, is rate constant for ionization and d is the length of the bulk plasma region.
Bulk plasma region thickness d is related to the electrode distance: d =1 s, s =1 2s.
Equation 2.75 only includes the particle loss to the electrodes. It is only valid for in nite
parallel plates plasma and the matrix sheath model. A more accurate estimation has to
consider particle loss to the wall and the difference between ng, and ng. Modi ed particle
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balance for CCP with electrode radius r is

NoUgAes = KizNgNo 17l (2.76)
where Ay is the effective surface area for particle loss

Ag=2 r°h +2 rlh, (2.77)

Plasma density n, can be canceled out and Equation 2.76 can be rewritten as

Kiz(Te) — Aeff
UB(Te) ng rad

(2.78)

Given the left part of Equation 2.78, T, can be determined from particle balance equation.

The remaining parameter, n, is derived from energy balance that the total absorbed
power equals the total energy losses P, = Pyss- In the viewpoint of power absorption, the
real input power is modeled as the power supplied by two DC ion current sources and the
power provided by the RF source in Figure 2.7.

Pabs = s,dc + Ps,rf (2-79)

The DC ion current sources contribute the kinetic energy carried by the ion to the electrodes
(and walls), E;, whichis de ned in Equation 2.44. The RF source sustains the Ohmic heating
and the stochastic heating represented by the resistance R, and R,,.

1
Py i = 5|12Re Z,+ R+ R, (2.80)

In the perspective of energy losses, the total loss for each electron-ion pair consists of the
collisional loss E. and mean kinetic energy losses to the electrodes by the ion E; and the
electron E,.

Er=E.+E.+FE (2.81)

E. can be derived by dividing Equation 2.7 by the electron ux

S
E,= = =2kgT, (2.82)

e

E. accounts for the electron energy loss due to ionization E;,, excitation E,,, and elastic
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scattering involving neutral atoms Eg = "%eTe [85]. Thus, E; is de ned as

3m,
Kiz Ec = Kiz Eiz + Keerx + KeIWTe (2-83)

|
Gudmundsson gave good estimations for all these rate constants for argon [86], oxygen,
and uorine [87]. Now, the total power lost is

I:)Ioss =enyu BAef'f ET (2-84)

Combining Equation 2.79 Equation 2.84 and reducing ion energy loss part, the nal
energy balance equation is

1
Psit= Paps €NoUAciE; = EIfRe Zy+ R+ Ry = engugAg (2kgTe + E;) (2.85)

The MATLAB codes of this basic equivalent 1-D circuit model are presented in the Ap-
pendix.A.1. The codes have been optimized for both symmetric geometry and asymmetric
geometry CCPs. Figure 2.8 shows a typical comparison between the basic model results and
the experimental data. The discharge is sustained in a 152 mm diameter, 2.54 mm height
cylinder cavity with the bottom electrode powered and the top electrode and the side wall
grounded. The basic model usually overestimates the RF voltage a lot, and thus the sheath
voltage drops according to Equation 2.53. Simulation indicates the plasma potential p can
easily reach 100 V, while the measured | is around 30 V for the same delivered power. Based
on energy balance, higher ion energy (sheath voltage) comes with lower ion ux (plasma
density). However, the simulation data also has a larger plasma density. This contradiction
can be explained in two ways: 1, the model assumes a Maxwellian-Boltzmann distribution
which results in a very low electron temperature (around 3.25 eV), while the actual electron
energy distribution function (EEDF) is non-Maxwellian with the lowest measured T, to
be 4 eV. 2, the simulation assumes a perfect cylinder reactor for the asymmetric geometry
plasma, while the actual chamber may have much more space and surface area due to the
gaps, ports, and isolation dielectrics.

2.3.2 Transmission Line

The adjustable external circuit used in this thesis is connected to an electrode through a
coaxial cable. Due to the comparable cable length to the RF wavelength, the coaxial cable
can not be treated as a lossless wire. The effect of this coaxial cable can be approached
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Figure 2.8: Comparison between the basic equivalent 1-D circuit model and the exper-
imental results under 20 mTorr Argon with 13.56 MHz single frequency. (a) Simulation
potentials and voltage curves; (b) Experimental cathode potential and RF voltage; (c) Simu-
lation plasma density; (d) Experimental plasma density.

from transmission line theory based on circuit analysis  [88]. A transmission line is often
schematically represented as a two-wire line as shown in Figure 2.9. The famous telegrapher
equations derived from Kirchhoff's law can be stated as

@/Cffl;t): Ri(z,t) L@gt’t) (2.86a)
@gz’t): Gv(z,t) C@/@(;t) (2.86b)
For the sinusoidal steady-state RF signal, Equation 2.86 simplify to

dVv (z) _

= (R+j! L)(2) (2.87a)
dz

dl (z) _

e = (G+j! C)V(2) (2.87b)
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Figure 2.9: Voltage and current de nitions and equivalent circuit for an incremental length
oftransmission line [88]. (a) Voltage and currentde nitions. (b) Lumped-element equivalent
circuit. R isthe series resistance per unit length. L is the series inductance per unit length.
G is the shunt conductance per unit length.  C is the shunt capacitance per unit length.

with cosine-based phasors. Then, the traveling wave solutions can be found as

V(z)=V,e *+V, e’ (2.88a)

l(z)=1,e “+l,e°* (2.88Db)

where the propagation constant  is de ned as

/E
= (R+j! L)G+]!C) (2.89)

The e ? terms describe wave propagation inthe +z direction, and the e * terms describe
wave propagation inthe  z direction. Applying Equation 2.86(a) to Equation 2.88(a) gives
the current as a function of the voltage:

+

VO VO
l(z)=—e * —e?’ (2.90)
Zo Zo
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R+j! L R+j! L - L
where 7, = 1= = G:;! c is the characteristic impedance. For plasma reactors and

related cables and circuit components, the default Z;is 50 .

Figure 2.10: A transmission line terminated in a load impedance Z, [88].

Considering a transmission line terminated inaload Z, at position z = 0as shownin
Figure 2.10, the load impedance has

_ V(O)_ V0++VO
0 VYV,

Z, (2.91)

Now, solve the re ected voltage V, from Equation 2.91:

Z Z
V, = 2 ¢ (2.92)
Z+ 2,
Atadistance z = | from the load, the input impedance seen looking toward the load is
VD _ Voe'+Voe ' (Zi+Zge ' +(ZL Zge !
(1 Voe! Ve (Z .+ Zp)e (Z, Zpe
For a lossless transmission line with R = 0 and G = 0, the characteristic impedance is
vV
tL

And the complex propagation constant  isreducedto j withthe phaseconstant de ned
as
p
=1 LC (2.95)

34



The input impedance equation (Equation 2.93) is simpli ed to

(Z +Zo)e! "+(Z, Zye 1! _, Zit+jZotan |
Z.+Zy)el ' (Z, Zye i' “°z,+jz tan |

Z = Zo (2.96)

2.4 Diagnostic Methodology

2.4.1 Retarding Field Energy Analyzer

The retarding eld energy analyzer (RFEA) is widely used to measure the ion velocity
distribution function (IVDF) of ions arriving at a substrate surface and record the DC
potential of where it is mounted at. Modern planar RFEA usually consists of a current
collector shielded from the discharge by a series of grids. Four grids are typically used in a
RFEA[89], of which the rstgrid Gy is oated at the electrode potential to reduce plasma
perturbation, the second grid G; is negatively biased to repel electrons, a potential sweep
is applied to the third grid G, (named as discriminator) to present a gradually increasing
retarding eld to the incoming ions, and the fourth grid G; is negatively biased with respect
to the collector to repel secondary electrons. The diagram of the design which provides an
illustration of the RFEA concept is shown in Figure 2.1. Flat washers of mica in the shape of
a at disc with a centrally located hole are employed as insulating spacers isolating all the
grids and the collector. All these components are assembled in a metallic housing having a
series of apertures on the front surface to allow ions to enter the device. The whole assembly
is closed by a 1 mm thick metallic lid.

Collected ions at the collector plate comprise the netion current, which is measured as
a function of discriminator grid potential by differentiating this current potential character-
istic, the integrated form of ion energy distribution is obtained. The RFEA is typically placed
on the cathode surface inside the plasma reactor having its axis parallel to the normal of
electrode surface so that plasma species can enter the analyzer through the apertures. After
the repellor grid has screened out the electrons, the total ion current that can get over the
potential barrier ( V,) produced by the discriminator grid, reaching the collector plate is

given by z,
| = eAks uf (u)du (2.97)

Umin

k; istheion uxtransmission coef cientforthe RFEAand  u,,, isthe minimum ion velocity
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Figure 2.11: Schematic of the RFEA structure.

to overcome the retarding voltage V,, which is given by

1
E= Emiufmn —eV (2.98)

Taking the derivative of Equation 2.97 with respectto V, gives the IVDF:

di .
av - eAkuf ()G, = ) (2.99)

du e2Aky
V

The IVDF taken by RFEA is often referred to as IEDF in some articles [52, 90, 91]. One can
derive the accurate IEDF from IVDF using:

1
fe(E)= —f (u) (2.100)

The accurate IEDF can be derived using Equation 2.100 with ion velocity u = ?\f

vV
1t m; 1dl
eAks 2eV,edv,

fe(E)= (2.101)
Now, the mean sheath voltage V ; can be estimated from IVDF measured by an RFEA.

The RFEA used here is an Impedans Semion RFEA with a probe holder made of anodized
aluminum with 5 mm thickness and 70 mm diameter. The entrance for ions is an array
of 37 ori ces with 800  m diameter. This RFEA only has the rst three grids without G,
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Figure 2.12: (a) Typical IVDF and current curves measured by a RFEA. (b) Typical derived
IEDF and density curves from [VDF

to reduce secondary electron effects. Each grid is made from nickel with square shaped
windowpane aperture structure having a side length of 20 m and 33.3% transmission. The
spacings between the grids are optimized to 200 m to minimize ion-neutral collisions
and space charge effects. This distance is smaller than the mean free path of ions at typical
chamber pressures of up to 100 mTorr. The RFEA sensor has previously been used to
measure ion energies in a CCP reactor and has shown good agreement to results obtained
computationally and through simple sheath model analysis  [92, 25]. Figure 2.12 shows the
typical IVDF, current, density, and IEDF results of a 20 mTorr Argon plasmawith  ny= 32 10%°
m 3. Both the IVDF and IEDF curves have a large low energy tail due to the ion-neutral
collision in the sheath and the secondary electron emissions inside the RFEA. Two energy
peaks of IEDF are very close to IVDF's (less than 1 eV). The mean sheath voltage drop and
the peak separation can be calculated by

_ 1
Vo= S(E+ Ey) (2.102a)

E=E, E (2.102Db)

2.4.2 \Voltage-Current Probe

The voltage waveform of a plasma reactor's electrodes can be measured directly by using a
capacitive voltage divider or a high-voltage probe that is connected to an oscilloscope  [93].
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The resulting time-resolved potential signals are processed using the fast Fourier transform
(FFT) method to extract the amplitude ( V,;) and phase ( ) components of each harmonic
so that they can be tted as:
X
(t)=V+ V4 cosi 2 ft+ ;) (2.103)
i=1

where i is the order of harmonics ( i = 1 denotes the fundamental driven frequency). These
methods can give the waveform with the amplitude and phase information of any frequency
including all harmonics. However, they often require connecting to a bare conductor which
may be inconvenient and can add a mismatch loss in the transmission line and the ex-
tra potential load. More important, they can not provide the phase difference between
the voltage and current. Another approach is using a voltage-current probe (V /1 probe)
which combines capacitive and inductive sensors to determine the voltage and current,
respectively.

Figure 2.13: Schematic of the V/1 probe structure [94].

The probe components are con ned in an aluminum chassis that provides standard RF
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connectors for inline connection to cables and other circuit components. As depicted in
Figure 2.13, the voltage sensor is made of a conical electric eld sensor, as known as, the
"D-dot" antenna, which is capacitively coupled to the internal conductor and the outer
conductor. This forms a voltage divider capacitor C with a voltage output in phase with the
line voltage. The RF current ( | ) through the voltage sensor is related to the derivative of
the voltage drop across the capacitor, V,from | = CV. The output of the voltage sensor
is further terminated by a50  resistor. The voltage, V,jiage, across the 50 resistor, R, is
measured then. Thus Vg IS €Xpressed as a function of input voltage

Vyoitage = RCV (2.104)

On the other hand, the current sensor consists of an inductive shunt. The current owing
within the skin depth is forced to make a detour in the return path by making a groove dug

into the interior face of the external conductor. The groove forms an inductor, L, whichis
further in parallel with a 50 resistor. The voltage, Vg yrent » Measured across the 50  resistor
is proportional to the derivative of the input current from

chrrent = LI (2105)

Figure 2.14: Image of V/ | probe calibration.
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To make the voltage and current measured at approximately the same point, the voltage
and current sensors should be placed as close as possible to each other. Moreover, the
V/ | probe needs to be calibrated in order to measure the true voltage and current. The
calibration method is provided by La eur, et al [94]. To nd the relevant scaling factors
for calibration, the probe should be connected to a 50 dummy load as shown in Figure
2.14. The probe and the dummy load are in parallel with a high voltage probe and an
oscilloscope which gives the measured output voltage amplitude. The current amplitude
can be calculated directly and the current and voltage across the 50 load must be in-
phase. The voltage calibration factor, current calibration factor, and phase shift are hence
determined by comparing the data taken by the V /1 probe and the high voltage probe.

2.4.3 Phase Resolved Optical Emission Spectroscopy

PROES is a non-intrusive diagnostic to study the dynamics of highly energetic electrons
in the discharge. Rosny et al. rst performed PROES measurements and found that the
electron impact excitation into speci cally chosen atomic energy levels is time modulated
within the RF periodina CCP [95]. PROES is only sensitive to highly energetic electrons since
there are energy thresholds for electron impact excitation of the observed levels. However,
this does not diminish the importance of PROES because highly energetic electrons are
dominant for ionization, especially for CCP.

For an excited state i, electron impact excitation out of electronic ground state is de-
scribed by the excitation function Eg; (t). The population density ng; (t) of this investigated
state i can be described by the following rate equation:

dng, (t) X X
dt = r]g,OEO,i (t)+ nmEm,i (t)+ Acinc Aint (2-106)

m Cc

The rst term on the right side of Equation 2.106 represents the rate of excitation from the
ground state to the excited state i. The second term represents all excitation to level i from
different metastable levels m with respective excitation function  Eg, ; (t). The third term is
a source term of cascades from higher levels c. n. is the respective population density and
A.; is the decay rate of level c. The nal termis a loss term with an effective decay rate A,
which accounts for spontaneous emission, radiation trapping, and quenching, given by:

X X
Ai = Aik ik + kqnq (2107)
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where A, is the transition probability of spontaneous emissionand  g;, is the escape factor
which re ects the probability of one photon which leaves the plasma without reabsorption.
Reabsorption is signi cant for states that decay to the ground state, so the effective transi-
tion rates into the ground state are neglected, g, = 0. K, is the quenching coef cient with
the collision partner g of density n,. Ina quenching process, energy is transferred to these
two collision partners. In general, reabsorption can increase the effective lifetime while
quenching can decrease the effective lifetime. Determining  Ey; (t ) directly from Equation
2.106 is quite dif cult, so speci c excited states are chosen to simplify the analysis. It is
suggested that the excited state meets the following criteria [96]

dng; (t)
dt

P
» Low population due to cascades . A;in,

dng; (t)

e Low population due to excitation from metastable levels NmEmi —a

m

« Limited amount of quenching

» Knowledge of optical transition rates

e Short lifetime compared to RF period < T
 High emission intensity

» No superposition with other emission lines

The last three criteria are in uential for accurate experimental measurements and the rst
four criteria can simplify Equation 2.106 to

<

1 “dn t
00 A nene(t) (2.108)

Aixng o dt

Eoi(t)=

Now, the excitation rate function Eg; (t) can be determined directly from the measured
number of photons per unit volume and unit time: Npni(t) = A ng; (t). Since the density
of the ground state ng q is not known, only relative excitation rates are determined. Based
on electron-neutral collision theory, Eg;(t) can also be expressed as a function of EEDFs,
electron temperature, and electron density  [97]:
Z, )[/ >E
Eoi(t)=ne exi (E) —Tfe(E)dE (2.109)
Eex;i n1e
Here, ;. Eexi, and f¢(E) are the excitation cross section, the excitation threshold energy,
and the EEDF, respectively. Based on Equation 2.108 and Equation 2.109, the density of
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highly energetic electrons can be estimated by the optical emission intensity of a speci c
excitation state. In CCP, highly energetic electrons are mainly provided by stochastic heating
which is strongly dependent on the sheath motion. Thus, PROES is widely utilized for sheath
and electron dynamics study [98, 99, 100.

2.4.4 Langmuir Probe

Figure 2.15: Sketch of a RF-compensated Langmuir probe.

The Langmuir probe is probably the most widely used intrusive technique for plasma
measurements. Specialized designs, such as double probe, capacitive probe, and at probe
are used in different harsh conditions and for different plasma parameter analysis  [101, 102].
The Langmuir probe utilized here is a commercial probe (ALP System) from Impedans.
Figure 2.15 gives a sketch of a typical Langmuir probe. The probe tip is made of a tungsten
rod with a radius of 0.2 mm and a customized lengthof 1 =~ 10 mm. The probe tip is further
threaded into a 2 mm radius ceramic tube. Since RF signals can distort the current-voltage
curve given by the Langmuir probe, the probe tip is coupled to the probe shaft by a RF choke
(an inductor) to achieve RF compensation. In this way, the probe-to-ground impedance
is increased so that the probe potential | follows the plasma potential |, uctuation.
However, this large impedance also limits the current through the probe tip to Il the stray
capacitances that connect the tip to ground at RF frequencies. It is overcome by using
a ceramic coated stainless steel tube for the probe shaft. Thus, the probe shaft acts as a
compensation electrode with a capacitance of 100's pF to the plasma. The charge collected
by this oating compensation electrode is large enough to keep p  LpCONnstant.
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Figure 2.16: A typical result from Langmuir probe. (a) Current-voltage curve. (b) Second
derivative of the current-voltage curve.

A typical current-voltage characteristic is shown in Figure 2.16(a). The oating potential
¢ iIsde ned by I; =1, where the net collected current is zero. There are three distinctive
regions: ion saturation region, electron saturation region, and transition region between
the saturation regions. In the transition region, the electrons are partially repelled by the
voltage between the probe tip and plasma |,  p. Thus, the electron current increases
exponentially for that region in a Maxwellian plasma:

Ie: Iesexp[ e( p LP):kBTe] (2-110)
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where | is the electron saturation current

" kgT, 2

2 mg

les= Alp e = €NALp (2.111)
with A p being the probe tip surface area. Since the ion current |; is negligible compared to
I, the slope of the semi-log plot of this region is dependent on the electron temperature Te.
A robust equation based on Equation 2.110 can be used to calculate T,:

R
PI(V)dV
kgTe= ————— (2.112)
1( p)

When |, reaches |, the electron currentis saturated with a "knee" between the transition
region and electron saturation region. One can use the maximum rst derivative or the zero
crossing point of the second derivative (the respective curve is shown in Figure 2.16(b)) as
the plasma potential. For > |, | still grows slowly due to an increasing sheath region
around the probe tip. The knee, where | is at, can be easily identi ed and used to derive
electron density n, from Equation 2.111 for low pressure, low density plasmas.

v
. ()t 2 mg
*T Ap e2kgT,

(2.113)

Otherwise, the knee is rounded by the electron-neutral collision, and the collected current
is too large that the plasma equilibrium properties will be changed. In the ion saturation
region, ion current becomes saturated I¢,. The interpretation of |, is more complicated
than that of 1, and the analysis results can also be inaccurate as the results from I.. Usually,
ls: IS NOt @ constant, but has a slope because the sheath around a cylindrical probe tip
expands. For low pressure plasma with collisionless sheath, |; is determined by the energy
and trajectory of the ions entering the sheath. Only part of ions will be collected while
the others will orbit the cylindrical probe and escape back to the plasma. The Bernstein-
Rabinowitz-Laframboise (BRL) theory which accounted for both sheath formation and
orbital motions is usually applied to derive | in this case [103, 104, 105]. For high pressure
plasma, ions collide with neutral particles and the trajectory of ions is nearly radial in
the sheath around the probe. Thus, all ions entering the sheath are collected. In this case,
Allen-Boyd-Reynolds (ABR) theory can be utilized, which assumes T, = 0 so that there is no
orbital motion atall [106, 107, 109.

The EEDF (Figure 2.17) can be derived from the current-voltage curve by taking the

44



Figure 2.17: Typical EEDF curve derived from the second derivative of the current-voltage
curve from the Langmuir probe.

second derivative: . <
219%v) 2mE
f(E)= (2.114)
eAp e

At last, if I; is determined and subtracted from the total current 1, results based on Equation

2.112 2.114 can be more accurate.

2.4.5 Hairpin Probe

Hairpin probe is a typical microwave resonator probe that can determine the relative per-
mittivity of surrounding medium with respect to the applied frequency. Compared to the
well-known Langmuir probe, hairpin probe is durable in harsh environments since it only
relies on alternating current which avoids the effects of the etching and Im deposition
onto the probe surface. Hairpin probe can provide more accurate and highly reproducible
electron density measurement in low pressure discharges than Langmuir probe  [109]. Re-
cent work also explored its abilities to measure electron-neutral collision frequency and
electron temperature in high pressure discharges [110, 111]. However, hairpin probe is not
capable of taking the EEDF which is Langmuir probe's unique capability.

A hairpin probe has a resonator shaped like a "hairpin” or the letter U as shown in Figure
2.18. The resonator has a length of | and a width of w . These two spikes of the resonator
have aradius of r,,. The resonator can be attached to the coaxial shield directly, or be oating
by an insulating shield. A small alternating current is driven through a small coupling loop
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Figure 2.18: Image of manufactured hairpin probes. The resonator of the top one is
grounded while the resonator of the bottom one is oating with a insulating cylinder.

antenna at the end of a coaxial cable near the lower part of the resonator. At resonance, the
re ected signal from the antenna approaches the minimum. A transmission line model
elaborated in reference [112] is usually used to derive the resonance frequency f, and the
quality factor. f, is determined by the length | and width w of the hairpin resonator and
the permittivity " of its surrounding environment:

c

where c is the speed of light in vacuum. Apply Equation 2.115 to plasma and vacuum
environment separately:

C
f = B 2.116
r 2(2| +W)P n—n—p o ( a)
C
fo= o 2.116b
o7 201 +w) g ( )

By taking the ratio of Equation 2.116, the plasma relative permittivity ", can be solved as

N
N

f2 1
IR TRl (2.117)

la

r

"o is de ned by Equation 2.34 described in Section 2.1. The resonance frequency f,isa
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microwave frequency of GHz suchthat ! , ! ,, . isusually satis ed. Thus, at resonance,
Equation 2.34 reduces to
"o=1 (=t ) (2.118)

Combining the above two equations gives
+12 (2.119)
And electron density can be calculated

N, = % 122 (2.120)
The result Equation 2.120 assumes the hairpin probe is immersed in a homogeneous
bulk plasma. However, an oscillating sheath forms around the resonator, which results
in an underestimated electron density. One simple solution to reduce the sheath effect is
introducing an insulating shield between the resonator and the coaxial shield. Another
approach is to correct the density by a sheath correction factor s[109]

W I'p
W org

+In =
h

)
I
H
|—h
©n
=3

(2.121)

N

W Iy
r r

f

where rgis the probe sheath radius related to the surrounding sheath thickness ( s):rg=rp+s.
The effect of collision |, can also be accounted for with the pressure correction factor p
[112]:

1
= —1+( 7 (2.122)
Now the corrected electron density is given as
n m ! 2 ! 2
n=-—>r=°-r 90 (2.123)
e2 p s
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CHAPTER

3

EXPERIMENTAL AND SIMULATION
SETUP

In chapter 2, the fundamental physical theories necessary to understand CCP and sheath
voltage and dynamic were discussed. The diagnostic methodology used to measure and
study the discharges was also discussed. In this chapter, the reactors, three different ex-
perimental setups, and three corresponding circuit models used to diagnose the effects of
focus ring and external circuit on CCP will be presented. Figure 3.1(a) shows a simpli ed
focus ring con guration where an outer ring is separated from the powered cathode by a
physical gap. This outer ring has its own impedance return, Zgr;, (Mainly provided by the
external circuit), to the ground that runs parallel to the powered cathode isolation Z catiso
and impedance Z,.cn representing the matching network of the RF power delivery system.
There is an inevitable gap between cathode and focus ring due to either simple mechanical
tolerances or deliberate impedance coupling between the powered electrode and focus
ring (denoted as a gap capacitance Zg,,). Both the focus ring and the cathode have their
associated sheath and bulk plasma regions as shown in Figure 3.1(b). The discharges above
these two surfaces are not completely independent, but have a radial particle ux and a

related energy ux (the impedanceis labeledas Zg,) betweenthem. The effects of focus ring
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with external circuit now can be simplied asthe  Z,,, Zggiso, @and the outer ring structure
effects on the sheaths and bulk plasma characteristics. Thus, three different setups are used
to investigate the effect of each factor separately.

Figure 3.1: (@) Simpli ed focus ring con guration. There is a gap between focus ring and
cathode, and three parallel impedances Zgrgiso, Zmatch» @Nd Zcaiiso 10 the ground. (b) is the
equivalent circuit for the con guration shown in (a).

In section 3.1, an experimental description of the CCP chamber (named Medusa) with
only focus ring and its equivalent circuit model will be presented. In section 3.2, the other
CCP source (named Perseus) with the outer ring electrode structure is described. The
experiment setup with only external circuit and its equivalent circuit model are discussed
in this section. The setup of Perseus with both focus ring and external circuit and the model
will be shown in section 3.3.

3.1 Medusa with Focus Ring Setup

3.1.1 Structure of Medusa

The plasma source, Medusa, is a parallel plate CCP reactor with two 152 mm (6 inches)
diameter aluminum electrodes as shown in Figure 3.2. The vacuum chamber is a 200 mm
inner diameter stainless steel vessel with several small ports for diagnostic access and a 150
mm diameter quartz window for observation and optical measurement. Both electrodes
are housed in a Rexolite plastic shroud which provides 180 pF of electrical isolation to
the surrounding ground stainless steel holder [25]. Both holders are further mechanically
fastened to stainless steel spindles so that the distance between the electrodes can be
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Figure 3.2: Sketch and photo of Medusa.

adjusted. The distance is set to 25.4 mm (1 inch) for all experiments concerning focus
ring effect. The outer diameters of the plastic shroud and the stainless steel holder are
176 mm and 191 mm, respectively. The electrodes are powered by separate RF power
generators with respective matching networks as described in Section 2.2 Figure 2.6. This
dual frequency CCP provides quasi-independent control of plasma density and sheath
voltage near the cathode. Although not completely decoupled, reasonable apportionment
of these two frequencies provides suf ciently decoupled navigation in density vs. voltage
space. Speci cally, high frequency (60 MHz in here) mainly sustains a high ionization rate
while the sheath voltage is dominantly determined by low frequency (13.56 MHz in here)
[113,114.

The 13.56 MHz power is delivered by a Huttinger PFG 300RF generator from MKS
Instruments and the 60 MHz signal is provided by an Ovation 5060 generator from Advanced
Energy. Each power generator is connected to the electrode through its own matching
network. To obtain a vacuum environment, a TRIVAC D65 B HE3 rough pump (TMP) with
a owrate of 65m 3h lis rstused to bring the pressure below 5 mTorr. Then, a BOC
Edwards STP-1X455 turbomolecular pump is utilized to obtain a base pressure around 15

Torr. The maximum detected leak rate of the chamber is 3 mTorr  /min when it is isolated
from the turbomolecular pump. The operating gas, argon, is fed into the reactor through
stainless steel lines and the ow rate is controlled by an Alicat MFC-100SCCM-D-PCA13
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digital mass ow controller (MFC). The ow rate is xed between 5 to 20 standard cubic
centimeters per minute (SCCM). Thus, the gas introduced by the outgassing and potential
small leak is neglectable compared to the controlled argon ow. The vacuum pressure is
monitored by a triple gauge BCG450-SD from In con. The working pressure is 20 mTorr
and is controlled by a type 627 closed-loop Baratron capacitance manometer from MKS
and a TBV-IQA-400-1SO-100-S01 inline throttling butter y valve from Nor-Cal.

Figure 3.3: The density-voltage tuning space of dual frequency under different pressures.
Different markers present different delivered powers of the 60 MHz signal.

Figure 3.3 shows the density-voltage tuning space under Medusa with dual frequency.
The voltage is taken by V/ | probe and the plasma density is measured by hairpin probe. The
density is roughly limited to between 10 10"®m 2and 100 10 m 3, and the cathode
RF voltage of 13.56 MHz signal can be swept from around 15 V to above 700 V. To have
a collisionless sheath, the ion mean free path has to be larger than the sheath thickness.
The momentum transfer cross sections ; is approximately 10 ¥ m? for 100 eV 300 eV
Argon ions [115]. Thus, the mean free path under 20 mTorr can be simply estimated as

[ = ﬁ =1.55 mm, which is larger than the Child law sheath s,;4 1.4 mm with 200 V
mean sheath voltage and plasma density n,= 12 10 m 3[56, 53]. Thus, the discharge
parameters are selected to be 20 mTorr pressure, plasmadensity n, 12 10®m 3, and
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the root mean square (RMS) voltage of the cathode satises V,,s 200V for 13.56 MHz
signal. Under these conditions, all assumptions mentioned in Chapter.2 Section 2.3 are
also satis ed.

3.1.2 Diagnostic Probes Setup

Figure 3.4: (a) The equivalent circuit for Medusa with focus ring only. (b) Schematic of a
generic system setup with dual frequency.

To only identify the focus ring effect and to better understand how focus ring design
can impact plasma conditions at the wafer edge, one has to remove the external circuit and
all the isolation between the focus ring and the ground. Thus, a simpli ed rendition of the
focus ring concept as shown in Figure 3.4(a) can be obtained. This simpli ed setup mounts
the focus ring on electrode to capture wafer-focus ring gap effects, allowing simpli ed
experimental and theoretical study of the effect of coupling between a passive focus ring

assembly and powered cathode through a capacitive element Z,,. This modi ed focus

gap-*
ring assembly maintains the division of the cathode sheath a into two parts: sheath al
above the electrode and sheath a2 above the focus ring. It is the balancing of these two
sheath elements that plays a key role in extending uniform processes to the wafer edge.

A schematic of the experimental setup is given in Figure 3.4(b). Electron density of bulk
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plasma is measured by a oating hairpin probe with its two resonating tines centered

in the discharge space. A detailed geometry description of this probe can be found in
Chapter.2 Section 2.4 and in a previous publication [111]. The RF voltage, current, and
their phase angle difference of the bottom cathode are measured with a MKS Instruments
4100 V/ | probe mounted directly to the ground return assembly of the bias cathode in
close proximity to the RF contact for the powered electrode. Data is taken only when the
plasma is suf ciently stable and the rate of rise of chamber pressure when isolated from
the pumping system is signi cantly lower than the controlled intake of gas from the system
manifold. For each set of experiment, electron density is kept constant and the applied RF
voltage of 13.56 MHz is changed step by step. The density and voltage are close enough to
our intended setpoints, less than 1% difference for density and less than 0.5 V difference
for voltage.

Figure 3.5: Three setups for RFEA: (a) without Te on, (b) placed alongside Te on and (c)
sitting on Te on. Aluminum plate is used only when the Te on area is greater than the
RFEA base.

To gain further insight into the sheath voltage dynamic, an Impedans Semion RFEA
of 5 mm thickness and 70 mm diameter is placed on the cathode [89]. This sensor has
previously been used to measure ion energies in this CCP reactor and shown good agree-
ment with results obtained computationally and through simple sheath model analysis
[92, 25]. PTFE (Te on) sheet serves as the impedance gap between the focus ring and the
cathode for all experiments. Te on has a relatively large impedance per unit thickness
among commonly used dielectrics due to its small permittivity (1.9 2.1) [38, 116]. Also, its
high dielectric strength (60 MV /m) makes Te on an ideal material invulnerable to break-
down in CCP which usually has high sheath voltage, including conditions obtained in the
experiments detailed here. The Te on sheets used for most experiments are 80 mm 80
mm square or 70 mm diameter circle, which are slightly larger than or equal to the area
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of RFEA. Three different con gurations are studied to capture the IVDFs over the "focus
ring" and the powered electrode surface. These con gurations are shown in Figure 3.5.
First, a baseline measurement is made without a Te on sheet in the reactor to measure the
IVDF as a function of process conditions over the powered electrode surface. Second, the
same measurement is made with the Te on sheet alongside the RFEA to determine if the
obstruction of a portion of the powered electrode surface will result in a shift in ion energy
under tested plasma conditions. Finally, the RFEA is placed on top of the Te on sheet,
effectively making the RFEA a passive electrode surface separated by the powered cathode
surface through the Te on sheet. In this con guration, the RFEA mimics a passive focus
ring structure separated from the powered cathode by a capacitive impedance de ned by
the surface area Agg and Te on thickness dg,,. In cases where the area of the Te on sheet is
greater than the RFEA base, an aluminum base that matched the area of the Te on is used
to capture the area dependence of the Z,, capacitive impedance between the powered
surface and the passive RFEA assembly.

3.1.3 Circuit Model with Focus Ring

In this section, A 1-D circuit model (Figure 3.6(b)) is described that captures the equiva-
lent circuit properties of the plasma, sheath, cathode, and focus ring based on the basic
equivalent circuit model described in Section 2.3. A collisionless matrix sheath approxi-
mation is assumed in the model: 1. The ion density is assumed uniform and constant over
both the powered and passive surfaces, n;(x,t)=ng; 2. Electrons are assumed to follow a
Maxwellian distribution with an average temperature much less than the sheath potential
so that electron density is assumed zero for the sheaths in this matrix sheath approximation.
Both sheaths associated with a and b oscillate with the applied sinusoidal current
I(t)=1Isin(! t)where! isfrequency of the applied RF power in radians /second. Thus the
sheath thickness near electrode b is given by

S(t)=s+scos( t) (3.1)

where
a4

S= =
en! A en/

(3.2)

is the mean sheath thickness. As for electrode a (cathode), in order to incorporate the
focus ring in the equivalent circuit for the powered cathode and its adjacent sheath, it is
divided into two regimes: the sheath (and subsequent voltages) over the powered cathode
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Figure 3.6: (@) The focus ring partition the sheath into two regimes. (b) The equivalent 1-D
circuit model for Medusa with focus ring only.

surface are denoted by the subscript al and the sheath (and subsequent voltages) over
the passively driven focus ring surface is denoted by the subscript a2 (Figure 3.6(b)). By
continuity of current, 1,1(t)+ 1,(t)= 1, =1(t), and adding Equation 3.1, itis easy to get

ArrSa2(t) + (A Arg)sa(t) = A(s scos(! t)) (3.3)

where Aggis focus ring's area. The sheath voltages of aland a2 (Vs,; and Vg,,), which can be
derived using Equation 2.14, are not identical due to different sheath thicknesses. However,
both regimes aland a2 have the same voltage drop, V,(t), between bulk plasma and the
powered electrode surface. For sheath al, V,(t) is the same as the voltage across it

ens sy ()

Vsa(t ) = Vs,al(t ) = " 2 (34)
0

For regime a2, V,,(t) consists of sheath voltage of a2 and voltage across the focus ring gap

2
Vaalt) = Veaa(t ) + Vgap(t) = e"ns Sy(t) N Q(t)
0o 2 Cyap

(3.5)

Similar to a oating electrode /wall, the charge Q(t) is contributed by space charge in the
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sheath and accumulating charge on the focus ring surface. This surface charge comes
from electron ux and a constantion ux hitting the electrically oating focus ring surface
continuously. Thus, this total charge Q(t) can be expressed by
VA
Q(t) = nee ArpSplt) + Nee ArpUpt %nseAFRUee YeelTedit + Qg (3.6)

where Q) is initial charge at t = 0. Substituting Equation 3.4 and Equation 3.6 in Equation
3.5, these two sheath regimes are related

R
ZAFR" 0 s, (t ) + 2" OQO + 2" OAFRU Bt " OAFRUee Vsaz(t ):Tedt
2
Coap Ns€ Gyap Coap 2Cqgap

S:l(t )= sz(t )+

(3.7)

With Equation 3.3 and Equation 3.7, the sheath resistance R, sheath capacitance C, and
the energy balance equation (Equation 2.85) in Sec.2.3.1 are modi ed accordingly. The nal
1-D circuit model with focus ring is presented in the Appendix.A.2. However, this model
may not be self-consistent for dual frequency plasma since it is based on the basic circuit
model of single frequency CCP. An optimized model for arbitrary input signals is shown

in the Appendix.A.3, though it needs electron density and electron temperature from the
measurements as the inputs.

Figure 3.7: Simulation Results with 20 mTorr Argon no=12 10®m 3and V ;= 200V.
Focus ring is 70 mm circle with ", =2.1.
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Figure 3.7 is a typical simulation result of the mean sheath voltage of sheath a2 (V 4»)
versus focus ring capacitance with a xed mean sheath voltage V ,; = 200V and bulk
plasma density no=12 10 m 3. According to the gure, Cg,, has to be smaller than 1000
pF to obtain an observable difference between sheath aland a2. Thus, the Te on sheets
used in experiments are chosen to have thickness of 1.12 mm, 0.42 mm, and 0.14 mm. For
the 70 mm diameter circle, they have capacitance of 64 pF, 170 pF, and 511 pF by calculation,

respectively.

3.2 Perseus with External Circuit Setup

3.2.1 Structure of Perseus and External Circuit

Figure 3.8(a) from SolidWorks design sketch shows a section view of the Perseus reactor.
The chamberisa429.5mm 429.5mm 200 mm cuboid with a cavity of 379.5 mm diameter
and 164 mm depth. Compared to Medusa reactor or the standard GEC CCP reactor [117],
Perseus has two ring electrodes surrounding two parallel-plate center electrodes. These
electrodes are supported by plastic insulators that utilize silicone O-rings for vacuum seals.
To start with the simplest case, the focus ring material is chosen to be the same as the ring
electrode. All electrodes and chamber walls are made of aluminum and all insulators are
made from Rexolite 1422 (C-Lec Plastics Inc). Rexolite can withstand high voltage with a
dielectric constant of 2.53 [118]. Rexolite also has high rigidity and can be machined easily.
Except for two outer insulators, these two electrode assemblies are identical. Both center
electrodes are 152 mm (6 inches) in diameter and are designed with internal channels
for water cooling. The distance between these two counter electrodes is 28.8 mm. The
whole discharge region can be observed through a 305 mm 32 mm quartz window made
by Prism Research Glass Inc. Both inner insulators have an outer diameter of 178 mm
and provide 75 pF capacitance between the center electrode and ring electrode. Each ring
electrode has a 198 mm outer diameter (10 mm thickness). The two outer insulators are not
identical due to chamber geometry restrictions. They have 75 pF and 80 pF capacitance,
respectively. Based on previous research about focus rings [41, 42, 51], the inner insulation
impedance should range from 10 pF to 1000 pF. Capacitance values as small as 100 pF can
result in signi cant changes in plasma morphology. These insulators provide electrical
insulation so that each electrode can be powered, grounded, or coupled to the external
circuit independently. The same rough pump used for Medusa brings the pressure down

to 1 mTorr. A BOC Edwards STP-A803C-U turbomolecular pump is used to sustain a base
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Figure 3.8: Sketch of Perseus. (a) A section view from SolidWorks design sketch; (b) General
setup sketch.

pressure around 10 Torr then. The leak rising rate is around 1.8 mTorr /min when it is
isolated from the turbomolecular pump. The same digital mass ow controller system is
utilized to control the operating gas and the ow rate is xed to 10 SCCM for argon. A type
627H closed-loop Baratron capacitance manometer from MKS, a PM-7 adaptive pressure
controller from VAT, and a 65044-PH52-AFP1 gate valve from VAT are adapted to maintain
the working pressure at 20 mTorr.

In the context of the external circuit (Figure 3.9), the components consist of a Comet
CVO05C variable capacitor (capacitance C varies from 5 pF to 500 pF) and an inductor
(inductance L = 1520 nH for most cases) in serial. The external circuit can be connected to
any electrodes through a 152.4 cm (5 feet) RG 214/ U coaxial cable and a V/ | probe. Ideally,
the external circuit is pure reactance with no resistance. However, a small resistance R from
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Figure 3.9: Sketch of the circuit components between the electrode and the ground. The
external circuit is highlighted by the dotted purple rectangle.

Figure 3.10: Plot of the impedances as the variable capacitor sweeps from 5 pF to 500 pF
The scatter dots are measured data from V /1 probe and all curves are calculated results.
The isolation capacitance Ci, =80 pF and the inductance L =1520 nH.

inductor, transmission lines, and cable adaptors has a signi cant in uence on the external
circuit behavior. Besides external circuit and the cable, any isolation between the electrode
and the ground also provides an extra parallel capacitance Ci,.

Without resistance, the external circuitimpedance under angular frequency ! =2 f
can be derived from
12LCc 1
Zec= ) ¢ (3.8)

59



Since a small resistance R does exist in serial with the inductor as a result of the inductor
having nite conductivity in a highly unmatched reactance system [119, 120], the Zgc how

becomes
12LC 1

I C
Based on the transmission line theory [88], through a lossless coaxial cable with a length of

Zee=R+j (3.9)

| and propagation constant , the impedance seen looking towards the external circuit is

Zect jZgtan |
OZo+jZEctan I

ZEC,cabIe = REC,cabIe + J X EC,cable = (3-10)
where Z, =50 isthe characteristic impedance. As stated previously, the outer insulator
also provides capacitance in parallel to the external circuit between the ring electrode and
the ground. The entire external impedance is then

1

Ze=Re+ jXg= _ (3.11)
: 5 : 1=ZEC,cabIe+ J ! Ciso

This external circuit design shifts the  Rec caple @Nd Xee canle CUrves but still allows a wide
space for impedance adjustment as shown in Figure 3.10 with  Ci;, = 80 pF. The resistance,
R, in external circuit is assumedtobe 1.5 to tthe measured impedance by V /I probe.
The imaginary part of the external impedance, Xg, can be varied from a highly negative
value to a highly positive value in theory while  Rg is always positive. Resonance happens
when jZj reaches its maximum, which is at 121.9 pF for Zg and is at 182 pF for Zgc cape in
this case. Besides the resonance, the other zero crossing for Xgisat69.9 pF (Zg=1+j0 ).
Thus, X is positive only for 69.9 121.9 pF. To keep the calculations simple, all impedances
are assumed to be xed for all harmonics. Harmonics can be generated due to nonlinear
sheath, especially for the second harmonic [80]. This assumption is valid since the harmonic
voltages are much smaller than the voltage of the fundamental frequency.

Based on which electrode the external circuit is coupled to, two different setups can
be identi ed. This section mainly focuses on the Perseus with external circuit setup. For
this setup, both ring electrodes are grounded, one center electrode is powered and the
external circuit is connected to the counter center electrode. The other setup is called
Perseus with focus ring and external circuit setup with the external circuit connected to the
ring electrode surrounding cathode. This Perseus with focus ring and external circuit setup
will be presented in Section 3.3.
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3.2.2 Diagnostic Tools Setup

Figure 3.11: Schematic of Perseus setup with the external circuit connected to the counter
center electrode. All ring electrodes are grounded.

For the Perseus with external circuit setup when both ring electrodes of Perseus are
grounded, the reactor can be analyzed as a normally used CCP chamber with only two
electrodes as shown in the experimental setup (Figure 3.11). Electrode a is powered and
the external circuit is connected to the oating electrode which is labeled as b. The plastic
insulator has capacitance Ci, of 100 pF in this case. The working pressure is 20 mTorr and
the operating gas is 99.999% pure argon. Plasmas are generated and sustained by a CESAR
Model 1310 13.56 MHz power generator from Advanced Energy through a matching network.
Thus, plasma density and voltage can not be controlled separately [78], and electron density
of the center bulk plasma is set to be constant (4  10*® m 3) throughout each experiment.
Electron density of the bulk plasma is measured by a oating hairpin probe. This hairpin
probe is connected to an adjustable linear bellow so that the probe can be moved radially
from the center to above the focus ring without breaking the vacuum environment. The DC
plasma potential is taken by a Langmuir probe together with an ALP 150 analyzer system
from Impedans Ltd. The Langmuir probe has a tungsten probe tip with a radius of 190
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m and the rest of the probe has an outer jacket made of alumina with a 5 mm radius.
Sheath voltage strongly depends on the applied RF voltage [76, 82, 121]. The RF signal is
measured by a passive high voltage probe and aV /| probe mounted directly to the grounded
chamber wall in close proximity to the RF contact for each electrode. AllV /| probes were
calibrated using methods provided by T. La eur  [94]. The potentials of each electrode are
taken by P6139A passive high voltage probes from Tektronix. These high voltage probes are
connected to a Tektronix oscilloscope and are calibrated using a known voltage signal. The
resulting time-resolved potential signals are processed using the fast Fourier transform
(FFT) method to extract the amplitude and phase components of each harmonic so that

they can be tted as:
3

t)=V+ Vg sini 2 ft+ ;) (3.12)
i=1

where i is the order of harmonics ( i = 1 denotes the fundamental driven frequency). All
phase data is relative to the phase of cathode fundamental voltage. The sheath pro le can
be derived from the light intensity distribution, especially PROES. The mean intensity and
PROES data are taken by an intensi ed charge-coupled device (ICCD) camera (PI-MAX3
from Princeton Instruments) with a Navitar 75 mm EFL F2.5 camera lens. For PROES, a
Iter with 750 nm center wavelength and full width half max of 10 nm is aligned before the
lens to select the 750.4 nm emission line (Ar 4s-4p). The gate width of the ICCD camera is
3 ns and the delay step is 1 ns for 148 images (two cycle periods for 13.56 MHz). For each
set of experiments, the plasma density is within less than 1% of the desired setpoint. The
variable capacitor is changed in steps with the minimum step size equaling 3.75 pF.

3.2.3 Circuit Model with External Circuit

When the external circuit is applied to any oating electrode of Perseus, this plasma reactor
has three different types of electrodes: powered cathode, oating electrode connected to
external circuit, and the grounded electrodes and chamber wall as shown in Figure 3.12.
Thus, itis a three-electrode discharge and it has a highly asymmetric geometry. Considering
the large grounded metal surface area, a large portion of the RF current from the cathode
will ow to the grounded wall and the grounded electrodes. However, this situation is not
taken into account in Lieberman's model [56, 53]. Here, a uniform DC constant plasma
potential (usually _p = 25 Vin this thesis) is assumed which is veri ed by plasma potential
measurements using a Langmuir probe. As shown in Figure 3.13, a quasi-stable plasma
potential is observed in Perseus for both setups while the external circuit impedance is
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Figure 3.12: The equivalent 1-D circuit model for Perseus with external circuit connected
to electrode b.

changing. If the plasma potential waveform is given, for example, Equation 2.50, the time-
resolved plasma potential (  ,(t)) can be derived using charge balance on the grounded
wall surface:

Z Z 1

1 _ _
A, e, e dt=A, nee ug Znseuee( p(t) 05TelTeqt = (3.13)
0
Once ,(t)is determined, the time-resolved displacement currents to each metal surface
can be derived using Equation 2.70, Equation 2.73, and current continuity equation. The
nal 1-D circuit model with external circuit is presented in the Appendix.A.4.

3.3 Perseus with Focus Ring and External Circuit Setup

3.3.1 Experimental Setup

Figure 3.14 shows the setup sketch of the Perseus chamber with both a focus ring and
external circuit. The ring electrode surrounding the powered center electrode serves as the
focus ring and is connected to the external circuit. All counter electrodes are grounded.
The inner insulator impedance ( Ciyner =75 PF) is used to mimic the impedance from the
wafer-focus ring gap and other possible isolation between the ring electrode and the chuck.
The outer insulator provides the capacitance Ci., of 80 pF in this case. The working pressure
is still 20 mTorr and the operating gas is 99.999% pure argon. The 13.56 MHz power supply,
hairpin probe, Langmuir probe, V /1 probe, passive high voltage probe, ICCD camera, and
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Figure 3.13: Measured mean plasma potential ,, oating potential  , and electron tem-
perature Te. (@) ,, r,and , curvesunder Perseus with external circuit setup. (b) T,
curve under Perseus with external circuit setup. (c) ,, s and ,  ;curves under Perseus
with focus ring and external circuit setup. (d) T, curve under Perseus with focus ring and
external circuit setup.
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Figure 3.14: Schematic of Perseus setup with the external circuit connected to a ring
electrode. All counter electrodes are grounded.

the 750 nm Iter are the same as the Perseus with external circuit setup in Section 3.2.2. For
this setup, the ICCD camera only focuses on the sheath dynamics of the edge area through
a Ricoh 25mm F2.8 quartz UV lens. A RFEA of 50 mm diameter is also placed on the edge
of the cathode to obtain IVDFs. For some experiments under this setup, dual frequency is
used. The 60 MHz power supply is the same as the Medusa setup and it is connected to the
counter center electrode.

3.3.2 Circuit Model with Focus Ring and External Circuit

When the external circuit is applied to the ring electrode surrounding the cathode, the RF
current from cathode has two paths to the focus ring (Figure 3.15(a)): 1, directly crossing the
inner insulator due to focus ring effect; 2, spreading into the sheath and bulk plasma, then
traveling radially and back into the sheath and focus ring. It is dif cult to parameterize the
radial part in the second path to any circuit component because the circuit model based
on a homogeneous plasma assumption inherited from the global model is not capable of
handling 2-D problems involving radial sheath dynamics. To keep it simple and consistent
with the global model, the radial component is ignored and these two sheaths are assumed
to contact the same bulk plasma impedance directly (Figure 3.15(b)). The optimized circuit
model for focus ring (Appendix.A.3) is adopted to simulate the sheath dynamics near
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Figure 3.15: Equivalent 1-D circuit models. (a) Full circuit model with radial circuit com-
ponent in the plasma; (b) Focus ring with external circuit model without radial circuit
component. Only sheath capacitances are considered.

the focus ring. Still, this 1-D circuit model with focus ring and external circuit is not self-
consistent. Cathode potential and plasma potential have to be measured rst so that the
potential of the ring electrode and the currents can be simulated.

Figure 3.16(a) shows the circuit model containing both focus ring and external circuit
components. For the ring electrode (focus ring element), it is related to three currents:
Icr from the cathode through the inner insulator,  I¢ from the external circuit and outer
insulator, and the current |4 gr from the sheath due to sheath oscillation and charge ux.
Icr can be easily derived from

=222 g, 9 o)t 3.1
For 13.56 MHz sinusoidal waveform, Equation 3.14 can be expressed as
lims.cr€’ = (Vimsc Vimspre! ) =Zinner (3.15)
I e consists of | from the external circuitand |, from the isolation. ¢ is given by
lims£€' = Vimsrr€! ™=Zg (3.16)

where s are the relative phases to the cathode voltage Vs c. The sheath current density is
the summation of electron conducting current, ion conducting current, and displacement
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Figure 3.16: Equivalent 1-D circuit models. (a) Focus ring with external circuit model; (b)
External circuit model. No current through the inner isolation; (c) Focus ring model. No
current from the external circuit; (d) Vacuum model. No current from the sheath.
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current density:

. @E

Jis(t)=e ¢ e @ (3.17)
where ., ;, E,and",are electron ux, ion ux, electric led in the sheath, and the vacuum
permittivity, respectively. When the ion transit time, i,satises ! > 1, the sheath current
is mainly displacement current. [71] Circuit model usually assumes a step sheath model in
that the electron density is zero and the ion density is uniform and constant in the sheath
regions. The density in the sheath or at the sheath edge ( n) can be equal to that of the bulk
plasma ng, or be related to ng by the edge-to-center density ratio, h, derived by Equation
2.22 and Equation 2.23. Based on the step sheath model and the Bohm criterion  [122], the
sheath voltage drop V;grand the displacement current of the focus ring are functions of

the sheath thickness S:x:

_ _ €NgFr 5
Verr(t)= p(t) gr(t) 0.5T.= o SR(t) (3.18)
0
dsg(t
laiser(t) = N rrARRE SZ:( ) (3.19)

where Agg and T, are surface area of the focus ring and the electron temperature. By sub-
stituting Equation 3.18 into Equation 3.19, | g is also related to the focus ring potential

Ver(t): q
laiser(t) = Cserlt )d_t( p(t) er(t) 0.5T¢) (3.20)

with the equivalent sheath capacitance Cgrrde ned as

"0ArR
Coprl(t) = = 3.21
o= ) (3.21)
To have a rough estimation for comparison, Equation 3.20 can be rewritten as
Irms,dis,FRej diS’FR:(Vrms,FRej FR Vrms,pej p)=ZS,FR (3-22)

where Z ; ris de ned as the impedance of the mean sheath capacitance.

The nal 1-D circuit model with focus ring and external circuit is presented in the Ap-
pendix.A.5. With measured T, plasma potential V,, density n, and V, the current and volt-
age parameters of focus ring can be derived by utilizing the classic 4th-order Runge—Kutta
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method to solve the above equations re-arranged as:

liso(t) = Qigo(t )= SSR(t NsFrRAERE + € (AR

(3.23a)

€ eArrt Icr(t) + 1e(t)
|oa(t) = Copr V) m rr(t) (3.23b)
p(t)= e;.S’OFRSFZR(t )+ er(t)+0.5T; (3.23¢c)
VimsfR€! = limsiso® ®Ziso = limsec®’ ©Zec caple (3.23d)

If one of these three currents is much less than the other two currents, that current and
its associated network can be ignored as presented in Figure 3.16(b), (c), and (d) accordingly.
Commonly speaking, the focus ring circuit model (Figure 3.16(c)) is accurate when  jZgj
goestoinnite or Vs rr falls to zero. This focus ring circuit model is exactly the 1-D circuit
model described in previous work [51]. For high sheath voltage of the center electrode, the
focus ring can be treated as a capacitor sharing center sheath voltage drop with the sheath
capacitance above it. The equivalent circuit model with external circuit (Figure 3.16(b))
is valid only when |y is negligible. This circuit model with external circuit is developed
by adapting the previous 1-D circuit model and replacing the focus ring with the external
circuit. Since this simpli ed circuit model has nothing to do with the focus ring assembly,
it can also be used to Perseus with external circuit setup. If  Vispr Vimsc OF ZS,FR Ze
and ZS,FR Zinner » the current from the sheath |4 gris insigni cant comparedto |- and
Ie. In this case, the RF voltage of focus ring is determined by the impedance between the
center electrode and the ground while the nearby sheath and plasma do not affect  V,srr
as delineated in Figure 3.16(d). It is named as "vacuum model" because it has a similar
circuit networking to the vacuum system without plasma. Given center electrode voltage
Vims.cr Vims,Fr @Nd |15 ec @nd their phases can be calculated directly:

. Z:V
Vrms,FReJ FR= E e (3.24)
Zinner + ZE
. V. ej FR
Irms,ECeJ Fe= r;SL (3-25)
EC,cable

Though the plasma condition does not change Vs rr. it has in uences on the DC potential
of the ring electrode V . Due to capacitor components in the external circuit, the charge
of the focus ring surface has to be balanced. The integrals of the ion ux i and the electron
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ux . tothe surface over a cycle period must be equal. . is afunction of T, and the sheath
voltage V; gg(t ) which are not included in this vacuum model.
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CHAPTER

4

RESULTS: FOCUS RING EFFECTS

The focus ring is usually viewed as an arbitrary impedance element at the wafer edge
that balances the sheath voltage above it and the region above the wafer, minimizing eld
variation at the wafer edge. To validate this assumption, a 1-D circuit model with focus
ring is developed. The simulations are compared to experimental results measured using
hairpin probe, VI probe, and RFEA probe. It is found that the focus ring acts as a voltage
divider only in high voltage cases, and the sheath voltage drop over the focus ring may
even increase in low voltage cases and does not rigorously follow the voltage divider model
typically used.

4.1 Basic Effects

Before directly comparing electrical characteristics among different Te on position setups
and different Te on geometries, one has to rst validate that the applied voltage to the
cathode and the plasma potential are not varied. Figure 4.1 shows the mean sheath voltage
V, cathode self-bias V ,, and plasma potential V, as functions of the RF voltage of the
cathode Vy , for no Te on case and RFEA alongside Te on case. According to Equation 2.61,
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Figure 4.1: Measured mean sheath voltage V , cathode self-bias V ,, and plasma potential
Vp as functions of the RF voltage of the cathode V. (a) No Te oncase a.Dataare from eight
different setups, including single frequency, dual frequency, and different plasma density
levels. (b) RFEA alongside Te on case al. Data are from ve different setups, including
different Te on thicknesses, different Te on areas, and different plasma density levels.

V , is proportional to Vi for large applied RF voltage, and the slope is only determined
by the chamber geometry. Moreover, Vp and V ¢ can be derived using Equation 2.52 and
Equation 2.53, respectively. Thus V data are tted linearly and the tting results are further
used to derive functions about V ,and Vp. The linear ttings of both plots, Figure 4.1(a) and
Figure 4.1(b), agree the measurements very well, especially for large V,,. For each linear
tting, a y-intercept does exist due to the low voltage data distortion. This distortion is most
obvious for the plasma potential data. The slope and y-intercept parameters of no Te on
case and RFEA alongside Te on case are very close to each other. This indicates that the
introduced Te on does not have a signi cant in uence on the chamber geometry setting

and thus the plasma equilibrium characteristics, like plasma potential, plasma density, and
electron temperature. In fact, when the Te on surface area is large enough, the linear tting
slope can be more negative. The Te on geometry investigated in this thesis is speci cally
selected based on the linear tting to avoid obvious disturbance.
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Figure 4.2: Typical IVDF results of three position setups. (a) No Te on case. (b) RFEA
alongside Te on case. (c) RFEA sits on Te on case. Alluse 20 mTorr Argon ny=20 10%m 3
and 80 mm 80 mm Te on sheet with 0.42 mm thickness. The RMS voltage of the applied
13.56 MHz RF power to the cathode ( V,,s) varies from 7 V to 205 V for all setups. The peak
energy of IVDFs with lowest V,,s are labeled. The IVDFs with low RF voltage dont change
much for these setups.

4.1.1 Mean Sheath Voltage

Figure 4.2 is a typical result of measured IVDFs of three position setups described in Section
3.1.2. For the cathode, the sheath a is divided into two regimes when a Te on is mounted

on the cathode: a1l near the electrode surface and a2 near the Te on surface. When there is
a Te on sheet beside RFEA (Figure 4.2(b)), the IVDFs shapes under different RF voltages do
not change signi cantly in comparison to the no Te on case (Figure 4.2(a)). The primary
difference between these two cases is that the ion uxes increase by approximately  10%
27%. The voltage drop of sheath a1l is thus assumed to not be substantially in uenced
by the overlapping focus ring. However, if the RFEA is mounted on Te on sheet (Figure
4.2(c)), energy ranges of IVDFs are compressed signi cantly for high RF voltage compared
to no Te on case. Taking V,,s = 205V as an example, the IVDF peaks are at 108 eV and
222 eV when RFEA sits on Te on, while they are at 165 eV, and 337 eV without Te on. The
energy range is reduced by 34% in this case. For lower RF voltage (particularly for Vs < 12
V), the IVDFs are unimodal and their peaks are at 17 V, 17.6 V, and 16.6 V, which indicates
the energy range does not change as much in low RF voltage regime as it does in the high
voltage regime.

Figure 4.3 further compares the mean sheath voltage of a2 to al's both experimentally
and in simulation. For experiment results of Figure 4.3(b), the mean sheath voltages of
sheath a2 are derived from measured IVDFs when RFEA is placed on Te on sheet, while
mean sheath voltages of sheath a1l are calculated when RFEA is beside Te on sheet. Experi-
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Figure 4.3: Comparison of mean sheath voltage of a2 between (a) simulation and (b)

experiment. Both used 20 mTorr Argon with electron density ny=12 10®m 3. All Te on

sheets are 70 mm diameter circle for experiments. The gap capacitance C,,, increases from
64 pF to 170 pF and 511 pF as the curve color becomes darker.

mental results shown here were very reproducible over multiple runs and the deviation
normally re ected in reported error bars are negligible and not reported. The ratio of
these two mean sheath voltages decreases sharply for V ¢,; < 47 V and slightly increases for
V .1 > 47 V. By increasing the gap capacitance from 64 pF to 170 pF and 511 pF, the ratio
similarly increases overall: the ratios are around 0.43, 0.65, and 0.81 for large V g, respec-
tively. Simulation also shows the same trend as plotted in Figure 4.3(a). The value difference
between the experiment and simulation may be due to the relatively simple step sheath
assumption (compared to other high voltage sheath models such as the Child-Langmuir
sheath approximation [123, 124, 125]), but simulation results still illustrate the same global

trends as experimental results. The divergence between high and low RF voltage response
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can also be seen in these two plots. To gain a better understanding of the ratio variation,
low voltage regime and high voltage regime are discussed separately.

4.1.2 Low Voltage Region

For the low sheath voltage regime, electron ux becomes more time-constant due to less
negative potential seen by electrons. In this case, electron ux is comparable to ion ux
which is constant. By equating ion ux and electron ux,

_1 — Ve=Te
Nse ArgUp = Znse ArrU c€ (4-1)

it is easy to estimate sheath voltage as

i <

V,=T,n — (4.2)
s e 2 m, :

NI

Equation 4.2 becomes V, = 4.68T, for argon, whichisabout 9 30eV. Thus, the ion energy
does not change signi cantly with regard to con guration. This results in a narrow single
peak IVDF with low energy and a large value of the mean sheath voltage ratio as shown in
Figure 4.3.

4.1.3 High Voltage Region
For high sheath voltage regime, the sheath is thicker and space charge is much larger than

surface charge contributed by ion ux and electron ux

N€ARS:, NEARUg (1) Si2 Ug of (4.3)

where ; = 2=! isthe RF cycle period. Both ion ux term and electron ux term of
Equation 3.6 can be ignored and Equation 3.7 becomes

; 2' Qo

2A
S2(t)=s3(t)+ —=="su(t)

20 (4.4)
Coap Ns€ Gyap
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By further assuming sheath aland a2 have to collapse to zero to balance the plasma charge,
itis easy to obtain Q,=0and

en Sazz(t ) + eNARS,H(t) _ €N ARS,(T) + eNARS,(t)
2" 0 Cgap Caz(t ) Cgap

Vsal(t ) = (4.5)
where Cu,(t) = 2"(Ar=S2(t) is sheath capacitance. According to Equation 4.5, V,,(t) is
divided by sheath capacitance and focus ring capacitance. In this case, the focus ring can be
treated as a simple voltage divider reducing voltage drop in the sheath above it. Averaging
Equation 4.5 gives

N/ nse AFR§a2 - nse AFR§a2 + nse AFR§a2

vsal =V sa2 + — (46)
Coap Ca Cgap

where C ,, = 4" ,Arr=35,, is de ned as mean capacitance of sheath a2. As V ; increases, s,
also increases while C ,, drops. Thus, the ratio of these two mean sheath voltage which can

be derived by
V. C
ratio = —2% = — % (4.7)
\% sal C a2 + Cgap

slightly increases as shown in Figure 4.3.

4.1.4 Plasma Density Effect

5,, and C,, can also be adjusted by changing the plasma density. Figure 4.4 shows the
effects of different Te on thickness and plasma densities on  V ,,. These gray and black
curves are for the baseline case without Te on inside. The Te on thickness varies from
0.14 mmto 0.42 mm and 1.12 mm and the plasma density is chosento be 12 10%m 3,
20 10%m 3,and 32 10" m 3. When Te onis removed, the mean sheath voltage is stable
under different plasma densities. However, when a Te on sheet is introduced, the mean
sheath voltage curve is altered no matter what thickness the Te on sheet has. For each
thickness setup, V ., drops as a whole at high voltage region when the plasma density is
increasing. This is because s, is a function of sheath density based on Equation 2.73 under
the step sheath model. As the sheath density increases, sheath thickness s,, decreases
and C ,, increases. Thus, the mean sheath voltage ratio reduces for higher density cases.
Moreover, the density in uence is independent of the Te on thickness, since Cisonlya
function of S,,. The Te on thickness is a dimension of geometry affecting V., by modifying

Cyap: Of Which the effect is further discussed in the next section (Section 4.2).
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Figure 4.4: The in uence of plasma density on mean sheath voltage based on experiments.
Gray and black curves are for the baseline case without Te on inside. Colored curves are
for RFEA sitting on Te on case. The Te on thickness can be 0.14 mm,0.42 mm, and 1.12
mm. The plasma density is chosentobe 12  10°m 3,20 10"m 3,and32 10%m 3.

4.2 Focus Ring Geometry Effects

4.2.1 Thickness Effect

For the Te on geometry effects, it can also be explained by Equation 4.7. For large Te on

capacitance, the ratio is larger, which means a higher ion energy and wider IVDF range
when RFEA is mounted on Te on sheet (Figure 4.5). The capacitance of Te on sheet is
related to its surface area Ay, and its thickness dg,, by

r OAgap

- (4.8)

Coap =
gap
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Figure 4.5: Thickness Effects based on experiments. (a) 1.12 mm thickness Te on sheet.
(b) 0.42 mm thickness sheet. (c) 0.14 mm thickness sheet. All Te on sheets have same area
but different thickness. 20 mTorr Argonwith  ny=32 10®m 2.

Substitute it into Equation 4.5

nse %zz(t ) + nse dgapsaz(t )
2"O ! r "O

Voan(t) = (4.9)
Agris canceled outand only dg,,, is left. This indicates only the focus ring's thickness has
an effect on sheath voltage pro les for the high voltage regime. The experiment matches
theory well in this case as shown in Figure 4.4. Take the curves with ny=32 10®m 3asan
example, the IVDFs used to derive these curves are shown in Figure 4.5. When the thickness
is decreased from 1.12 mm to 0.14 mm while the area is kept constant, IVDFs extend to high
ion energy and the energy ranges widen signi cantly. Taking Vs = 205V as an example,
the energy range is 67 136eV for 1.12 mm thickness Teonandis 109 238eV for0.14
mm thickness Te on. This is because thin thickness will hold smaller voltages across these

Te on sheets so that the sheath shares larger voltage when the RF voltage remains constant.
Thus, ions measured by the RFEA have more energy and the widths of IVDFs are increased.

4.2.2 Area Effect

The surface area effect of the focus ring is also veri ed experimentally. Figure 4.6 shows
the IVDFs of two Te on sheets with different areas but the same thickness. The IVDFs of
these two Te on sheets do not show signi cant differences. According to Equation 4.9, for
constant electron density and constant Te on thickness, the sheath thickness and charge
density are xed, thus the voltage across Te on is de ned no matter how the area changes.
In conclusion, the Te on thickness is the dominant effect while Te on area is not.
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Figure 4.6: Area Effects on experiments. (a) 70 mm diameter Te on sheet. (b) 80 mm
square Te on sheet. All Te on sheets have same thickness but different area. 20 mTorr
Argonwith ny=12 10%®m 3.
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CHAPTER

5

RESULTS: EXTERNAL CIRCUIT EFFECT]

b~

D

The previous chapter has analyzed the effect of a focus ring on sheath voltage and the
ion energy distribution function. If the external circuit effect is also fully understood, it
will be possible to understand the combined effect of the focus ring and external circuit.
To investigate the external circuit effect alone, one has to remove focus ring completely.
This con guration resembles Perseus with external circuit setup, in which the external
circuit is connected to one center electrode, b, and all ring electrodes are grounded. The
other electrode, a, is powered by a 13.56 MHz power generator. The simulation model
indicates the external circuit changes the impedance between oating electrode and the
ground, and the sheath voltage distribution therewith is modi ed. The simulations are
further compared to experimental measurements. Results show that the external circuit
can enlarge the sheath volume adjacent to the oating electrode and reduce the sheath
voltage of powered electrode prominently by controlling the sheath current owing to the
oating electrode b. In this way, the external circuit can partially control the DC self-bias
and distribute the voltage and the energy loss between two sheaths associated with two
electrodes. These results point to possible source design based pathways for engineering
the distribution of power dissipation across these sheaths in industrial plasma reactors.
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5.1 Voltage and Current Characteristics

To validate the circuit model with external circuit and to further identify the in uence of
external circuit, simulations and experiments are conducted based on Perseus with external
circuit only, which does not have the focus ring component. All ring electrodes of Perseus
are grounded. Unless stated otherwise, the dielectric capacitances are C,, = 100 pF and
Ceatiso = 100 pF.

5.1.1 Simulation Results

Figure 5.1(a) and (c) are the calculated impedance and the simulated results about electrode
b without the resistance R. There are three turning points labeledas T1,T 2,and T 3 for the
bias and RF voltage curves, and their capacitances are named C,, C,, and C;, respectively.
The RF voltage is nearly zero at T 1 with C; = 70 pF. Simulated voltages also have aresonance
at T 2 where the RF voltage increases to its maximum and the bias voltage reaches its
minimum. However, the resonance happens at C, = 102 pF, not the expected resonance
point 115.7 pF suggested by Figure 5.1(a). The resonance divergence indicates that some
circuit components are not currently accounted for in the total external impedance. The
missing component is sheath capacitance C; in serial based on the circuit model. Taking Cq
into account, the total impedance then becomes

1

Z =Zc+Z2.=7Z.+ >4
total E s s 1=Zec capet ! Ciso )

Resonance T 2 happens when Z,,, = 0. Since Z; is negative, C, meets 69.9 pF < C, <
115.7 pF It is recognized that the sheath is oscillating and the capacitance provided by
the sheath is time-dependent. Here, a time-constant value of Z. is merely used to simplify
the calculation. The value can be time-averaged capacitance or the smallest capacitance
value the sheath can achieve. The detailed effect of the sheath has yet to be determined. At
T 3, the bias voltage reaches its maximum with C; = 116 pF where Zg becomes in nite. All
harmonics are approaching zero and only the fundamental frequency signal is left. Based
on the simulation, at T 3, the sheath thickness above electrode b is almost time-constant
and the net charge change resulting from ion ux and electron ux is nearly zero at any
monument. This indicates that the potential of electrode b and the plasma potential are
uctuating simultaneously with similar amplitude ( Vi, Viip)-

Now, consider the smallresistance R exists in serial with the inductor. Ef cientresistance
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Figure 5.1: Top two plots (a) and (b): real part and imaginary part of the impedance of
the external circuit with cable and the entire impedance between the oating electrode

and the ground. Resonances occur at 115.7 pF and 181.8 pF which are marked by black
dashed lines. Bottom two plots (c) and (d): shows simulated bias voltage and RF voltage of
the oating electrode b connected to external circuit. Three turning points, T1,T2and T3,
are marked by dotted lines. Left two plots (a) and (c) ignore the resistance and right two
plots (b) and (d) considera 3 resistance. All plots have L = 1520 nH and C,, = 100 pF.
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Rec canle @aNd R are signi cant as shown in Figure 5.1(b). The resonance is replaced by the
other zero crossing at 115.6 pF. Capacitance values of these zero crossings are slightly
different from values of Figure 5.1(a) as a result of the additional resistance. For the voltage
curves of electrode b (Figure 5.1(d)), three turning points still exist but the resonance is
weakened due to a lower quality factor. The simulation also suggeststhat T 2 of RF voltage
can be different from T 2 of bias voltage. When the bias voltage reaches its minimum, V,sp
may not be at its maximum.

5.1.2 Experiment Results

Figure 5.2 shows the typical results of experiment. The bias voltage, RF voltage, current,
and phase difference are plotted as a function of variable capacitance from the external
circuit. Left subplots are from simulation and right subplots are based on experiments.
Only current through the cable and the external circuit, |gc, is given because the current
through the insulators can not be recorded by V /1 probe. The electron density of the center
bulk plasma is kept constantat 4 10'® m 3 by changing the forward power. The resistance
isassumedto be 3 to match the impedance curve derived fromV /1 probe data. Overall,
the simulations match the experiments very well, especially the parameters of electrode b.
The curve trends of bias and Vs, of b are the same and the three turning points structures
are validated according to Figure 5.2(b). The simulated turning points vary somewhat from
the measured values, with measured C; = 68.8 pF,C, = 102.5 pF, and C; = 128.8 pF. One may
expect a nearly zero bias and zero RF component at T 1 with Xg = 0 where the electrode
b is equally RF grounded. This may be accurate when all harmonics do not exist. On the
contrary, the voltage of second harmonic Vs, is comparable to or larger than Vg1 for
10 pF < C < 75 pk Thus, the RF voltage and the self bias of electrode b are slightly larger
than zero at the turning point T 1. When C exceedsT 2, V ,, increases sharply to positive
values as expected in simulation. Voltage curves of a (Figure 5.2(d)) and current curves
(Figure 5.2(f)) also present a resonance around T 2 where Z,,,; becomes pure resistance At
the resonance, |lgc increases a lot even though 1, drops, this means the incident current
is attracted to electrode b directly rather than the grounded wall. One can expect that
the sheath region of the powered electrode is reduced while the sheath region for oating
electrode expands. The voltages of both electrodes become closer to each other, though the
voltages are still far away. This is primarily due to resistances existing in the external circuit

as explained in the previous section. The Q factor is not large enough so the resonance
is weakened. The second harmonic Vs is Signi cantly smaller than expected but is
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Figure 5.2: The effect of an external circuit on electrode voltages as a function of variable
capacitance. L = 1520 nH, C,, = 100 pF, andno=4 10°cm 3. Left gures are simulation
results and right gures are experimental results. Different colors represent different param-
eters. Dashed curves are associated to electrode a and solid curves are related to electrode
b or external circuit. (&) and (b): Voltages of electrode b; (c) and (d): Voltages of electrode
a; (e) and (f): The RMS RF current of external circuit and electrode a; (g) and (h): Phase of
lec, 1o and Vs ¢ Of b relative to phase of V¢ of a.
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still larger than V51, at T 1. Besides 2f , higher order harmonics upto 5 f with similar
amplitude are recorded by both VV /1 probe and voltage probe (not plotted). This harmonics
phenomenon was also found and studied for another external circuit.  [126]

Except for the magnitude difference, the biggest divergence is the simulated ~ V ,, Vims.ar
and |,s » Where they do not fully capture the feature at resonance. this divergence is at-
tributed to the 1-D circuit model with the assumption of coherent current ow throughout
the equivalent plasma circuit model. The current owing to the grounded wall directly and
the current through electrode a are not well enough known to resolve the model variations.
Comparing Figure 5.2(g) with Figure 5.2(h), measured phases of |gcand Vy, , are always
50 degree larger than simulated values. This means the RF current through the plasma
chamber is not phase-consistent as the assumption.

5.1.3 The Jump Phenomenon

In region three, V, increases sharply to positive values when the C is slightly larger than C,.
This sharp "jump" phenomenon under Perseus with external circuit setup was discovered
and described by Logan [48, 127]. According to Ding et al [128, 129], this bias jump can be
continuous, bi-stable, or very unstable, and a voltage hysteresis phenomenon can happen
under speci ¢ plasma conditions. In this paper, these two discrepancies are explained on
the view of circuit and current, and the different roles focus ring and external circuit played
in a CCP are thus clari ed.

The external circuit has only one current source, the sheath current, and there is only
one serial resonance between Zg and the sheath. Thus, the current through Z¢ (Ig) and the
sheath current ( | ,,) are related:

|E: Is,b (52)

When V|, is negative (left side of T 2), the sheath region is wide and |, is dominant by the
displacement current, |gs,. The currents can be derived using

IE Idis,b szjztotalj (5-3)

As C approaches T 2, jZ,,a1] IS decreasing and Ig is increasing by expanding the sheath
region. The incident current is attracted to electrode b directly rather than the grounded
wall, and the voltages of both electrodes become closer to each other. However, 145, can
not be larger than the incident current, in other words, 14}, iS Strongly limited by the sheath
displacement current of electrode a, lys,. Asaresult, Vs, Vi, for symmetric electrodes
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regardless of the resistance R based on the geometry effect [76, 77, 130]. Moreover, | , IS
slightly smaller than the measured input current |, from the power supply and its matching
network because of the cathode isolation, Zis,- Thus,

IE_ Idis,a Ia (5-4)

is always satis ed. Another resultis that jZ,,,j can not truly approach zero because Igis
limited to a nite value according to Equation 5.4. Thus, Equation 5.3 must be invalid at a
point, beyond where the plasma has to nd another way to achieve equilibrium. Instead of
increasing, Ig and I, have to drop a lot as a response to the increasing Zg. Since the current
is decreasing, the resonance is restricted and the sheath region narrows. In this case, the
conducting current contributed by the particle uxes are dominant so that lsp laisp IS
no longer valid and the sheath impedance ( jZj) is extremely small. The Equation 5.3 now
becomes:

le VpT3Ze] (5.5)

Now, the sheath current I, is extremely small, and the incident current is mainly expelled to
the grounded wall. Thus, V , experiences a sharp jump and is usually close to the positive A
when C exceedsT 2. When C passesT 3, Z: becomes capacitive again and V , is de nitely
positive because electrode b is capacitively coupled between a positive plasma potential
and the ground.

5.2 Sheath Dynamics

5.2.1 Optical Data

The sheath behavior may not always share the same dynamic as the nearby electrode
potential because the oscillating  ,(t) may have considerable in uence on sheath voltage.
Thus, it is necessary to investigate the sheath dynamics, although the dynamics of the
electrode potentials are completely studied in the previous section (Section 5.1). One direct
and visualized way to acquire sheath dynamics is using PROES. To determine the effect of
external circuit on the sheath of both electrodes, the ICCD is set to scan the entire center
electrode region from electrode a to electrode b. Before examining the optical intensity,
the emission intensity is averaged for each time step. The nal emission images for four
different capacitance values are mapped in Figure 5.3. Subplot (a), (b), and (c) are based on
three turning points: T 1, T 2, and T 3, respectively. Though the voltage and phase curves
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