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Abstract

Cleo Harvey

Plasma Dynamics of Very-High-Frequency (VHF) Discharges
with Application to Atomic-Layer-Etching (ALE)

Processing of SiO, layers with atomic scale control is one of the main
requirements to achieve nanoscale device fabrication. In this thesis, a
novel (multi-frequency) Capacitively-Coupled-Plasma (CCP) system
with a Very-High-Frequency (VHF) multi-tile electrode is investigated
for the application to cyclic fluorocarbon-based etching of SiO,, based
on a two-step Atomic-Layer-Etch process. This system (Starchief) is
a modification of an industrial wafer-processing tool, originally com-
prised of a lower powered (2427 MHz) and upper grounded electrode.
For this research, the upper grounded electrode is replaced with a
multi-tile-array excited at 162 MHz. The unique plasma chemistry
and low energy sheath of high-VHF limits ion-driven surface mixing;
this in turn promotes an etch plateau resulting in a broader ALE pro-
cess window with a self-limiting removal half-cycle. Investigation into
the unique plasma physics of high-VHF excitation and power coupling
mechanisms of a multi-tile electrode is conducted in a single-frequency
powered plasma source, called PASTIS. In a nitrogen discharge, op-
tical emission spectroscopy results show large differences between vi-
brational (~6200-9400 K) and rotational gas (~350-450 K) tempera-
tures, which suggest highly non-equilibrium conditions. The ratio of
stochastic to ohmic heating is determined, and even at high operat-

ing pressures (> 500 mTorr), the VHF plasma is driven dominantly



by stochastic electron heating. Ion energy distributions (IEDs), mea-
sured using an energy-resolved mass spectrometer, exhibit symmet-
ric narrow distributions due to very-high-frequency plasma operation.
Negative ion densities are inferred from measured electron density and
ion flux using resonance hairpin probe and planar probe respectively.
In a low-pressure electronegative discharge, measured electrode volt-
age and current, charged particle density, including negative ions, and
ion energy distributions exhibit a mode transition versus RF power.
The results conclude that the observed mode transition is caused by
the change in current coupling mechanisms and modification in the
discharge impedance, including the presence of negative ions. In elec-
tropositive, and high-pressure electronegative discharges, the ion en-
ergy distribution trends versus RF power provide evidence of electrical
asymmetry; the push-pull power delivery to the multi-tile electrode
result in floating electrode tiles that develop a DC bias such that ion
energy delivered to the substrate-holding electrode is substantially
reduced. The significance of this is that the solution of a multi-tile
electrode CCP driven at VHF facilitates independent control of flux
densities and low-ion-energy driven sheaths. In the Starchiefsystem,
a Phase-Modulated Spectroscopic Ellipsometer (PMSE) is used for in-
situ monitoring of the surface changes at each half-cycle of the ALE
process. The atomic composition and chemical bonding structure of
the fluorocarbon modified layers are analysed by x-ray photoelectron
spectroscopy (XPS). This research highlights the potential of combin-
ing existing atomic-layer-process technology, with a large-scale VHF
CCP which enables unique plasma and surface chemistry necessary

for next generation processing.
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1.1 Introduction

The demands to construct evermore powerful computing devices is driving the

semiconductor industry to continuously scale manufacturing dimensions, such

that there is an urgent need for surface processing techniques with atomic control.



1.1 Introduction

The performance of nano-manufactured devices rely critically on the etching step,
where silicon dioxide (SiO2) is one of the most commonly used dielectric materials
in etching of device architectures [I]. The etch challenges for these architectures
continue to change as process features scale below 10 nm dimensions [2]. Indeed,
removing material with atomic-layer precision is a complex scientific problem,
especially in directional plasma etching. It is therefore critical to develop a solid
understanding of the processing environment; This includes the plasma kinetics,
the resultant gas-phase chemistry, and interactions with the surface including
ion-induced reactions. Furthermore, wafer sizes of 300 mm diameter and beyond
(or other size substrates including those for roll-to-roll processing) are forecast
to be in full-scale use, such that an understanding of the engineering and radio-
frequency power coupling mechanisms involved in large-area plasma reactors

is also of utmost importance.

1.1.1 Motivation for Research

Plasma-based Atomic-Layer-Etching is an emerging etching technique that
has the potential to meet the most stringent of scaling challenges and ameliorate
next-generation manufacturing. The motivation for this research is to investi-
gate how modifications to plasma discharge kinetics in VHF operation affect
Atomic-Layer-Etching technology. To date, the majority of publications and re-
search work in Atomic-Layer-Etching have been conducted in small-area rectors
driven by conventional 13.56 MHz frequency. In low-pressure plasma processing,
the advantages of increasing the driving frequency into the very-high-frequency
band are known, but the field is still deficient in experimental data of
VHF discharges. The is mainly due to the electromagnetic non-uniformity ef-
fects that hinder VHF implementation in large-area systems. A primary aim of
this research is to advance the development and understanding of a large-area
multi-tile (differentially-powered), very-high-frequency plasma source, and two
different configurations are utilized: PASTIS and Starchief. In this work, we
are interested in plasmas tailored for atomic-layer-etching of SiOs. For dielec-

tric etching, fluorocarbon gases with argon and oxygen are generally used. The



1.2 Plasma Theory

complicated fluorocarbon chemistry requires appropriate plasma-driven reactions
in the gas-phase that result in suitable surface reactions. The Starchiefsystem
is investigated as an appropriate system for fluorocarbon based SiO, ALE, and

aims to address current limitations of fully self-limiting etching of SiOs.

1.2 Plasma Theory

Plasma is a quasi-neutral gaseous mixture of electrons, ions and neutral parti-
cles, where quasi-neutral implies a close to equal density of the positively and
negatively charged species. The term plasma was first coined by Irving Langmuir
in 1928 [3] because the manner in which ionized gases carried the high-velocity
electrons, ions, and impurities reminded him of blood plasma carrying red and
white blood cells. Plasma can be produced by supplying energy from heat, or
electro-magnetic fields to a gas, resulting in the energy of the gaseous molecules
exceeding the ionization energy of the constituent gas. The degree of ionization
of a plasma () describes the proportion of atoms which have lost or gained

electrons via collisions, expressed as:

U2

(1.1)

Y+
where n,, is the neutral gas density, and n; is the density of ions (= the den-
sity of electrons n.). For fully ionized plasmas «;s is nearly unity, whereas for
weakly ionized plasmas «a;, <<1. Figure identifies natural and man-made
plasmas over a range of pressures, electron densities and temperatures. (It is
convenient to characterise plasma by the temperatures of its constituents, which
is simply the energy of the particles, directly related to their speed, as given by

> =3J kT, with temperature in units of eV). The conditions of plasma

L/ mu
in the interstellar media are significantly different to the gas discharges that are
used for industrial applications. For application to semiconductor manufactur-

ing, we will deal only with weakly ionized gas discharges which contain electrons
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Figure 1.1: Plasma classification based on electron density and temperature,
adapted from [4].

and ions that are not in thermal equilibrium, and are called “cold” plasmasﬂ
In low-pressure discharges for industrial plasma processing, electrical power is
used to sustain the plasma, which preferentially transfers power to the lower
mass electrons (discussed further in Section [1.2.4). This results in the temper-
ature of the electrons, T,, being extremely high, e.g. 2eV. In contrast, the ions
collide with the dominant neutral particles with effective momentum transfer,
resulting in ion temperatures, 7T;, only slightly above the gas, and chamber, tem-
peratures. Plasma is distinguished from ionized gas by “collective behaviour” of
the free charge; collective behaviour particularly relevant to this thesis include
the plasma frequency, Debye shielding, and sheath formation which will now be

described.

1One such exception to this, is found in electron cyclotron resonance (ECR) plasma, in
which the ionisation fraction can reach between 0.3 and 1.
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Figure 1.2: Illustration of an ion matrix (red) with an oscillating electron density
cloud (blue) and characteristic restoring force.

1.2.1 Plasma Frequency

In a plasma, the charged particles arrange themselves in such a way as to oppose
charge density imbalances. Consider, as in Figure [1.2 an ion matrix surrounded
by an electron density cloud, where we initially assume the ions are stationary.
If an external electric field E is applied to the plasma, the electrons will move

along the electric field lines.

eNe

E = Ax (1.2)

€0

where Az is the displacement of the electrons from their equilibrium position,
€p is the permittivity of vacuum, and e is the electron charge. As the electrons
move, a charge imbalance builds up which results in an electrostatic restoring
force on the electrons. In the absence of collisions, the electrons will move back,
overshoot their initial position due to inertia and continue to oscillate back and
forth in Simple-Harmonic-Motion. From Equation the motion of the electrons
is described by:

A’z N e’n,
dtz2  eyme.

z=0 (1.3)

which is the equation of motion for a harmonic oscillator. The frequency of the
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sinusoidal electron cloud oscillation with respect to the ion matrix cloud, given

by Equation (1.3}, is the fundamental characteristic frequency of the plasma:

627’Le Wpe
( )1/2 — fpe == (14)

Whe =
P €0Me 2m

where m, is the electron mass. Similarly, we define the ion frequency as

2
€ Ne Wy
___= )1/2 — fpi N
€My 2

(1.5)

wpi = (

where m; is the ion mass.

3 are in the GHz range,

Electron frequency f, values for typical n, ~ 10'%cm™
compared to ion frequencies on the order of 1’s MHz. Therefore, our assumption
that the ions are fixed relative to the electrons is justified; the electrons react to
an instantaneous change in electric field, nullifying the change in F before the
ions can react. Note that the “long-range” electric force becomes localised to the

edge of the plasma.

1.2.2 Debye Shielding

Suppose an electrostatic point charge is brought into contact with the plasma.
This results in a perturbation to the local electric potential. The fast moving
electrons reorganise themselves, amongst the much slower ions, to counter the
imposed charge imbalance. The implication of this is that particles at a sufficient
distance away from the perturbation will not be affected. To derive the scale
length over which this electric potential screening occurs, we begin with Poisson’s

equation for a plasma in spherical co-ordinates

L4 (a00) __ i) (16)

r2dr €0

where ®(r) is the electric potential due to the point charge, and again the ions

are fixed. The variation of the electron density over the region of the distur-
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bance n.(r) follows a Maxwell-Boltzmann distribution such that Equation

becomes:

1 d [ ,d®(r) ene —ed(r)

—— =— 1— 1.7

r2dr (T dr €0 “rp kple (L)
where kp is Boltzmann’s constant. Expanding the exponential term in a Taylor

Series, and assuming ®(r) < kpT,:

)]

The solution to this differential equation is:

r

O(r) = —<I>Oexp()\D

) (1.9)

where \p is the characteristic screening length, called the Debye length:

T,
Ap = 4| 288 (1.10)

nee?

This length defines a sphere, the Debye sphere, of radius Ap around an imposed
charge. The ability of the plasma to reduce long-range electric fields is known as

Debye shielding.

1.2.3 Sheath Formation

We now consider what happens when we confine the plasma within a bound-
ary, known as a chamber or a reactor in technological plasma applications. This
boundary imposes a potential, say ground, or floating for a metallic or dielectric
boundary, and this invokes Debye-shielding at the plasma boundary. The cham-

ber walls impose boundary conditions on the plasma such that quasi-neutrality
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sheath

1

quasi-neutrality |

Figure 1.3: Quasi-neutral plasma separated from a grounded wall by a space
charge sheath.

breaks down at the plasma-surface boundaries. Again, due to the mobility differ-
ence between the electrons and the ions, (7, >> T;), the electrons will initially
be lost to the grounded walls at a faster rate, see Figure [1.3]

This results in the formation of a small layer of positive charge, called the
sheath, dominated by positive ions. This positive space charge gives rise to an
electric field, directed from the plasma to the wall, which repels further electrons
from entering the region, and accelerates heavy ions to the walls. For the ions to
be accelerated sufficiently to produce the charge separation, they must overcome
the electrostatic forces attracting them back into the quasi-neutral bulk state, i.e.
their velocity must be larger than the return speed to equilibrium. This means
that at the boundary, the ions must have at least a speed us such that they break

the screening effect A\p, in a time less than the period of oscillation wy,.

[kBT,
Us > Ap X Wy = FBle — Uup (1.11)
m;

This velocity is known as the Bohm speed, ug.

The plasma looses energy to the environment through formation of high-energy
particles, which are lost or transported out of the system, such as ions, free
electrons, rotationally and vibrationally excited states of atoms and molecules,

and via radiation. To sustain the plasma in a “quasi-steady-state”, equivalent
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energy needs to be added into the plasma to balance losses. We will now discuss

how this necessary energy is input to the plasma.

1.2.4 Electron Heating Mechanisms

Generally industrial plasmas are powered by imposing an RF-current on a bound-
ary of the plasma, which means that the sheaths do not have a constant thickness;
the electrons oscillate back and forth with a frequency of the RF excitation. This
produces a mechanism for power deposition into the plasma. Again, because of
the difference between the electron and ion mass, and the higher mobility of the
electrons, power is preferentially coupled to the electrons. Two types of this elec-
tron “heating” in [CCPp can be identified. In the high pressure case, bulk plasma
electrons diffuse to electrodes during contraction of the sheath and accelerate
back when it expands. The energy gained from the acceleration of the electrons
in the electric field is transferred to thermal electron energy through local colli-
sional processes. This is known as (collisional) ohmic heating and is analogous
to running currents through metallic conductors where electrons exchange energy
with other electrons, and eventually heat up the ions. The collisional ohmic power

absorbed by electrons in plasma can be expressed as [4]:

1

1~
Potom = =J* (1.12)
2 o
where J is the current density and o, is the plasma conductivity:
2
L — (1.13)

m(w + ivy,)

where w is the driving frequency and v, is the electron-neutral collision frequency
ul
The other heating mechanism in plasma occurs primarily at lower pressures

where the electron mean free path is larger than the plasma gap. The electrons

Ly, is defined later in Section Equation

10
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are more likely to interact with the sheaths rather than undergo collisions with
gas molecules. The electron interaction with the sheath can be described by
the “hard wall” model; a ball (electron) bouncing between rigid moving walls
(sheaths). Assuming the collision is elastic, the change in velocity of an electron

incident on the sheath with velocity u can be written as [4]:

U = U+ QUsheath (1.14)

where u is the velocity after reflection, and wugpeqin 18 the velocity of the plasma
sheath boundary. Although this change in velocity (energy) can be positive or
negative, on average there is an energy gain [5]. This type of collisionless electron

heating is called stochastic.

1.2.5 Enmergy Distribution Functions

The range of electron energies in the plasma is known as the Electron Energy
Distribution Function (EEDF|). This is a fundamental characteristic of a
discharge and we will see how different types of EEDFs play a critical role in
driving plasma chemistry that facilitate surface processing reactions. The general

expression for the EEDF is:

_Fe
fe(E) x VE exp (HBTe ) (1.15)
The value of the parameter ¢ determines the type of distribution, where ¢ = 1
corresponds to a Maxwellian EEDF and ¢ = 2 corresponds to a Druyvesteyn
EEDF.

Figure|l.4]illustrates three extrema of electron energy distributions. The Maxwellian
EEDF applies to an electron population in thermal equilibrium. Deviations from

a classic Maxwellian distribution, such as Druyvesteyn and Bi-Maxwellian, are of-
ten a better representation of the EEDF's in technological discharges. Druyvesteyn

is characteristic of bulk collisional-ohmic heating and depicts more electrons

11
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Figure 1.4: Illustrative plot of a Maxwellian, Druyvesteyn and Bi-Maxwellian
EEDF.

with average energy and fewer high-energy electrons than a Maxwellian. A bi-
Maxwellian distribution is generally observed at low-pressures [0] and is associated
with dominate stochastic heating. The slope of two tangential lines indicated on
the bi-Maxwellian curve in Figure [1.4] give a bulk electron temperature Ty,
and high-energy tail electron temperature Ti,;. In this regime, the majority of
the electrons have very low-energy; they are confined in the bulk plasma and do
not have enough energy to reach the oscillating sheaths, where stochastic heating
takes place. On the other hand, the high-energy electrons effectively interact
with the oscillating sheath, bouncing between them, and these electrons consti-
tute Ti.y. These high energy electrons have a significant effect on the chemical

products produced in the plasma.

The energy with which the ions impinge the wafer surface is a critical parameter
in any plasma material process. The ion spread, directed perpendicularly to the
surface, is known as the Ion Energy Distribution . In DC discharges,
the IED appears monoenergetic about eVy, where V; is the DC sheath voltage
drop [7]. However, in RF discharges, ion modulation can cause large ion energy

spreads. There are two main factors determining the shape and distribution of

12
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the ion energies in RF discharges.

(i) RF Period (Frequency)
The ratio of the ion transit time 7;,, to the RF period 7,¢ is the crucial parameter
that determines that IED shape. The ion transit time is the time it takes an ion to
travel the sheath when the sheath drop is at its DC value. The ratio is expressed

as:

Tion o 35w M 12 (1 16)
Trf 21 \2¢V, '

where 3 is the time averaged sheath thickness, V is the mean sheath voltage, w is
the RF frequency and M is the ion mass. There are three difference regimes; low
frequency Tion/r., << 1, intermediate frequency 7ion/r., &~ 1, and high frequency
Tion /., >> 1. In the low frequency regime, the ions experience the instantaneous
sheath voltage and the phase of the RF cycle in which the ion enters the sheath
is important. The resultant IED has a double peak structure which is centred
around the time averaged sheath potential. The higher energy peak corresponds
to the ions entering the sheath at the maximum sheath voltage and the lower
energy peak corresponds to the ions entering the sheath at the minimum sheath
voltage. As the RF frequency increases, the ions can no longer respond to the
oscillating RF sheath, they only experience the time-averaged sheath potential
and therefore the phase in which the ions enter the sheath is no longer relevant.
Consequently, the IED is a single peak structure in this regime that is centred at
the time averaged sheath potential. For the case of the intermediate frequency
regime, the ions take a couple of RF cycles to cross the sheath and the phase in
which they enter the sheath is again important. The IED usually has a narrower
gap two peak structure but with variations in the peak heights. The first ana-
lytical expression for the energy peak separation was provided by Beniot-Cattin
and Bernard [§]:

~ _ 1/2
2 4 :
AL, — 8eV ( eVs) _ 4eV, (Twn) (117)
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This expression shows that the peak separation depends on frequency, RF voltage
and sheath thickness. The energy spread is also dependent on ion mass (M), but
for frequencies above 100 MHz, the IEDs are commensurate [9] which is impor-

tant for varying mass plasma chemistries.

(ii) Sheath Collisions
If the ion mean free path ();) is less than the sheath thickness, then ions undergo
collisions which significantly change the shape of the IED. There are two kinds
of collisions that effect the energy distributions, elastic collisions and symmetric
charge exchange. The elastic collisions lead to loss in kinetic energy and a devia-
tion from the perpendicular incidence of ions on the surface. The effect leads to
wider angular distribution of the velocity of the ions and a low energy tail. Charge
exchange collisions in the sheath generate new ions which will reach the sampling
surface at a lower energy compared with the sheath potential. The influence of
these collisions leads to number of additional peaks appearing at distinct energies

in the spectrum.

1.3 Mechanisms of Dry Plasma Etching

Etching, in a microscopic sense, means removing atoms from a substrate by break-
ing bonds that attach them to their neighbours, which means overcoming an en-
ergy barrier (surface binding energy). There are four conventional mechanisms
to modify or overcome this energy barrier in plasma etching: physical sputtering,
chemical etch, ion inhibitor and ion energy driven etch. Figure [1.5] summarises
schematically the four etch mechanisms by highlighting the species supplied by
the discharge and the resulting etch effect (isotropic or anisotropic). One or more
chemical reactions take place in each etching process. Types of reactions include
oxidation-reduction (redox), complexation (reversible reaction of two dissolved

species to form a third), and gas phase etching.

(i) Physical Sputtering

Sputtering is the process of ejecting atoms from a surface due to the bombard-

14
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Figure 1.5: Four plasma etch mechanisms (a) Physical sputtering (b) purely
chemical etch (c) ion energy driven etch (d) ion inhibitor etch [10].

ment of the surface by energetic ions. An atom ejects if, through the transfer of
momentum, the atom accumulates enough kinetic energy in the upward direction
to overcome the surface binding energy. The observed sputtering thresholds of
common materials in semiconductor processing are on the order of 10’s of eV, sev-
eral times their surface binding energy. The large bombardment energy of ions is
needed because the impact energy dissipates through a collision cascade of target
atoms. Statistically, the atom hit with an initial ion strike is not removed, but
rather a neighbouring atom is liberated or displaced through momentum trans-
fer. The sputter yield, which is the number of atoms sputtered per incident ion,
increases rapidly with energy up to a few hundred eV [4] and typically depends
on the square root of the ion energy above a threshold; momentum transfer from
incoming ion to surface atom results in mass-ratio dependency [2]. Even though
sputtering is predominately un-selective, and the sputtering yields are generally
low (on the order of one atom per incident ion), it is an anisotropic process and
heavily depends on the ion angle of incidence to the target surface. Sputtering is
also the only mechanism that can remove non-volatile products which is impor-
tant for sputter deposition processes.
(ii) Purely Chemical Etch
For chemical plasma etch, the discharge etchant species chemically react with the
surface to form volatile by-products in the gas phase. For example, in etching of
Silicon, F atoms in gas phase react with the silicon substrate yielding a volatile
etch by-product:

Si(s) + 4F(g) — SiF4(g)

where (g) and (s) indicate gas and solid phase respectively. Chemical plasma etch
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Figure 1.6: Ion-assisted gas surface chemistry using Ar™ and XeF5 on silicon [11].

is predominately isotropic because the etching species from the discharge hit the
surface with a nearly uniform angular distribution. One case where anisotropic
chemical etch occurs is if the target surface is a crystal, so the etching rate depends
on the crystal orientation.
(iii) Ion Energy Driven Etch
Here, the discharge supplies both etchants and energetic ions to the surface.
This mechanism can be more effective in producing etching by-products than
physical sputtering or chemical etch alone. It is suggested that the etching is of
a chemical nature, but the rate is determined by the energetic ion bombardment,
thus indicating that there is an ion energy threshold. The combined effect of
chemical and physical etching means that there is both selective and anisotropic
(due to the directional dependence of the ion incidence) etching. This opens the
concept of the selectivity and anisotropy trade off.
The important work done by Coburn and Winters [11] showed that the combined
actions of both neutral gas etching and ion bombardment (i.e. ion energy driven
etch) produced a much faster etch rate than the simple algebraic addition of
the two. This result, shown in Figure [1.6] is the basis of modern day industrial
etching.

(iv) Ion Inhibitor Etch

This mechanism involves the use of an inhibitor species. Etchants, energetic ions,
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and precursor molecules that act as an inhibitor protective layer are supplied by
the plasma discharge. The inhibitor species form a protective layer on feature
sidewalls which help block etching and thus aid an increase in anisotropic etch.

First off, the etchant used produces a high chemical etch rate of the substrate even
without the inhibitor or the energetic ions. The inhibitor species tries to form a
protective layer on vertical and horizontal surfaces, but the directional dependent
injection of ions prevents the inhibitor species surviving on the horizontal surfaces
due to sputtering. The chemically selective etchant then etches the horizontal
surfaces that are not protected by the inhibitor. This phenomenon can be called
sidewall passivation [12]. For example [13], in etching of Silicon, the addition of O
to SFg plasma forms an inorganic film (SiO,F,) on the Si surface such that etching
directionality is controlled by desorption capabilities of etching passivation film

and etching products by energetic ions.

1.4 Plasma Etch Sources and Technologies

1.4.1 Historical

Plasma processing tools are produced with electrical power of frequencies ranging
from DC to microwave. DC discharges suffer numerous disadvantages for mate-
rial processing, thus are mainly studied now for fundamental plasma concepts
(or DC magnetron sputtering). They lack spatial uniformity, have low discharge
current densities, are limited to conductive surfaces, and are sustained by sec-
ondary electron emission which restricts the electrode surface composition. On
the other end, microwave discharges also have inherent problems such as charge
build-up damage due to a high-degree of dissociation and charge accumulation
on substrates [14].

Typically, industrial plasmas are produced with RF that is between the posi-
tive ion oscillation frequency f,; and the electron (plasma) oscillation frequency
fpe- These frequencies are low enough to allow the electrons to respond to the

electric fields but high enough to allow current through insulating layers. Due to
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Figure 1.7: Range of possible excitation frequencies in terms of ion and elec-
tron plasma frequencies, fp; and f,e respectively. In the low frequency excitation,
electrons and ions follow the oscillations of the electric field. In the RF range,
the electrons only follow the electric field oscillations, while the ions are influenced
by the average temporal local values of the field. Behaviours observed in RF are
enhanced in microwave excitation.

government communication regulations, the classic, and most widely used, RF fre-
quency in plasma processing tools is 13.56 MHz ﬂ Figure shows a frequency
spectrum and depicts the typical range for electron- and ion- plasma frequen-
cies. This figure also highlights the Very-High-Frequency (VHF) RF range, 30
- 300 MHz, and this section will later discuss the benefits of operating in this
frequency range instead of the conventional 13.56 MHz.

In the early years of plasma etching, RF power was coupled capacitively
to the plasma systems, resulting in the moniker Capacitively-Coupled-Plasmas
(although initially, CCPs were solely known as Reactive-Ion-Etchers ) As
the industry migrated to 200 mm wafers, high-throughput single wafer etchers
with enhanced etching rates were needed in replacement of large batch RIE re-
actors. This meant there was a need for higher ion flux at the same sheath volt-
age, but with the same surface driven reactions. To achieve this, attention was
directed to developing alternative high-density plasma sources such Inductively-
Coupled Plasmas and Electron Cyclotron Resonance (ECR) plasmas. Over

the years, these sources, and other high-density source alternatives [15], [16] have

113.56 MHz is the centre frequency of the second ISM band. The industrial, scientific and
medical (ISM) radio bands are defined by the ITU-R. the International Telecommunications
Union. The first four ISM bands are: 6.780 MHz + 0.015MHz, 13.560 MHz + 0.007 MHz,
27.120MHz £ 0.163 MHz and 40.68 MHz + 0.02 MHz
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been developed with success for etching of metals and gate materials, however,
they have mainly failed in the dielectric SiOs etching because of their low con-
trollability and reproducibilty of complicated gas chemistries in oxide etching.
This low controllability in ICPs and ECRs is because, by nature, they are high-
density large-volume reactors, which means they have large gas-residence-times
and highly dissociated gases. The resultant lack of larger moieties of molecular
radicals causes a lack of passivation in the dielectric etch process and so ICP tools
in general were incapable of achieving the high aspect ratio and high selectivity
required by industry [I7]. Therefore, CCPs have remained the preferred method
for dielectric etching, where higher order complexities of C,F, species and surface

layers are critical.

1.4.2 Capacitively-Coupled Plasmas (CCPs)

This section begins with a description of basic CCPs. Then, the advantages
of CCPs driven at higher frequencies (into the VHF range) will be presented in
terms of the discharge properties and resulting effects on substrate reactions. Ex-
tending beyond single VHF excitation, the benefits dual(2)-frequency CCPs will
be introduced. Finally, the engineering problems associated with VHF' excitation
scaled to large reactors will be explored.

CCPs are possibly one of the simplest forms of RF gas discharges, whereby
the plasma is excited by an electric field (an oscillating voltage) between two
electrodes, shown in Figure (left)ﬂ. This electric field set up by the oscillating
voltage is perpendicular to the plane of the electrodes, so we say (at low RF
frequencies) that the power coupled into the plasma is purely capacitive.

The capacitance in CCP is not actually between the electrodes directly, but rather
between the electrodes and plasma, i.e. across the electron-free sheaths, that are
acting as a capacitive barrier.

The impedance of the two capacitive sheaths is equal to the sum of their

!The blocking capacitor shown between the RF source and powered electrode results in
no net current flow and as a result the plasma potential must approach the powered electrode
potential for a brief period in RF cycle to allow electrons reach the powered electrode.
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Figure 1.8: Schematic diagram of a capacitively coupled plasma discharge (left)
and a simplified equivalent circuit (right).

L,

individual impedances:

1
jwcsh

Zsm + Zsha = Zsn = (1.18)
where w is the RF excitation frequency, and Cy, is the sum of the two sheath
capacitances.

In single-frequency operation, one of the electrodes is powered by an RF gen-
erator through an appropriate matching network, while the other electrode is
grounded. The CCP schematic shown in Figure is that of a symmetric sys-
tem; both electrodes are of equal area. Let us take the case of an asymmetric
system, where the grounded electrode is larger. When the smaller powered elec-
trode exhibits a positive potential (during a fraction of the RF cycle), it will
rapidly collect high mobility electrons. At the same instance, the counter elec-
trode will collect heavy ions, but at a much smaller rate. The relatively larger
influx of electrons causes a negative bias to develop on the smaller powered elec-
trode, which subsequently becomes larger cycle by cycle, until a time-averaged
steady-state is reached. The consequence of this negative DC self-bias developing
on the smaller electrode facilitates the production of higher ion energies relative
to the larger grounded electrode. In his way, variation between between high

and low ion energies for a given frequency can be achieved with asymmetrical

CCPs.

20



1.4 Plasma Etch Sources and Technologies

1.4.2.1 Very-High-Frequency (VHF) driven CCPs

Surface processing in CCPs is dominantly driven by a synergy of ion energy, ion
flux and plasma chemistry. Despite developments in alternative CCPs (such
as Magnetically-Enhanced-Reactive-lon-Etcher [18] and Dipole-Ring-
Magnet[19] reactors), to improve control of ion energies and charge damage, it
became clear that increasing the frequency beyond the traditional 13.56 MHz into
the VHF band affects all these crucial parameters in a way that is highly desirable
for material processing, and specifically etching. This is a result of changes in RF
power coupling due to the capacitive sheaths, as shown in Equation [I.18 such
that with increasing frequency and constant power, voltage drops resulting in
ions with lower energy from the reduced sheath impedance, and current increases
which provides more ohmic (I?R) power to the plasma, and have higher density
and higher ion flux.

Several simulation studies have been performed in the past few decades for
plasmas operating in the VHF band [20, 21], 22, 23]. Using particle-in-cell/Monte
Carlo method, Surrendra et al [21] simuated CCPs in helium at frequencies from
20 to 120 MHz. Under constant applied voltage, electrode gap, and pressure
conditions, they found that the plasma density and ion current is enhanced by
increasing the driving frequency with minimal effect on the maximum ion energy.

The EEDF (Section [1.2.5)), which drives the plasma chemistry and determines
radical densities, is also strongly affected by an increase in operating frequency
24, 25]. At a fixed pressure of 100 mTorr in Ar, Figure[1.9] from [26], shows the
transition in shape from a convex Druyvestyn toward a Bi-Maxwellian type with
a concave nature with increasing frequency, from 13.56 MHz to 50 MHz. This
is attributed to a change from collisional ohmic heating to dominant stochastic
heating which creates more ionisation in the plasma bulk. A balance between the
production and loss of electrons leads to a lower value of effective electron tem-
perature in the VHF range. But the nature of a cold bulk and hot tail indicates
a highly non-thermal plasma, with the neutral gas at a temperature similar to
the chamber walls (ions ~300 K warmer) and electrons at very high temperatures
of 1000s K. This has been experimentally investigated [27, 28] 29] with Optical
Emission Spectroscopy . Results of very high vibrational temperature T,;,
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Figure 1.9: EEDF transition from a Druyvesteyn to Bi-Maxwellian with increas-
ing frequency. Argon 100 mTorr and RF voltage = 80V, [30].

with low rotational temperature T,,;, suggests that the energy from the low en-
ergy electrons is preferentially coupled into vibrational states. Sugai et all [30]
noted that CCP discharges can exhibit a Bi-Maxwellian EEDF in some gases at
particular low pressures, whereas VHE CCPs reveal a Bi-Maxwellian EEDF irre-
spective of gas type or pressure (initial experimental reports from Godyak [6]).
Several experiments and studies have also reported the advantages of us-
ing VHF for deposition and etching in the semiconductor industry. For example,
Howling et al [31] measured the deposition rate of Si films vs frequency and showed
that the deposition rate is 3x higher at 70 MHz than at 13.56 MHz, with com-
parable film optical qualities. Recently, Monaghan and Ellingboe [29] produced
nano-crystalline silicon layers at a high deposition rate (exceeding 0.75nm/s)
with a high degree of crystalline fraction uniformity in a large-scale reactor. This
work employed a multi-electrode CCP source that will be discussed later.
From an etching perspective, Samukawa et al [I4] reported the development
and use of a Ultra-High-Frequency plasma source, 500 MHz, with spoke-
wise antenna for large-scale 200m wafer etching. Their study highlighted the

benefits of increasing driving frequency but noted that there is a certain cut-off
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point where the advantages of VHF /UHF no longer apply. Specifically, with mi-
crowave ECR (2.45 GHZ)[L the pressure range is limited, electron temperature
begins to increase and there is a non-linear dependence of electron density with
power, as shown in Figure [1.10]

In summary, increasing driving frequency into the VHF band (30-300 MHz)
favourably affects crucial process parameters for material surface processing.
Namely, the sheath impedance drops (Equation which is equivalent to lower
ion energies. The reduced sheath width with increasing frequency also causes the
ion motion to be less collisional which is important for maintaining narrow ion
energy spread in the IED. The EEDF, responsible for driving plasma chemistry
and subsequent surface chemistry, is altered with increasing frequency. There is
a transition to a bi-Maxwellian electron distribution, with a distinct low-energy
cold-bulk and high-energy hot-tail, which is associated with enhanced stochastic
heating, increasing dissipated power into the plasma resulting in higher densities.
Characteristic of a bi-Maxwellian EEDF at VHF is a highly non-equilibrium
discharge; very high vibrational temperatures with low rotational temperatures.
This facilitates favourable chemical activation whilst maintaining low operating

temperatures.

The ion-assisted chemical etching process (Section requires ions with just
enough energy to weaken the chemical bonds at the surface, but also with suffi-
cient fluxes of ions to make the process worthwhile. However, to increase ion flux
(plasma density), the power needs to increase, which in general also increases the
ion energy. In this sense, for a single-frequency CCP, a limit is placed on the
ion flux, and therefore the etch rate before surface damage occurs. Furthermore,
asymmetrical geometry discharges are very hard to achieve for large-area applica-
tions such as solar cells and flat panel displays, where minimizing plasma volume
to control gas-residence-time and plasma chemistry results in nearly symmetric
systems, which curtails their advantage to control higher and lower ion energies
limits.

To obtain independent control of both the ion energy and ion flux, dual-

frequency plasmas have been developed with success [32],33],34]. In these systems,

!Typically 2.45 GHz reactors are not CCP, but are rather Electron Cyclotron Resonance
(ECR) reactors
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Figure 1.10: Comparison between UHF (500 MHz) and ECR (2.45 GHz) Ar dis-
charge. Effect of pressure on electron temperature (left) and effect of power on
plasma density (right). Reproduced from Samukawa [14].

the upper frequency tends to dominate plasma formation and the lower frequency
dominates the lower electrode sheath voltage. Typically upper frequencies in the
HF range (3-30 MHz) and lower frequency in the LF range (0.3-3 MHz) are used
[35, B36]. For decoupled operation between ion-flux and ion-energy, a sufficient
separation between the operating frequencies is required; a ratio of lower to up-
per frequency that is < 0.1 [37].

In addition to the desire of increasing frequency for plasma production, and
exploiting advantages of dual-frequency, there is an increasing demand for larger
surface processing area, due to larger wafers, flat panel displays and other indus-
trial applications. However, the dovetailing of VHF and large area processing
poses significant technical and engineering difficulties which we will discuss.

Recall from earlier, that for CCPs operating at normal low frequencies, the
power coupled is purely capacitively because the electric (E-field) is perpendicu-
lar to the electrodes. From a modeling perspective, this means that the electrical
characteristics of the plasma are only governed by Poisson’s equations. This is
not the case when CCPs are operated at VHF, and we will see how there can
be both capacitive and inductive coupling. As a result, they cannot be described
simply by a conventional electrostatic model.

We begin by noting the effect of driving frequency on the skin depth, for
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Figure 1.11: Resulting currents and magnetic dipoles in a conventional large
electrode VHF CCP. Green arrows are electrode currents, blue are inductive im-
age currents, red are capacitive displacement currents, and blue vector crosses are
magnetic dipoles.

current in metals (electrode). The skin depth is given by:

_ ]2
5= \/; (1.19)

where w is the frequency, and p and p are the resistivity and permeability of
the conductor respectively. The skin depth for VHF is much smaller than the
thickness of the electrode (6 ~ microns compared to ~ mm thick electrode).
Therefore, the currents of the VHF electromagnetic wave travel along the surface
of the electrode. Let us consider the VHF current path, which flows radially
inward on the plasma-facing surface of the upper electrode shown in Figure [1.11
E|. This electrode has no direct connection to ground, so there occurs a point
of effective electrical termination, at the centre of this top electrode (furthest
point from the current supply). The counter-propagating waves (traveling radi-

ally inward to the centre from opposing electrode edges, shown in Figure [1.11])

Length/size of arrows are representative of the magnitude of currents
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constructively interfere and produce a standing wave which has a zero in cur-
rent and voltage maximum at this centre. As this standing wave characteristic
length (which is 1 /4 wavelength of the RF signal) becomes comparable to the elec-
trode length; the current and voltage non-uniformities become significant, causing
plasma non-uniformities. The E-field at the electrode centre, E., is purely capac-
itive and drives maximum displacement across the sheath, because the voltage
(from standing wave) is at a maximum, but the current is approaching zero. On
the other hand, the E-field at the plasma sheath edges has a radial inductive
component as well as an axial capacitive one. This inductive E-field E,., parallel
to the electrode, occurs because of the maximum current at the edges, which
induces image currents, that draw current around the edges of the discharge.
The strength of these image currents depends of the plasma skin depth and the

discharge gap. For collisionless plasma, the plasma skin depth is given by:

C

Sy = (1.20)

Wpe

where wye is the plasma frequency given by the Eqn [1.4] and is ~cm for den-
sities of ~10%m 3. Additionally, the grounded chamber (return) current flows
in opposite direction to the currents coming around the powered electrode edge,
and thus sets up a magnetic dipole between the electrode and the chamber. This
magnetic dipole in turn drives inductive currents in the plasma, in the same di-
rection as the image currents produced by the electrode oscillating current. This
increases the non-uniform effect due to the current density in the electrode in-
creasing with electrode “radius” (I o 7).

It is clear that power non-uniformities (when the /1 wavelength becomes com-
parable to the electrode length) are the result of radial variations in capacitive
coupling, dominating at the electrode centre, and inductive coupling, increasing
at the electrode edge. The non-uniformities are transferred differently by non-
local power deposition at lower pressure, compared to local power deposition at
higher pressure. This will be explored further in the experimental section.

Over the years, there have been engineering attempts at suppressing the elec-

tromagnetic non-uniformities in VHF CCPs. Some examples include the use
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of Gaussian shaped electrodes [38, 39], and graded conductivity (divided) elec-
trodes |40, 41]. The former example is specifically for a cylindrical geometry and
is dependent on a consistent plasma refractive index, and as such has limited
flexibility once implemented. The graded conductivity electrodes can pose prob-
lems, in that all the electrodes are driven by the same power supply (i.e. without
splitting). This means that the electrodes are not electrically isolated and can
result in localised breakdown in front of only one electrode. Furthermore, net
current is still driven through the substrate to ground.

A successful solution for VHF CCP operation is the use of a multi-tile electrode
system with a unique Power-Splitting-Line-Driver that provides inde-
pendent, equal, push-pull power to each of the pair of tiles. The use of “small”
tiles in an array mean that the aforementioned electromagnetic effects within a

tile are minimised. The standing wave wavelength can be estimated as [4]:

M (1.21)

AS'UJ
V1+A/2s

where \g is the free space wavelength, s is the sheath thickness, and A is either
the half plasma thickness or the plasma skin depth; whichever is smaller. For
162 MHz, this wavelength Ay, ~ 49 cm, which means that electromagnetic effects
are minimised for tile dimensions of 10cm (*sw/s > R) in the PASTIS reactor,
and for tile dimensions of 4 cm in Starchief. Further detail on the power coupling
mechanisms in a multi-tile VHF system, and specifically the PASTIS reactor will
be given in Chapter [3]

So far, improvements from the plasma-reactor perspective have been discussed.
In the following section we discuss the technology of Atomic-Layer-Etching that
can facilitate future scaling, and improve on the shortcomings of continuous etch

mechanisms.
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1.5 Atomic-Layer-Etching Technology

1.5 Atomic-Layer-Etching Technology

ALE is a technique that uses sequential reactions to remove atomically thin lay-
ers of material, where at least one of the reactions is self-limiting to control the
amount of removed material per full-cycle. The self-limiting nature of ALE fun-
damentally differentiates it from existing etch technologies in CCPs that facilitate
atomic precision. Using conventional plasma etching, even with an inhibitor layer,
it is difficult to obtain reliable atomic layer precision because the adsorption of
the inhibitor layer (also the reactant layer) and the reaction of ions occur simul-
taneously in a somewhat uncontrolled, non-self-limiting manner.

The basics of an ALE cycle is as follows: in the first half-cycle, a modification
step (step 1) occurs which forms a reactive layer on the substrate. In the second
half-cycle, a removal step (step 2) involves removing this reactive layer as well as
the top (mono)layer of the underlying substrate. Using ions in this removal step
allows for anisotropic etching that is critical for deep narrow structures.

ALE is somewhat analogous to its predecessor Atomic-Layer-Deposition (ALD)),
which has become productive enough to advance to mainstream technology im-
plemented in industrial large-scale manufacturing. ALE technology is still in
the early stages, but even though the mechanisms are more complex than its
deposition technique counterpart, ALE is proving itself one of, if not the most,
promising techniques for achieving the low process variability necessary in the
atomic-scale etch era.

Figure below highlights the benefits of decoupling the reaction steps. Ul-
timately, in continuous etch processes, the paradox is that we need a reactive
layer that is formed from reactive gas species and low energy ions, but this layer
is produced by the same high energy ions that are required to perform the etch
in the first place. The separation of the reaction steps allows for ion energy vari-
ability in each reaction. In the ALE illustration in Figure [1.12] a reactant layer
forms in the first step after chemical reactants are delivered to the substrate.
This reaction step is not necessarily self-limiting; this is discussed further in the
following section. Following energetic ion bombardment in the second ALE step,
the reactive layer and underlying substrate is removed in a controlled self-limiting
manner. It should be noted from the same Figure [I.12] that the resulting surface
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Figure 1.12: Schematic of the comparison between conventional plasma etching
and ALE. The chemical reactants are supplied simultaneously and non-interrupted
in conventional processes, where as in the ALE scheme, they are alternated.

after an ALE cycle is near pristine, contrary to continuous etch. This is because
stoichiometry can be maintained in ALEElWhich provides atomically smooth sur-
faces, whereas continuous etching has the tendency to alter stoichiometry as one
element is favourably moved relative to another [42] 43 [44].

1.5.1 History of ALE

The earliest reports of ALE trace back to 1988 [45], with most of the early focus
on isotropic ALE [46] as a thermal processes [47]. Early reports using thermal
reactions claimed long process times, up to 5 minutes (per cycle), with corre-
sponding etch rates of ~0.1-0.01 nm/min. Soon after, etch-per-cycle was
aptly adapted instead of "etch rate” because the etch rate is not continuous in

time. Reports in the early 1990s claimed self-limiting reactions on Si using Cl,

Tt has been reported that the stoichiometry of the reaction mixing layer is much easier to
control with Si etch using Cls chemistries compared to dielectric etching using multi-component
FC-polymer layers
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Figure 1.13: (a) Uniformity across a blanket silicon wafer before and after ALE
process (b) SEM images of polysilicon trenches etched under comparable process
conditions [56].

and Ar™, but the EPC were less than one atomic monolayer [48,49]. The early ex-
perimental Si ALE in the 1990s was paralleled with modeling efforts that include
computation techniques such as molecular dynamics, kinetic Monte Carlo simu-
lations, Density Functional Theory, and feature scale simulators [50} 51} 52], 53].
Athavale and Economou simulated ALE of one atomic layer of Si (0.14 nm), fol-
lowed by experimental evidence in a Helicon source with both self-limiting mod-
ification reaction and etching removal [51 [54].

Some later work in the 2000s aimed to reduce charge related damage by using
an Ar neutral beam, again for Si etching [55].In 2013, Kanarik et al [56] validated
ALE behaviour in a commercially available reactor by showing atomically smooth
Si surfaces, flat Si etch front (Figure[1.13)), and with an EPC of 0.7 nm/cycle. This
EPC corresponds very well to simulation results published the following year by
Brichon et al [57] that estimated 0.5nm reactive layer thickness. Their simula-
tion work obtained a self-limiting reactive layer by controlling ion energy of under
10eV. This reactive layer thickness is significantly thinner than the mixed layer
in continuous plasma etching [55, [58].

A variety of self-limiting mechanisms, for both the modification step and
the removal step, have been experimentally investigated. Modification mech-
anisms include chemisorption, deposition, conversion, and extraction, while re-

moval mechanisms include thermal desorption, particle bombardment, and chem-
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Figure 1.14: Illustration of the ALE window; etch rate of an ideal process as a
function of removal step irradiation energy.

ical reaction. All the above reaction mechanisms are explored based on the so-
called ALE window, which is similar to the well-reported counter ALD window.
The ALE window [59], shown in Figure is bound by Ej, which is the thresh-
old energy to create reactive species on the surface capping layer, or to initiate
reaction of the reactive layer with substrate, and Fs, which is the threshold energy
for initiating reaction with any other material on the substrate, or the substrate
itself. Outside of this window, there are 4 zones which exhibit non-ideal be-
haviour, namely physical sputtering, surface modification, incomplete removal,
and spontaneous etching.

Consider the case of Si ALE using Cl, and Ar' ions. Here the modifica-
tion mechanism is chemisorption, which is the mostly widely used mechanism.
A reactive (chemisorbed) surface layer weakens the underlying substrate bonds.
Specifically, a chemisorbed layer is formed on the surface; Cl diffusivity into the Si
crystal is low, such that the formed SiCl, surface layer has a low sticking fraction
for Cl, and therefore inhibits further additional Cl uptake. The sole reason for
using plasma in the adsorption step is to speed up the process, because instead
of waiting for the Cly molecules to dissociate before reacting with the dangling
silicon bonds, the Cl; molecules are readily dissociated in plasma to produce rad-
icals that quickly react with the surface. Full surface saturation is reported to
take 8-40 seconds [48] under typical thermal conditions. By using plasma, the

chemisorption is reported to saturate in less than 1 second in the case of silicon
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[60], due to the increase in adsorption rate constants by several orders of magni-
tude.

In step 2, removal of the SiCl,, etch by-product is then obtained from ener-
getic ion bombardment (usually by Ar" ions), with energies that are high enough
to remove the SiCl, layer, but low enough to avoid physical sputtering of Si.
Specifically, the work by Athavale and Economou [51), 54] found for a 50 eV Ar™

2 was required to remove one mono-

bombardment, a dose of 1.6x10'% ions cm™
layer of Si. There was no particular attention paid to fast switching gases in
these earlier studies, thus relatively long times, ~100s, were needed for each

ALE cycle.

1.5.2 Focus on SiOy ALE

ALE of Si has been well reported and is now quite well understood. The case of
SiOy ALE, however, is not fully understood and still lacks extensive experimental
evidence. Fluorocarbons are used for ALE of SiO,, where, (in step 1 of the ALE
cycle) an overlying fluorocarbon polymer layer is deposited by C,F, radicals.
This is the deposition-based modification mechanismﬂ. The fluorocarbon (FC)
polymer layer facilitates chemical etching of the SiO, as the C aids removal of

the Og, while the F helps elimination of the Si, resulting in a process:

Si02(s) + 2(CF2)x(g) — SiF4(g) + CO,(g)

Indeed, fluorocarbons have been used extensively in manufacturing for etching
of silicon dioxide (and other dielectrics; SizNy). The fluorine-based chemistry is
needed because the reaction is exothermic, however fluorine-rich environments
result in a favourable etch of Si over SiOy. A breakthrough paper was published
by Heinecke in 1975 [61], detailing that the use of higher order fluroalkanes, or

1To clarify a possible confusion regarding deposition-based ALE; it is indeed similar to the
so-called Bosch process in that they both use alternate deposition and etching steps. However,
the Bosch process is usually optimized to protect the feature sidewall and to remove much more
than just the reactive layer in each cycle.
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the addition of hydrogen, improves the SiOy/Si etch rate ratio |I| It was later
found [62] through careful X-ray spectroscopic and ellipsometry studies, that
high selectivity of SiO5/Si and SiO,/SizNy etch rate ratios were observed when
the fluorocarbon polymer film thicknesses on the SiO,, SigsNy, and Si were 1,5
and 6 nm respectively.

The energy threshold for SiOy removal is higher than Si due to the differ-
ence in thickness of FC reaction layers. This has led to desired selectivites for
Back-End-of-Line in traditional continuous processing. However, in the
ALE regime, it is not as straightforward because the reaction layer is confined
to a thickness appropriate for penetration by the Ar* ion for single monolayer
removal.

In the instance of SiOy ALE, simulation work appeared many years before
relevant experimental data. Deposition-based ALE was first proposed by Agar-
wal and Kushner [50]. Their computational investigation utilised the well-known
Hybrid Plasma Equipment Model [63] to obtain reactor scale plasma
properties and produce reactant fluxes to the substrate. In this work, SiOy ALE
was studied in a MERIE reactor using Ar/C,Fg chemistry (as well as Si ALE using
Ar/Cly in a conventional 13.56 MHz ICP). They emphasized that careful control
of chemistry and ion energy during the passivation and etching steps were crucial
for successful implementation | Rauf et al [52] used Molecular Dynamics
simulations to examine the possibility of realising ALE using nanometer-scale FC
passivation of SiO and Si, using low energy CF3 and CF3 ions, followed by Ar™
ion etching with energies less than 50 eV (~ the physical sputtering threshold for
Si0s).

It wasnt until 2014, that Metzler et al [64] showed the first experimental ev-
idence of SiO, ALE. In this work, 1.5s pulses of C,Fg were injected to form a
0.5nm layer, followed by Ar" ion bombardment with energies at 25 eV, provided
by a continuous-wave plasma (13.56 MHz ICP), with a 3MHz CCP bias

!Essentially the polymerisation overwhelms the chemical etching of Si(or other resist),
whereas the oxygen in the SiO, fights off the polymerisation by combining with the carbon
to form the volatile products such as CO and COs

2Paper also claimed that ALE will be inevitably too slow, and suggested that either it
should be used in succession of a continuous etch, or develop regime that involves the self-
limiting reactions to occur in single gas mixture.
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Figure 1.15: (a) EPC dependence on FC deposition time and (b) SiO2 thickness
changes (etched amount) during single cycle following FC deposition of 2s [66].

(125 mm diameter) substrate. An etch rate of 0.25 nm/cycle of SiOy was reported.
Their later report [65] in 2016, demonstrated selective etching of SiOs to SisNy by
adjusting ion energy, etch step duration, and FC film thickness. This selectivity
is possible because the presence of C promotes O removal but hinders etching of
Si and SigNy. In the same year, Tsutsumi et al [66] used a 60 MHz CCP system
to deposit a much thicker FC film (0.69-3.45nm) followed by an O, plasma. The
EPC was shown to depend on FC deposition time, as shown below in Figure
1.15|(a), but self-limiting etching behaviour was demonstrated, evident from the
plateau region after 40s in Figure [L.15](b).

In a further effort to reduce the residual contaminants that remain on Si
surfaces after ALE cycles of SiOq, Metzler et al [67] added Hy to the Ar discharge
in the removal step. They showed a successful reduction in both the carbon and
fluorine content, albeit a net loss of 0.4 nm of underlying Si. In 2017, Economou
et al [68] used two distinct (remote) ICPs sources, connected to a single process-
ing chamber via gate-valves, such that the substrate is not immersed directly in
the plasma. They used a CFy rich beam, generated from C4Fg plasma, to form
a ~0.8nm FC film. Afterward, a 20s Ar"™ ion bombardment with energies at
130eV (produced from the second ICP reactor) was introduced, and an EPC of
0.19nm/cycle was achieved. Also in 2017, Hudson and Agarwal claimed a much
thinner FC film growth of 0.38nm, from a 2s C,Fg plasma. Following a 30s
Ar™ ion bombardment, an EPC of 0.3-0.4nm/cycle was achieved, but with the
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Figure 1.16: Review of literature data of physical sputter yields of SiOg vs Ar
ion energy [69].

disadvantage of a reported CF, build up on the reactor walls.

It has been observed [69] that processing near the energy thresholds for physi-
cal sputtering is necessary for self-limiting behaviour in the removal half-cycle of
ALE. Figure[l.16|shows a review of the literature data of physical sputter rates for
SiOq versus Ar™ ion bombardment energy (nominally reported as sputter yield vs
square root of ion bombardment energy). The threshold for physical sputtering
of Si0y is ~45¢eV (range between 30 and 50eV).

It’s evident that the implementation of ALE requires extreme control of the
IED, but the ability to tailor the energy of ions to the level of precision needed
for monolayer reaction control is not straightforward. Conventional ICP plasmas
have an intrinsic plasma potential that produces an ion energy which is greater
than the threshold for self-limitation. Referring to the ALE process window de-
scribed previously in Figure[I.14] this means that the process window is exceeded
and either selectivity loss or surface modification can occur [70]. Furthermore,
ECR microwave systems can have plasma potentials below threshold, but high
amounts of [UV] and [VUV] photons which prevent self-limiting behaviour [71].

These issues again reinforce the attractiveness for using alternative VHEF CCP

sources that can produce lower ion energies while also reducing VUV photon

damage.
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Self-Aligned Contact (SAC)

Figure 1.17: Illustration of a Self-Aligned-Contact (SAC) [73].

There are many challenges facing the continuous progress of plasma etching;
mainly uniformity, defects, surface precision, and sticky/non-volatile etch mate-
rials [72]. Indeed, there is not one single etching solution that can encompass all
these critical issues.

For example, Self-Aligned-Contacts ) rely on the ability to etch out
an oxide, namely SiO,, without eroding a thin nitride, Si3Ny, etch stop layer
that defines a via contact hole (see Figure [[.17). This is desirable when the
source/drain are extremely close to the gate, and thus SACs avoid the risk of
misaligned printed contacts which could cause shorting between the source (or
drain) and gate. It has been shown that ALE can increase selectivity by a factor
of 2 over RIE, while maintaining directionality and layer-by-layer removal [64].
The driving factor for ALE therefore is not only surface precision blanket etch,

but particularly precision in etch selectivites.

1.6 Thesis Layout

This thesis is comprised of five chapters. Chapter 1 provides a brief background
in plasma theory; the progression and development of plasma etch sources are
reviewed, and finally, the principles of ALE, and developments to date are dis-

cussed. Chapter 2 describes the experimental plasma reactors used in this work;
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PASTIS, a single-frequency VHF plasma source and Starchief, a 2-frequency sys-
tem (VHF plasma source 4+ 27 MHz bias at wafer). Subsequent sections discuss
the background theory and specific experimental details of each plasma and sur-
face diagnostic employed. Chapter 3 presents results from the PASTIS reactor,
and describes plasma dynamics of VHF multi-tile discharges and RF power cou-
pling mechanisms associated with VHF and differential power delivery. Chapter 4
presents results from the Starchiefreactor. The effects of VHF and low-frequency
power coupling on plasma parameters are investigated, and a self-limiting
fluorocarbon-based ALE process of SiO, is demonstrated in the large-area, low
volume dual-excited reactor. Chapter 5 summarises the results presented in the

thesis and provides suggestions for future experimental work.
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Experimental Set-up and

Diagnostic Techniques
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This chapter describes the plasma reactors used in this work; PASTIS, the single-
frequency CCP source (section , and Starchief, the dual-excited CCP source
(section . Subsequent sections discuss the plasma diagnostics used in both
PASTIS and Starchief, specifically; electrode current and voltage probes (section
, resonance hairpin probe (section, planar flux probe (section, energy
resolved mass spectroscopy (section , and optical emission spectroscopy (sec-
tion . Finally the surface diagnostics, Ellipsometry (section [2.8)) and X-Ray
Photoelectron Spectroscopy (section are described. Each diagnostic section

outlines the background theory and specific experimental details.
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2.1 Description of PASTIS: single-frequency 162
MHz VHF CCP

The PASTIS plasma reactor source is shown in Figure 2.1} and accompanying
labeled photograph in Figure 2.2l The upper, powered, multi-tile electrode of
the source consists of a 3x4 array of 10x 10 cm square aluminum tiles separated
by 1cm wide alumina, such that the resulting electrode size is 45x34cm. The
plasma discharge gap is 5.5cm. A dielectric material is used at the back of the
electrode to insulate the multi-tile electrode from the grounded plate. The plasma
boundary opposite the electrode is grounded, albeit with optical flanges and a
turbomolecular pump. The four walls of the chamber are insulated with 10 mm
thick dielectric “skirts” as shown in Figure [2.1]

The RF power is supplied by a 162 MHz Advanced Energy Ovation generator
to a matching unit and coupled to a Power Splitting Transmission Line Driver
(PSTLD). The PSTLD consists of two concentric metal cylinders forming a co-
axial transmission line which is terminated by a conductive end plate forming an
electrical short as shown in Figure RF current is driven along the central
conductor with opposite phase image currents in the outer conductor, and current
standing waves are formed on this central and outer conductor that are 180° out of
phase (the transmission line length is at least /4 of the RF electrical wavelength so
that all electromagnetic amplitudes are evident). The opposing current standing
waves result in an oscillating magnetic field produced in the azimuthal direction
in the cavity between the two cylinders. Coupling loops are inserted into this
cavity through the end plate furthest from the RF input such that the magnetic
field inductively powers the coupling loops that insect the magnetic flux. A
time varying voltage is set up in the coupling loops as per the Maxwell Faraday

equation.

dB
EF=—— 2.1
Vx o (2.1)

The coupling loops drive push-pull power to the multi-tile electrode system via

twisted pair transmission lines; each loop forms a pair of outputs. The PSTLD
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Figure 2.1: Side view of the PASTIS experimental set-up along with diagnostic
probes and detection systems, not to scale.

provides fully differential RF power to each of the 6 pair outputs (12 tile elec-
trodes) in the 2-dimensional array. More detailed discussion of the PSTLD can
be found in [74]. For all presented results in Chapter 3|, tiles are powered in
checkerboard (push-pull) configuration, meaning that each tile is 180° out of
phase from its neighbouring tiles. Gas is introduced to the chamber through a
shower-head structure in the tiles and flow is controlled by mass-flow-controllers
(MEFCpg). The chamber pressure is regulated with an automated gate valve above

a turbomolecular pump backed by a rotary pump.
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27 MHz bias at wafer)
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Figure 2.2: Photograph of the PASTIS experimental system
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Figure 2.3: Internal structure of the PSTLD.
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27 MHz bias at wafer)
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(162 MHz)
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Spectrometer

Matching Unit

LF 27 MHz (+2 MHz)

(b)
( prsma

Chamber

Probe

Figure 2.4: (a) Side view of the Starchiefexperimental set-up along with diag-
nostic probes and detection systems, not to scale, and (b) Top-down view of the
transport module connected to the processing chamber and load-lock via gate via
valves. Robot arm transfers wafer between load-lock, processing chamber and in-
vacuo Phase-Modulated-Spectroscopic Ellipsometer (See Section
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27 MHz bias at wafer)
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Figure 2.5: Photograph of the Starchief experimental system with transfer mod-

ule, load-lock and PMSE
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2.2 Description of Starchief: 2-frequency CCP (162 MHz VHF plasma source +
27 MHz bias at wafer)

2.2 Description of Starchief: 2-frequency CCP
(162 MHz VHF plasma source + 27 MHz

bias at wafer)

The Starchiefplasma reactor, shown in Figure[2.4|(a), ** and the photo Figure
is a modification of an industrial low-volume CCP tool for 300 mm wafer process-
ing, donated to the Plasma Research Laboratory by Lam Research Corporation.
The tool originally had a capacitively coupled 27 MHz (+2MHz) powered lower
(substrate) electrode and grounded upper electrode. The upper electrode is now
replaced with a VHF (162 MHz) multi-tile electrode and PSTLD. The multi-tile
electrode is a 2-dimensional tile array for 300 mm substrate processing. There
is an alumina insulation layer between the tiles and the plasma, similar to the
Hawaii plasma source reported previously in [75] [76], [77]. The chamber diameter
is 52 cm, and the discharge gap is 4 cm.

Similar to PASTIS, radio-frequency powered is supplied by a 162MHz Ad-
vanced Energy Ovation generator and coupled to the PSTLD which provides
fully differential RF power to 15-pair outputs, resulting in a 30-tile powered elec-
trode. The PSTLD has a single vacuum seal and power coupling loops are inside
the high-vacuum. As in PASTIS, each tile is powered 180° out of phase from
its neighbouring tile. The resulting modified reactor is a 2-frequency CCP; VHF
(162 MHz) as upper source power and LF (27 MHz) as lower substrate-bias power.
The reactor is in an unconfined configuration; outer chamber walls are exposed to
the plasma and are grounded. An electrostatic chuck is used to clamp the
wafer onto the bottom electrode. Gas flow is controlled by mass-flow-controllers
(MFCs) located in a (separate) gas-box. For ALE cycling, the gating (opening
and closing) of pnematic valves positioned after MFCs were automated in a tim-
ing sequence (described in Chapter [4)).

As shown in Figure (b), the plasma processing chamber is connected to a
high-vacuum transfer-module, equipped with a robot arm to transfer wafers be-
tween the load-lock, processing chamber and in-vacuo Phase-Modulated-Spectroscopic-

Ellipsometer (PMSE). Operation of gate-valves between chamber and load-lock,
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Alumina Intertile Dielectric

3
frrrrrvrrm et vvrrre— ey ke v PEEK Insulator

e T T e a T e T
Ground Shield

PEEK Shank Bushing

Current Probe

Figure 2.6: Mounting of current and voltage probes on the electrode shank on
the backside of PASTIS.

valves to turbomolecular pumps, and robot arm is controlled via LabVIEW.

2.3 Electrode Current and Voltage probes

A set of current transformers and voltage probes were developed and used to
the measure the current and voltage in the PASTIS reactor. The probes are
placed on/around the electrode shanks of the middle row electrodes, between the
backside of the chamber and the twisted pair connections, see Figure[2.6] A non-
integrating Rogowski coil (Bergoz current transformer) and an in-house designed
and built capacitive-resistive divider are used for current and voltage probes re-
spectively. Most commercial voltage probes do not operate above 100 MHz or to
high voltage levels. The developed probe’s LCR circuit resonance is purposely
chosen to be at least an order of magnitude less than the RF driving frequency
(162MHz = 1x10%rad/s). Calibration for impedance and frequency sweep re-
sponses are verified using a Vector-Network-Analyser to validate sufficient sepa-
ration from internal resonances. Phase calibration of probes with known resis-
tive/capacitive loads are also accounted for.

Our recent article [78] detailed an atmospheric-pressure discharge driven by
the same PSTLD at 162 MHz, configured with the above mentioned current and

voltage probes. Therein, the apparent/circulating power per electrode tile was
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2.4 Resonance Hairpin Probe

investigated as a function of total set power. Apparent power consists of both
reactive(” wattless”) and resistive(real) power components. With no plasma, the
load is almost purely capacitive, and the apparent power value is due to a large
reactive power component. Capacitive loads produce reactive power and store
energy in the electric field, such that the apparent(capacitive reactive) power in-
creases linearly until power strikes. The addition of a plasma resistive element
in series counteracts the reactive power and causes corresponding increase in real
delivered power. The measured Q (circulating power /dissipated power) achieved
by the PSTLD in the non-plasma case was 25, dropping to ~4 with plasma,
varying the plasma condition. The ratio between the real delivered power and
apparent power is related by the power factor = cosine(¢), the phase between
the current and voltage. The plasma resistive element adds a real delivered power
component which is evident from a current voltage phase change upon plasma
strike. This experiment in the 162 MHz atmospheric-discharge confirmed a drop
in voltage and increase in current upon plasma striking, which is expected for

CCP-type operation.

2.4 Resonance Hairpin Probe

A floating resonance Hairpin probe is used to measure the plasma density. The
working principle of the hairpin is well described and understood in the literature
and is based on the combined features of Piejak’s reflection mode hairpin [79]
and Stenzel’s floating microwave resonance probe [80]. Physically, the hairpin
probe is a U-shaped metal wire. Electrically, it is an open-ended */1 transmission
line. When a microwave is coupled to the structure, the waveform gets reflected
from the open end. Incident and reflected waves constructively interfere along
the hairpin structure. At resonance, the hairpin supports a standing wave and

the resonance frequency is given as:

C

fr:m
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2.4 Resonance Hairpin Probe

where € is the permittivity of the surrounding medium. If the prove is in vacuum,

where € = 1, then the resonant vacuum frequency is:

c

fo= 15

(2.3)

with a sharp resonance (Q in the low hundreds). The permittivity of a medium
defines the phase velocity of electromagnetic waves propagating through it. The
plasma permittivity € can be defined as a function of w, which is the angular
frequency of the high frequency electromagnetic field, and the plasma frequency

Wpe:

w
e=1— wp; (24.)

The plasma frequency, as given in Eqn [1.4] is a function of the electron density,
thus from monitoring the shift in resonance frequency of the hairpin from vacuum
to plasma, the electron density can be determined. Specifically, from Eqns 2.2
2.3 and [2.4] we can derive the relation for the shifted resonance frequency in the

plasma:

=R+ (2.5)

Again, using f, based on the plasma frequency in Eqn [I.4] an expression for the
electron density as a function of the resonance frequency in the plasma is found

as:

R
e = g (2.6)

where the frequencies are in GHz and the electron density is in units of x10%cm=3.

The constructed probe for experiments was a 0.25 mm diameter molybdenum
wire with a length and width of 3cm and 5 mm respectively. The measured vac-

uum resonance frequency is ~2.6 GHz in this case. For measurements in PASTIS,
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2.5 Planar Flux Probe

the probe was installed from the side port, Figure [2.1} such that the probe posi-
tion is ~3 c¢m from the multi-tile electrode. The probe is scanned radially across
the multi-tile electrode to provide a spatially resolved electron density profile.
The plane of the hairpin is held perpendicular to both the axis of the probe and
the plane of the multi-tiles, in order to give the best resolution of density differ-
ences between the tile edge and tile centre. For measurements in Starchief, again
the probe was installed from the side port, Figure [2.4] such that probe position
is ~ 1cm above the wafer. Here, the length of the hairpin is held parallel to the
axis of the probe and the plane of the hairpin is parallel to the substrate (and
plasma boundary). The hairpin probe is driven by a Hewlett Packard HP8350
microwave sweep generator in the frequency range of 2-4 GHz with a step size of
2MHz. The reflected signal from the non 50 Ohm termination (coupling loop)
is captured on an oscilloscope using a directional coupler and a Schottky diode.
A sharp drop in the reflected signal is observed when the scanning frequency is
at the resonance frequency of the probe tip. To improve signal-to-noise ratio the
DC level at each frequency without plasma is subtracted from the signal with
plasma. Furthermore, this subtraction is done for each position of the probe in
the reactor. This mitigates any perturbation introduced by the stray capacitance
variation of the vacuum feedthrough. An automated peak detection technique
(developed in LabVIEW) is used for electron density measurements which give a
data bandwidth of nearly 100 Hz.

2.5 Planar Flux Probe

The planar flux probe is a deposition tolerant device allowing direct measurement
of ion current in the plasma. As a form of the Langmuir probe [81], the planar flux
probe is simply a flat metallic disc, such that when it is placed in a plasma, and
sufficiently biased negatively, all electrons will be repelled and only positively

charged ions are incident on the probe tip. Figure The electron current
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2.5 Planar Flux Probe
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Figure 2.7: Schematic of planar flux probe.

collected by a biased probe is given by:

1
I, = —encve Aexp {

Vs — Vp
1

T (2.7)

where the factor ieneyevthA = I, sat 1s the electron saturation current, Vp is the
probe bias, Vp is the plasma potential and T, is the electron temperature, es-
timated to be ~2eV. For a plasma potential expected in the range of +15 to
+25V, and probe biased to -27V, the collected electron current is sufficiently
suppressed, to be considered negligible.

The magnitude of the current from the flow of positively charged ions is deter-
mined by measuring the voltage across a sense resistor (10k2), that is placed in
series with the negative DC supply. The probe tip used in experiments was a flat
circular tungsten disc, diameter 4 mm, one side covered in ceramic, resulting in a
charged collection area A is 1.25x107°m?. The single-sided collection surface is
orientated with the probe facing towards the electrode tiles.

For measurements in PASTIS, the planar probe (similar to the hairpin probe)
is installed from the side port, Figure [2.1] such that the probe position is ~3 cm
from the multi-tile electrode. A DC-pass filter is connected in series with the cir-
cuit to ensure no RF noise is collected and that only ion currents are measured.

The collected positive ion current I is:

It =0.6eAn.up (2.8)
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2.6 Energy Resolved Mass Spectroscopy

where up is the Bohm speed given by Eqn [1.11]

2.6 Energy Resolved Mass Spectroscopy

To determine the ion energies ((Vpe + F(Vgr), Section [1.2.5)), we mount a Hi-
den electrostatic quadrupole plasma system onto the grounded side of the
PASTIS chamber.

The Hiden EQP operates as a mass spectrometer; samples plasma ions, or
ionised neutrals, and uses the difference between the mass-to-charge ratio to sep-
arate them. The ions of each mass-to-charge ratio are then detected and displayed
as a mass spectrum. The Hiden EQP system uses electron impact as source of
ionisation for measuring neutrals, a quadrupole mass filter for ion sorting, and
both a faraday cup and (secondary electron multiplier) for detection. Fur-
thermore, the EQP system combines a quadrupole mass spectrometer with an
electrostatic 45° electrostatic sector energy analyser and therefore allows for the
acquisition of mass and energy spectra of positive and negative ions, neutrals and
radicals.

The EQP system can operate in two modes; plasma ion mode, or electron
impact mode. In the PI mode, either positive or negative ions are sampled
directly from the plasma and are focused onto the energy filter. The ionisation
filters, are turned off in this operation. EI mode can also be referred to as residual
gas analysis . The neutral species, which are key components playing a role
in the reaction kinetics of a plasma process, are sampled and subsequently ionised
by electron impact. Figure provides an internal view of a full EQP system.

Behind the sampling orifice is the EI ion source. The purpose of this feature
is to analyse the neutral species in the plasma, and in doing so, the plasma ions
are rejected from entering the sampling region by applying a suitable potential
to the extractor electrodes. In this ionisation method, a beam of electrons pass
through a gas-phase sample, collide with neutral species, and transfer sufficient

energy to the valence electron for its ionisation. The EI ionisation collision can
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Figure 2.8: Hiden EQP mass and energy analyser.
be expressed as:
M+e— Mt +2e (2.9)

The EI ionisation cross section is dependent on the energy of the incoming elec-
tron and is zero below a certain threshold energy, the ionisation energy. The cross
sections typically reach a maximum between 50-100 eV, and for the vast majority
of atomic and molecular gases, an electron energy of 70eV is set as optimum
value.

The EQP system uses thermionic emission from two current heated filaments
to provide the beam of electrons for ionisation and the energy of these electrons
can be varied. An ion source cage collects the electron emission current, typically
on the order of 107* A, and thus the filament current can be monitored. This
electron emission current also allows for the determination of the ionisation po-
tential of neutrals and radicals. The EQP series is equipped with oxide coated

iridium filaments, with an operating temperature of 1900 K, which is suitable for
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2.6 Energy Resolved Mass Spectroscopy

gas mixtures with oxygen.

If the EQP system is operating in PI mode, the ionisation filaments are turned
off, and the sampled plasma ions are passed through the transfer ion optics. In
this transfer space, ions are accelerated to higher kinetic energies. Electrostatic
lenses are then used to focus the ions into the energy filter. The electrostatic
lenses are subject to the same chromatic aberrations as optical lenses. Chro-
matic aberrations (focal length is dependent on ion energy) mean that ions of
different energies are deflected and focused to different locations. O’Connell et
al [82] investigated the acceptance angle of the EQP system as a function of the
ion energy for typical lens settings using SIMION, a computer simulation pack-
age. The acceptance angle depends on the electric field just inside of the orifice,
and hence on the settings of the first electrostatic lenses. Their results provided
optimum voltage settings to be used for a smooth function, with no increased
acceptance angles for higher energy ions. They compared their simulation results
to the extensive study by Hamers [83] which detailed ion transmission functions
in a slightly different EQP system. The EQP from [82] uniquely has an extra-long
drift tube (from 240-750 mm) and an additional fight-focus electrode.

A 45° electrostatic sector energy analyser analyser is used in the EQP system
to provide minimum loss to the ion transfer path within the analyser for optimum
energy resolution. It is formed by five electrodes which set the energy of the ions
that can pass through the energy filter, as well of focusing and aligning the ion
beam. The energy range is 100eV, energy resolution is better than
0.25eV |I|, and the energy transmission for a sector field analyser is 100% E|

After the kinetic energy of the ion beam is reduced from a decelerating lens,
the ions are injected into the quadrupole mass filter. This comprises of three sub-
divisions; pre-filter (RF), main filter (RF and DC) and post filter (RF). In the
main filter, there are four rods, arranged in the form of a square, as shown in Fig-
ure [2.9] which are electrically biased with both RF and DC to produce fields that
confine small ranges of mass-charge ratios. Any ions entering the quadrupole field

experience potential differences deflecting them from the original trajectory. The

In comparison to other energy analysers such as the Bessel Box Energy Analyser(BBEA)
which has 0.5 eV resolution [84], and 1€V for the Retarding Field Energy Analyser(Impedans).
2Significantly better than the BBEA, which has transmission efficiency of 10%
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Figure 2.9: Quadrupole mass filter with corresponding RF voltages on alternating
rods, as described by the Mathieu’s equations (right).

extent of this deflection correlates to their mass-charge ratio. At each interval of
the RF scan, only one mass-charge ratio, pre-set by the user, resonates with the
specified field, and these ions are permitted to pass along the z-axis of the rods,
i.e. towards the detector, Figure 2.9) All other unwanted mass-charge ratios are
accelerated towards the rods, neutralised and undetected. The resulting applied
quadrupole field within the rods deflects ions in the x and y directions. The
trajectory oscillation amplitude must be smaller than the field radius for ions to
reach the detector. The motion of the ions is described by Mathieus equations
[85], which also depicts the four rods in the main filter with the corresponding
RF voltages described in the Mathieu’s equations, shown in Figure [2.9] where V.
and V,; is the amplitude of the DC and RF voltages respectively, w is the RF
frequency, 72 is the closest distance between the four electrode poles, e is electron
charge and m is ion mass.

The filtered ions leaving the quadruple mass filter are focused onto an ion
counting detector, and an ion current is measured by a sensitive amplifier. There
are two detection devices available in the EQP: an SEM (secondary electron mul-
tiplier) or a Faraday cup. The SEM is designed to produce secondary electrons.
Ions hitting the SEM surface emit two or three electrons, each of which undergo
further collisions, generating more electrons. The EQP uses a continuous dynode
which provides the applied voltage for this cascading effect. The Faraday cup is

simply an earthed passive conducting surface in the shape of a cup. Ions strike

o4



2.7 Optical Emission Spectroscopy

the cup, and cause a cascade of secondary electrons. The Faraday cup option
extends the detection range up to 5x10 counts for high density plasma appli-
cations. For all results in Chapter |3| the Faraday cup is used.

The EQP system is mounted flush to the grounded electrode of the PASTIS
reactor. A rotatable off-centre flange was designed and added to the end of the
EQP system so that the orifice sampling position could be rotated from tile centre

to tile edge.

2.7 Optical Emission Spectroscopy

Optical Emission Spectroscopy (OES) is used to provide “free”, non-invasive in-
formation on the internal condition of the plasma. There can be challenges to
using OES, such as optical transparency, overlapping emission lines, and multiple
excitation pathways. In this work, we select techniques that permit the extrac-
tion of internal state information, specifically: vibrational temperature (T.;),
rotational temperature (T,.), and actinometry, which will be discussed in the
following sections. First, the optical access and light collection from PASTIS and
Starchief will be described.

2.7.1 Optical Access

In the PASTIS system, light that is emitted from the plasma is collected by a
lens mounted on the grounded side of the chamber, oriented such that it collects
light from the columnar region above the lens. The lens sits in a rotatable flange,
mounted on the grounded side of the chamber, allows for collection from either
the region at tile-tile boundary, or from a tile face (Figure [2.1)). The collimated
light from the lens is focused onto an optical fibre. The optical fibre is 600 ym in
diameter with high efficiency in the UV-Vis range. A Horiba Jobin Yvon spec-
trometer is used with optical resolution of 0.3 nm.

In the Starchiefsystem, optical emission is collected from a side viewport, as
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2.7 Optical Emission Spectroscopy

shown in Figure [2.4[a). The lens and fibre collects the integrated emission from
a cylindrical column across the diameter of the discharge. Here, the optical fibre
is coupled to an Ocean Optics HR2000+ spectrometer.

The Horiba Jobin Yvon and Ocean Optics HR2000+ spectrometers are cali-
brated to a known-light standard, and analysed spectra are corrected for varia-

tions in system efficiency versus wavelength.

2.7.2 Vibrational and Rotational Temperatures

In PASTIS, the optical emission spectra of Ny is obtained in the wavelength range
of 250-900nm. A typical optical emission spectrum of Ny and the corresponding
energy level diagram for the lowest electronic states is shown in Figure[2.10, From
the Ny emission spectra, vibrational and rotational temperatures are determined.
Rotational temperature is determined by comparing the shape of the measured
and simulated spectra, whereas, vibrational temperature is determined by the
slope of a Boltzmann fit on the peaks with the vibrational quantum number dif-
ference Av = —2. The detailed descriptions of the rotational and vibrational

temperature measurements are as follows.

Vibrational temperature(T,;) is determined from the Ny second positive sys-
tem (SPS) Av = —2 transitions from the excited level C3II,. Initially the Ny gas
starts in the molecular ground state X'Y,(v=0) and, through energy exchange
collisions with electrons, gets excited into one of the vibrational levels v’ of excited
electronic state C*II,. From here, it decays to a lower level B*II, by spontaneous

emission, resulting in a line emission intensity [,/_,»:

C()\)AU/_UN NU/

;i (2.10)

Ivlivll =

where ¢(A) is the spectrometer response factor at wavelength A, A, is the Ein-
stein coefficient for the probability of spontaneous transition, A is the wavelength

of the transition, and N, is the population density of the excited state. For a
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Figure 2.10: (a) Typical spectrum of the N plasma from PASTIS, showing
radiative transitions from second positive system (SPS|) and the first positive system

(FPS) of molecular nitrogen.
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2.7 Optical Emission Spectroscopy

Boltzmann distribution for the population density of the vibrationally excited

state:
Ny —Ev (2.11)
= exr .
NU:()’ b kTvib
where —E,, = (v + %)we is the vibrational energy of the excited molecules in

the quantum harmonic oscillator approximation disregarding the anharmonicity
constant E A sequence of four peaks are used, with a vibrational transition
sequence Av = —2; 0-2 at 380.4nm, 1-3 at 375.4nm, 2-4 at 370.9nm, 3-5 at
367.0 nmE|. Using Eqn and this series of emission peaks, T,;, can be obtained
from [87]:

Lo E
In [Au/—w'/\} = kT;-b + constant (2.12)

The vibrational temperature is represented by the inverse slope of a linear fit
of In [%.)\} as a function of the vibrational energy of the excited molecule.
Within ;ﬁé SPS, the chosen vibrational transition sequence Av = —2 is suitable
because it has a longer radiative lifetime of 36 ns, and contains the most intense
lines in the SPS. Figure depicts the allowed transitions within the SPS, and
inset shows the selected sequence of peaks. The spectroscopic parameters for
these selected peaks, to use in Eqn are presented in Table [2.1] Einstein

coefficients are taken from [88](page 1062).

lw., vibrational wavenumber on level C*IL, is provided by [86] page 194

2For the four transistions used to determine T, the spectral response of the spectrometer
is equivalent, and also the transmission spectrum of the glass view-port is accounted for.
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Figure 2.11: (Main view) Typical spectrum of the Ny emission peaks from the
SPS. (Inset) Sequence of peaks with Av=-2 for the vibrational temperature deter-

mination.

A(nm) Ay (x10°s71) E,(cm™)
367.0 2.35 6913.62
370.9 4.04 4981.00
375.4 4.93 3014.22
380.4 3.56 1013.28

Table 2.1: Spectroscopic parameters used for determination of vibrational tem-

perature

Rotational temperature(T,,) can be determined using rovibrational spec-

troscopy band fitting; by iteratively comparing experimental spectra of an un-

resolved vibrational band envelope with simulated spectra of a known T,,;, until

the smallest fitting error is reached. For nitrogen discharges, any emission bands
within the second positive system (SPS) or first positive system (FPS|) can, in

principle, be used [89]. Background gas temperature is often inferred from this

determined T,, provided that the time needed for thermal relaxation to occur

between the rotational and translational states (7gr) is shorter than the radia-

tive lifetime of the excited state (Tgap). This is not the case in our experimental
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2.7 Optical Emission Spectroscopy

conditions (7pr &~ 1075 — 107%, which is longer than the 7z4p of the SPS and
FPS). However, if electron impact is the dominant excitation process (i.e. SPS),
T, can still mirror the background gas temperature. Due to the mass difference
between the electron and molecule, the molecular rotational moment is conserved
in a collision, such that the ground state maps into the excited state distribu-
tion. For this reason, the SPS, and specifically the transition C*II,(v=0) to
B*II,(v=2) at 380.4nm, is the most commonly used emission band to determine
T,ot(gas temperature) in low pressure nitrogen discharges [90) 011, [92]. The pro-
cedure for obtaining simulated spectra is well described in the literature [93].
First, the wavelength of each J’—J” transition (where J is rotational quantum
number) in a rotational band is calculated. Based on the selection rule AJ=0,
+1 the P, Q and R branches are calculated. Next, the theoretical intensities
should be related to the rotational temperature and then the discrete lines are
convolved with a suitable function (Gaussian or Voigt) to correct for instrument
broadening. Finally, after adding up all the branches the unresolved rotational
band is compared with the measured spectra, in MATLAB, for different values
of rotational temperature to obtain the best fit between measured and simulated
spectra using a least-squares fitting analysis [94]. The parameters used to obtain

simulated spectra are taken from the literature [93].

2.7.3 Actinometry

In Starchief, actinometry is used to measure changes in atomic fluorine density
in fluorocarbon discharge excited by VHF or LF. The actinometric technique,
introduced by Coburn and Chen [95], is based on the comparative measurement of
the line emission of a species of interest with unknown density, to the line emission
of an actinometer species of known density. In this work, argon is employed as the
actinometer and optical emission at 750.4 nm and 703.7 nm is used for argon and
fluorine respectively. Valid actinometry requires that actinometer and species of
interest undergo the same excitation path. The excited states of Ar (750.4 nm)
and F (703.7nm) are assumed to be populated solely by electron impact from the

ground state: all upward transitions to excited states are by electron impact and
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2.8 Ellipsometry

all downward transitions are by radiative decay with a constant branching ratio.

The intensity of the optical emission from the excited state is:

Ix = kX rx ne [X] (2.13)

where rx is the branching ratio for emission relative to all other de-excitation
paths, n. is the electron density, [X] is the concentration of species, and kX is

the excitation efficiency:

k. = /f(e)ae(e)v(e) de (2.14)

where v(e) is the electron velocity, f(e) is the electron energy distribution and
oc(€) is the collision cross section for species excitation. By scaling the emission
intensity of species X with emission intensity of the actinometer A, the acti-
nometric ratio no longer depends on n, and the branching ratios are assumed

constant under conditions when collisional de-excitation is not important:

Iy kY [X]
T kA (219)

The threshold excitation energy of F line at 703.7nm (14.8€eV) is similar to
threshold excitation energy of Ar emission line at 750.4nm (13.5eV), and their
excitation cross sections have similar functionalities. Therefore the ratio of exci-
tation efficiencies ¥ /k4 can be considered constant, and the monitoring of relative

atomic F densities with Ar by the actinometric method is valid.

2.8 Ellipsometry

Elllipsometry is an optical technique which derives film thickness and optical
properties from measuring the change in light polarisation upon reflection from

a surface. When light strikes a surface at oblique incidence it splits the beam; a
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Figure 2.12: Changes in the polarisation of light by reflection from a surface.

portion is deflected into the material, a portion is reflected and a portion may be
absorbed. If two parallel surfaces are close enough to each other in comparison to
the wavelength of light (i.e. in the case of a thin film on a substrate), the reflected
beams from each surface will form an interference effect. Information about the
surface and material is contained in the polarisation state of this resulting beam.

Polarisation states are usually defined in terms of the electric-field vector of
the electromagnetic (light) wave. We can define the oscillation directions of the
electric field relative to the plane of incidence, such that p- and s- polarisations
have electric field oscillating parallel and perpendicular to the plane of incidence

respectively, as shown in Figure Upon reflection, these p- and s- polarisa-
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2.8 Ellipsometry

tion states experience different attenuation and phase shift [96]. This effect is
described by the well-known Fresnel amplitude reflection coefficients 7, and 7,

for p- and s-polarisation respectively:

E s . ES T .
ﬁ = |r,|exp(id,p) ry = Es’i = |rslexp(id,) (2.16)

)

Ty =

where the subscripts 7 and r are incident and reflected components. The phase §
indicates the delay introduced by the reflection and the absolute value |r| repre-
sents the change of the amplitude. Ellipsometry measures the ratio of the reflec-
tion coefficients, and is generally written in terms of the so-called ellipsometric

parameters A and W:

% — tan Wexp(iA) (2.17)
s

where A = 0, — 5 is the relative phase difference between both components and
tan U = Iol/r|. Measurements are usually performed at an angle of incidence
where the difference between r, and r, is maximized, i.e. at the Brewster angle.
Ellipsometry is an indirect measurement, therefore a model-based analysis is re-
quired to fit experimental data to optical models and extract desired information

such as film thickness and refractive index from a best-fit.

All ellipsometers contain the same basic components; light source, polarisa-
tion generator, polarisation analyser, and detector. To measure the difference in
amplitude between the p- and s-polarised components of the reflected light, it is
necessary to separate the polarisations prior to the light entering the analyser.
This process involves rotating or modulating one of the optical elements, then de-
ducing the polarisation state by examining the time-dependence of the intensity
reaching the detector. In this way, ellipsometry systems are generally classified
into two categories; systems that use rotating optical elements [97, O8] 9] and
those that use photoelastic modulators [100, 101, T02]. For rotating element con-
figurations, the component is driven by a mechanical motor with typical frequen-

cies ~100 Hz. In phase-modulated-spectroscopic-ellipsometer (PMSE), instead of
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2.8 Ellipsometry

a rotating polariser/analyser/compensator, a birefringement modulator is used to
introduce a periodic sinusoidal phase difference between the polarised waves. Un-
der the principle of the photoelastic effect, the photoelastic modulator is
composed of a material that exhibits birefringence proportional to the mechanical
stress induced on it. The modulation is imposed by applying an AC voltage to
a piezoelectric transducer which is coupled to the PEM crystal, typically at a
frequency of 50 kHz corresponding to the resonant frequency of the quartz crys-
tal material. The PEM induces a phase difference §(t) relative to the p- and s-

components, of:

I(t) = 0m(A, V) sin(wt) (2.18)

where w = 27 f and f=50kHz. J,, is the retardation amplitude, proportional to
V/x, where V' and \ are the voltage applied to the piezo-transducer and wave-
length of light respectively. In this work, a PMSE was constructed onto the lid of
the transfer-module (Figure [2.4(b)) for in-vacuo measurements, and the set-up is
shown in Figure E| The components of the optical system are: a white LED
flashlight as a broadband (400-700 nm) light source, a 200 mm focal length mir-
ror, Glan Taylor Prism polariser and analyser, a SpectraPro-150 monochromator
and ARC photomultiplier tube P2(R928) with a high-voltage power supply. De-
tails and specifications of these listed optical components are provided in [103].
For the original RAS application, the polarising optics have a high extinction
ratio (~ 107°), however PMSE does not demand such a high extinction ratio
and is only weakly sensitive to small deviations in the angular orientation of each
component [104]. The light, after passing through the polariser is incident and
reflected from the sample (in vacuum) at an angle of 70°. Light entry and exit
from the vacuum transfer-module is through sapphire windows at near perpen-
dicular to the window plane, and parallel to the c-plane of the sapphire, to reduce

strain-induced birefringence. The photoelastic modulator is a PEM90 from Hinds

!The PMSE was constructed using components from a Reflection-Anisotropic-Spectroscopy
system donated to us from another research group in the School of Physics. RAS
measures at normal incidence (f; < 5°) where there is no distinction between r, and rs. In a
sense, RAS is a reduced form of ellipsometry, in that it only monitors r, from perpendicular
directions in the plane of the sample, and therefore is a probe of surface anisotropy.
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Figure 2.13: Set-up of the Phase-Modulated-Spectroscopic-Ellipsometer mounted
onto the Starchief transfer-module lid.

Instruments, with a modulator frequency of 50kHz. The conventional ellipsom-
etry parameters ¥ and A are related to 3 components of the detected signal in
PMSE; DC component, component at PEM frequency (w), and component at
twice the PEM frequency (2w). The theoretical expression of the light emerging
from the optical components as shown in Figure [2.13|can be analysed using Jones
and Mueller matrix representation, which is detailed elsewhere ﬂﬂmm Here, we
start by setting the polariser angle to 45° and the angle between the analyser and

PEM is 45°, then we can express the detected light signal as:

I(t) = 14.[1 + (sin 2W sin A) sin 6(¢)

2.19
+ (cos 2W sin 26, + sin 2W cos A cos 260, ) cos 6(t)] (2.19)

1See section 3.3, 3.4 and 4.2 in [105] for in-depth analysis and derivation with Jones and
Mueller matrices
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2.8 Ellipsometry

where 6); is the angle of the PEM. In PMSE, it’s more convenient to use the

associated parameters given by [100]:

N = cos2V¥
S =sin2¥sin A
C =sin2W¥cos A

Equation [2.19 can therefore be rewritten as:

I(t) = 14.[1 4 Ssino(t)
(2.20)
+ (N sin 26, + C cos 260,) cos 6(t)]
)(t) is the PEM sinusoidal modulation from Equation [2.18] such that the terms

sind(t) and cos d(t) can be Fourier analysed to give:

sin d(t) = sin[0,, sin(wt)] = 2.J1(0,,) sin(wt)

(2.21)
cos §(t) = cos[0p, sin(wt)] = 2Jo(0m) + 2J2(0,,,) cos(wt)

where J,,(9,,) is the nth Bessel function of the argument 4,,. Combining Equa-
tions [2.20] and [2.2]] it’s evident that the intensity possess the harmonics of the
PEM frequency w including a DC term. Variations in the source intensity and
transmittance of the optical system can be rendered inconsequential by normal-

ising the harmonic components with respect to the DC intensity [106]:

? = 1+ S[2J1(0m) sin(wt)] + C[2Jo(6,n) + 2J2(6,) cos(wt)] (2.22)

where 0, is set to 0° in Equation [2.20, The normalised intensities of the first

and second harmonics are therefore:

= SRR and T = ORI(5,) + 205 (2.23)
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Figure 2.14: Plot of Bessel functions. Dashed line shows retardation value 2.405
radians where Ji(d,,) and Ji(6,,) are within 15% of their maximum values.

To maximise w2« /1, it is necessary to select a retardation amplitude to give
the maximum value at both first and second harmonic intensities. Figure [2.14
shows the first 5 Bessel functions. With Jy(d,,) = 0, a retardation amplitude of
2.405 radians provides Ji(d,,) and J5(d,,) that are within 15% of their maximum
values. As shown in Equation the retardation amplitude is a function of
applied voltage and wavelength. Thus, in order to keep d,, = 2.405 radians
constant for different wavelengths, the applied voltage has to be adjusted. The
internal calibration (d,, vs A) of the Hinds PEM90 was tested and confirmed on
another RAS optical set-up [107].

The output signal current from the [PMT] with typical amplitude of ~micro-
amps, is composed of the AC component(at w and 2w as described above) super-
imposed on the DC offset. A pre-amplifier circuit [103] consisting of a low-pass
and high-pass filter is used to separate out (and amplify) the DC and AC compo-
nents respectively. The pre-amplifier also converts the photo detector current into
a voltage output that is fed into the lock-in amplifier (Stanford Research SR830).
The analog-to-digital converter of the lock-in amplifier is used to measure the
DC component and the AC component is phase-sensitively measured using the
modulation frequency of the PEM as a reference signal. The lock-in amplifier,

monochromator and PEM are connected to PC and a LabVIEW program was
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Figure 2.15: Photoemission process involved for XPS surface analysis: incident
X-ray causes core electron ejection [10§].

developed to control the PMSE system.

To benchmark measurements in the in-vacuo PMSE, an ex-situ commerical
ellispometer (M-2000UI by J.A.Woollam Company) is used. Here, ellipsometric
data is recorded at an incidence angle of 75° with a rotating-compensator con-
figuration. Data is analysed using the EASE software, and can be displayed in
terms of ¥ and A, or the PMSE parameters N,S and C.

2.9 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a surface sensitive technique used to
determine the chemical composition and chemical environment of materials. XPS
spectra are obtained by irradiating a surface with a beam of x-rays, while simul-
taneously measuring the kinetic energy of the electrons emitted from the material
(Figure . Given that every energy level of each element has a discrete binding
energy, the elemental composition of a sample material can be determined by com-

paring the measured binding (ockinetic) energies to known spectra. In addition
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2.9 X-Ray Photoelectron Spectroscopy

to identifying elemental composition, XPS has the ability to distinguish between
different chemical environments of the same element. Small shifts in the kinetic
energy of the electron caused by the outer electron cloud is dependent on the
relative electronegativity of bonding-partners, and this yields chemical bonding
information. The binding energy of the electron is obtained from the measured ki-
netic energy as follows. An energetic (X-ray) photon transfers its energy (hv) to a
core electron with a binding energy (Ep), which in turn leaves the shell with a cer-
tain kinetic energy. The kinetic energy (FEk;y) of that electron in vacuum is given
by hv — Eg — ®g, where ®g is the sample material work function. With &g, the
spectrometer work function, according to Equation the F;, measured by
the spectrometer is given by Ex;,, = hv—Ep—Ps—(Pgpec—Ps) = hv—Ep—Pgpec,
such that the binding energy is [109]:

EB = hv — EKzn — q)Spec (224)

This equation allows the binding energy of an electron to be obtained once the
X-ray photon energy and spectrometer work function are known.

In this work, XPS sample characterisation is performed ex-situ using a non-
monochromated MgKa source with base pressure of 1.12x107° mbar with a VG
Microtech Clam 2 Hemispherical analyser. Wide-energy-range survey and high
resolution spectra are taken at normal emission from the sample surface with
0.5 and 0.1eV step sizes respectively. Angularly-Resolved XPS is carried out an
angle of 60° off-normal emission. All spectral analysis of XPS data is carried
out using CasaXP§S processing software. Spectra are surface charge compensated
by calibrating the binding energy position of the Si2p peak at 103.5eV [110].
Spectra are fit using a Shirley-Sherwood type background [IT1] and deconvoluted
into chemical contributions using Voigt profiles (Gaussian-Lorentzian 70/30%),

and components are fit using a least-squares fitting routine.

69



Chapter 3

VHF Plasma in Single-Frequency
CCP: PASTIS Results
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3.1 Nominal Operation of a Differentially-Fed
Multi-tile Electrode

The PASTIS reactor is comprised of a multi-tile electrode driven at VHF (162 MHz).
The tiles in the electrode are differentially fed such that additional current paths
exist in the discharge in comparison to a conventional CCP (Section . This
chapter presents results from the PASTIS system, and describes plasma dynamics
of VHF multi-tile discharges and unique RF power coupling mechanisms associ-
ated with VHF and differential power delivery. Section explores plasma uni-
formity by hairpin electron density measurements, and discharge non-equilibrium
by OES analysis in Section [3.3] Section presents measurements of RF cur-
rent and voltage, electron, positive and negative ion densities, and IEDs in a

low-pressure O, discharge. We find differences in how RF current and voltage,
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Figure 3.1: Spatial electron density profile for Ny across radial 2 tiles as function
of power at (a) 50 mTorr and (b) 500 mTorr. The shaded/blank boxes representing
electrode tile (180° out of phase) boundaries.

plasma densities, and ion energy scale with power, and use this to identify changes
in power coupling mechanisms, and conclude there is a smooth transition in op-
erational mode with increasing plasma density (power). Extending beyond this
low-pressure electronegative case, Section [3.5| presents results in high-pressure Oq
and electropositive Ar which are indicative of electrical asymmetry in the VHF

multi-tile system.

3.2 Spatial Uniformity

To investigate the spatial density variation in PASTIS, the hairpin probe is

scanned radially across the multi-tile electrode to provide spatially resolved elec-
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3.2 Spatial Uniformity

tron density profiles. Figure|3.1|plots the measured density profile from the centre
of the discharge out to the edge. This spatial profile extends across two tiles (as
illustrated by the shaded/blank boxes in Figure[3.1]), inter-tile gap (tile edge), and
towards the chamber edge where the dielectric “skirt” is located. Note also that
the tile spacing (11 cm) is twice the discharge gap (5.5cm). The n, profile in Fig-
ure |[3.1]is measured in a Ny discharge at gas pressures of 50 mTorr and 500 mTorr
for 400-1500 W RF power. As displayed in Figure [3.1] the multi-tile solution to
VHF excitation imposes a spatial structure on the plasma density profile. At
large radial positions, the effect of the radial boundary is seen, particularly in the
higher pressure case. At a lower gas pressure (50 mTorr), the maximum of the
density profile is found in the tile-centre, whereas, tile-tile boundary density is

lower. Non-uniformity(%) can be defined as:

i =100 (3.1)
ng +nr

where subscripts define High and Low density values respectively [41]. As shown
in Figure |3.2] on increasing power, the plasma uniformity is significantly im-
proved. The non-uniformity improves from ~ 24% to ~ 12% at 500mTorr, and
from ~ 60% to ~ 10% at 50 mTorr with increasing power. At 500 mTorr and
low powers, the electron density peak is shifting toward the tile-tile boundary.
However, at higher powers (1kW and 1.5kW), the spatial structure in electron
density is highly suppressed and the discharge profile is governed by diffusion;
the electron density is maximum at the centre of the discharge and decreasing

toward the wall.

Power Coupling Mechanisms in Multi-tile VHF system

As discussed in Section [I.2] RF CCP discharges are mostly sustained by two
types of heating mechanisms; ohmic heating due to electron-neutral collisions, and
stochastic heating which is due to momentum transfer from moving sheaths. In a
13.56 MHz argon CCP, Godyak et al [6] experimentally investigated the transition

from collisional ohmic to stochastic heating with decreasing pressure, and showed
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Figure 3.2: Plasma uniformity as function of VHF power.

a concurrent increase in electron density. In the following, we will evaluate the
ratio of stochastic to ohmic heating in PASTIS. Starting with Equation and

following the extensive analytical solutions by Lieberman [4], the ohmic heating

power per unit area is expressed as:

_ 1 1
Sohm =1.73 [m} |:E:| 6(]Ck)zvmjje2 ‘/12d (32)

2el [ ng

where n, and ng are the electron density at the sheath edge and bulk electron den-
sity respectively, Vi is the RF sheath voltage, v, is the electron-neutral collision
frequency and d is the plasma bulk thickness. Again following [4], the stochastic

heating power per unit area is:

1

Sstoc =045 [@:| : €O(A)Qzﬁei‘/l (33)
e
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Figure 3.3: Stochastic to Ohmic heating ratio in VHF Nj.

The ratio of stochastic to ohmic heating can thus be expressed as:

Sstoe _ 0.5 [3}% h\(g

ohm

[

- (3.4)
where h = s /ny. Although the above expression appears independent of driving
frequency, for a constant power, V' is strongly frequency dependent, and sheath
width (therefore d) is weakly dependently. Furthermore, the electron-neutral
collision frequency wv,, is a function of electron temperature, which varies with
driving frequency. Sugai et al [26] reported on this frequency effect, and experi-
mentally showed heating mode transitions in the frequency range 13.56-60 MHz,
under constant RF voltage conditions.

To evaluate the heating mechanism in PASTIS, the value of discharge voltage for

the corresponding RF power is measured using a high-voltage probe, as described
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in Section [2.3. The ratio of electron density at the sheath edge to the plasma
bulk, h = 7s/ny, is estimated as [112]:

(3.5)
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where ); is the ion-neutral mean free path. The plasma bulk thickness is d = [—2s,

where [ is the discharge gap, and the sheath thickness is estimated as:

2‘/1} g (3.6)

s = 06)\D |: Te

where the Debye length A\p is determined from the measured n. and estimated
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T, of 2eV. The electron-neutral collision frequency is calculated as:

Um = veggng (37)

where 7, is the mean electron speed, o is the collisional cross section [113] [114]
and n, is the neutral gas density. Figure presents the Sstoc/3,,,, ratio for VHF
Ny discharge as a function of power at 50 and 500 mTorr. For all conditions the
ratio is greater than 1. Thus Ssioc dominates over S,p.,, which enables more ion-
isation in the bulk and increased plasma density with power.

To understand the changes in the n.-profile (and improvement in uniformity)
with power and pressure, we consider the geometry of the multi-tile electrode sys-
tem and VHF CCP excitation. Consider first one electrode tile isolated from the
other tiles in the array, as shown in Figure (a). This looks like a symmetric
CCP plasma. VHF currents (IZ) flow on the surface of the electrode (skin depth,
Equation , at VHF & microns, much less than the electrode thickness), and
displacement currents flow through the driven sheath and out of the plasma at
the opposing sheath at the grounded boundary. For a system driven at >10MHz,
this would result in a capacitive sheath and a sinusoidal plasma potential oscilla-
tion, V, ~ %(Sin wt), in contrast to a sub 1 MHz driven electrode which results
in a resistive sheath, and a f/p following the positive excursions of the driving
voltage (Vpkpk) [115] 116].

Now consider an adjacent electrode tile driven at 180° relative voltage oscil-
lation, Figure (b), which leads to Vj, ~ %(Sin wt + 7). For this two-tile
7system”, there would be an electric field parallel to the surface of the tiles (-
E7) caused by the spatial variation in V,Z (due to 7 phase difference between
the tiles). However, for w < wy (the electron plasma frequency), the plasma
cannot support large gradients in f/pfv\. Depending on the spatial separation be-
tween tiles, the plasma height (in 2) and the plasma conductivity (in Z), the V,@
variation will be shorted out by plasma currents I,z. The scale length of these
currents ([,7) at the tile-side boundary of the plasma scale (inversely) with Ap.
Additionally, current density flowing on the electrode surface (17 scaling with tile

"radius”) results in By that drive image currents (-IZ) in the plasma adjacent to
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3.2 Spatial Uniformity

the sheath.

Note that the electrodes driven by the PSTLD are floating. This means they
can acquire a negative DC bias and as such the ddl)f would be substantially re-
duced. The acquirement of the DC bias depends on the plasma density (from
conductivity, Equation , the plasma height, and the tile size. For example,
a large tile coupled to a thin, low density plasma (i.e. low conductivity in )
may result in large ‘7p with each electrode coupling as a symmetric CCP plasma
with current coupled to the opposing grounded surface. In contrast, if the plasma
has high conductivity in Z, then ‘7p is small, 7 is large, and V. is large (and
negative) with strongly driven sheaths on the tile face, and very little RF current
on the opposing sheath at the grounded electrode. The development of this will
suggest DC bias and “shunting currents” (I/Z), and will be explored in Sections
3.4l and 3.5l

An additional power coupling mechanism occurs in the VHF multi-tile elec-
trode system. Consider the magnetic dipole between adjacent tiles (Figure
(¢)) which occurs due to electrode currents flowing in opposite directions around
the tile edges (/Z). This magnetic dipole induces an inductive B-field (-BYy) be-
tween the adjacent tile edges, directed out of the page, which penetrates into
the plasma bulk. Inductive currents (red arrows) are produced in the plasma as
a result of this B-field, and are in phase with the image currents in -IZ. The
strength of the B-field scales with I, and the spatial variation in z scales with the
size of the dipole.

In the 50 mTorr pressure case where plasma densities are above 1x10'%m=3,
the plasma skin depth (Eq becomes comparable to the discharge gap (in
Z), which is 5.5 cm in this case. Therefore, the inductive coupling due to the tile
boundary dipole can play a significant role in the plasma heating near to the tile-
tile boundaries. The improvement in the plasma uniformity with increasing RF
power is attributed to the inductive fields present near to the tile-tile boundaries,
which increases the plasma density in that region.

At 500 mTorr (Figure (b)) and low power, the maximum electron density
is observed near to the tile-tile boundary. We attribute this localized effect to an
additional power coupling mechanism; enhanced electrostatic fields paral-

lel to the tile surfaces caused by the differential voltage between adjacent tiles.
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Figure 3.5: Spatial electron density profile for Ar (left) and Oy (right) across

radial 4 tiles. The shaded/blank boxes representing electrode tile(180° out of phase)
boundaries.

Power into these E-S fields scale with collision frequency (P = I*?R), and the
amplitude of the axial (Z) component of the (E-S) dipole falls off as (10mm/,)?
where 10 mm is the characteristic dipole length, defined by the inter-tile spacer.
At 500 mTorr and low power, collision frequency and sheath width (Z) increase,
such that the localized E-S power deposition observed at the tile-tile boundary
is comparatively more important than capacitive coupling (via displacement cur-
rents Iy o< V - Cy, into the bulk). However, as RF power increases, the electron
density at the tile centre increases at a faster rate than for the tile-tile boundary
regions. The density profile becomes flatter, as is observed at RF powers > 1kW.
As such, at higher pressures and power, the VHF multi-tile n.-profile becomes
diffusion dominated rather than one governed by the geometry of the electrode
system.

The above explanation for centre dominated to edge dominated density peaks
shifting with increasing pressure is also observed in Ar and O,, as shown in
Figure for pressures of 50 and 300 mTorr at a power of 600 W. The spatial
profile in Figure extends across the middle row 4 tiles (as illustrated by the
shaded/blank boxes ), inter-tile gaps (tile edges), and towards the chamber edges

on both sides where the dielectric “skirts” are located. Both discharge profiles
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Figure 3.6: Electron density measured at the tile centre (solid shapes) and tile
edge (open shapes) as a function of power for Ar and Os.

exhibit a uniformity within 10%. Figure [3.6| plots the plasma density variation

measured at tile centre and tile edge, in Ar and O, as a function of power for

pressures 10-300 mTorr. For each pressure condition, the electron density in-
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3.2 Spatial Uniformity

creases which is due to increased power dissipation into the plasma by enhanced
stochastic heating at VHF.

The electron density as a function of pressure (10-300 mTorr) at a power of
1000 W is shown in Figure [3.7) For both gases, Ar and O,, density initially in-
creases (from 10-50 mTorr) and then decreases up to 300 mTorr. However, in Oq
the density decreases by 95% from 50 to 300 mTorr compared to a 65% decrease
in Ar for the same pressure increase. This trend is also depicted in Figure [3.5
from 50 to 300 mTorr at 600 W power. To understand these variations in electron
density, we consider a volume-average (global) model of the plasma chemistry,
as developed by [117]. The global model captures scalings of plasma parameters
with control parameters through the use of particle and power balance equations.
To a first approximation, electron temperature is a function of pressure and ge-
ometry of the system (particle balance equation), and density is proportional to
the input power (power balance equation). Specifically electron density is pre-
dicted by equating the power delivered to the plasma to the rate at which energy
is lost due to collisions and outflux of particles to the walls, and can be expressed
as [118]:

Pabs

Neg = ———
¢ euBAeffgL

(3.8)
where Py is the absorbed power, A,y is the effective area for particle loss, and e,
is the collisional energy loss per electron-ion pair. The factor ¢y, is directly related
to the number of available energy-loss channels of neutral species. In the case
of a molecular gas (O3), electron-neutral collisions can result in electron energy
losses and excitation of the heavy particle into an electronically, vibrationally,
or rotationally excited state. For an atomic gas (Ar) there are no vibrational or
rotational states available. Therefore the energy losses are higher in O,, which
results in a larger decrease in n, compared to Ar.

The initial increase, and subsequent decrease of n. with pressure for both Ar
and Oq is due to competing factors in Equation 3.8 ¢, and the effective loss
area A.rs (dependent on ion-neutral mean free path ;). The energy loss per

electron-ion pair is an increasing function of pressure, while the effective loss area
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3.3 VHF Discharge non-Equilibrium
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Figure 3.7: Electron density measured at the tile centre (solid shapes) and tile
edge (open shapes) as a function of pressure for Ar and Oz at power of 1000 W.

is a decreasing function of pressure (ions are more confined at higher pressure).
From the trend in Figure (3.7, as the pressure increases above 50 mTorr, the ¢,

factor dominates over the A.;s factor.

3.3 VHF Discharge non-Equilibrium

OES spectra in Ny have been analysed to determine rotational and vibrational
temperatures in VHF discharge. Figure (3.8 shows the resulting rotational tem-
perature of Ny in PASTIS. Error bars are introduced based on the chi-square fit
between the experimental and the simulated spectra (Section . It is observed
that the measured T, values are slightly above room temperature (~350-450 K)
for all operating conditions. The effect of RF power and gas pressure on the rota-
tional temperature is minimal, mostly within the error bar of £30 K. At 50 mTorr

gas pressure, a slight difference in the rotational temperature is observed between
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Figure 3.8: Rotational temperatures(T,.:) measured at tile centre and tile edge
as function of power for pressures 50 and 500 mTorr.

tile centre and tile edge. This difference is higher at low RF power and consistent
with lower electron density near to tile edge when compared to tile centre (Fig-
ure|3.1| (a)). The low density implies lower EEDF tail population and lower local
ionization. It is observed that the difference is lower at higher RF power, which
is due to the increase in inductive heating near to the tile edge as explained in
Section[3.2] The inductive heating will further increase the electron energy above
ionization threshold and will produce a two-temperature EEDF. This effect will
reduce the electron population available for gas heating and thus the difference
in the temperature decreases with increasing RF power. At a gas pressure of
500 mTorr the rotational temperature is nearly the same at the tile centre and
tile edge. The mean free path for rotational equilibrium scales inversely with gas
pressure such that the molecule-molecule collision frequency reduces the temper-

ature difference [119].

OES analysis to determine the vibrational temperature of Ny is shown in Fig-

V-

ures and 3.10 Figure shows the resulting plot of In [ T

.)\] versus

vl —v

E, — Ej for each Av=-2 transition at 50 mTorr. The data aligns well with the
Boltzmann plot; correlation coefficient for all experimental data was >0.89. As
such, calculation of T, from the Boltzmann distribution of the C3II, is valid.
Figure |3.10|shows the T,;, values as a function of power and gas pressure at both

tile centre and tile edge. T,; increases with both power and pressure and this
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3.3 VHF Discharge non-Equilibrium
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Figure 3.9: Boltzmann distribution fit of excited C3II, states for T\;.

variation is similar for both tile centre and tile edge. The corresponding vibra-
tional temperatures vary in the range ~6250-9400 K.
The vibrational temperature is related to the vibrationally excited state (C*IL,)

densities and can be expressed as [120]:

Ny (C,v") = nNo(X, v)k, (3.9)

where No(X,v) is the ground state density and k, is an excitation rate constant.
This is valid when excited states are mostly populated by the electron impact
excitations:

No(X'Y,) +e — No(C?IL,) + e

rather than cascade transitions or excitation from other states, such as metastable
states. As reported by [121) 122], excitation and energy pooling from metasta-
bles state (A3X]) results in an overpopulation of the (Av = 1-3) transition.

The increased significance of the metastable excitation channel was attributed to
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3.4 Mode Change in VHF Multi-tile

EEDF changes, where in the systems reported by [121, 122], the high energy tail
becomes depleted at high pressure, and the direct excitation channel from the
ground (X'X}) to the excited (C’Il,) state is suppressed. As shown in Figure
3.9 we do not see any overpopulation, therefore suggesting minimal contributions
from metastables affecting population statistics. Furthermore, for our pressure
conditions, the No(C?IL,) state is also unaffected by quenching processes due to
its short radiative lifetime (Trap ~ 371s)[123]. As such an increase in the vibra-
tional temperature is governed by rise in plasma density with power, which causes
an increase in the production rate of the vibrationally excited nitrogen molecules.
The rate of T,;, increase with power also matches that of the electron density,
i.e. larger rate of increase at 500 mTorr compared to 50 mTorr (Figure . An
increase in T,,;, with power has also been reported elsewhere [124], [125]. In a dual-
frequency CCP study by Huang et all [91], the T,; dependence on power increase
was compared for LF(2 MHz) and HF (41 MHz), such that T,;, for VHF=41 MHZ
increased almost linearly with power(as observed in our VHF PASTIS), where
as for LEF=2MHz, T,;;, essentially did not change. This can be explained by the
relation ?i/p. o 1/w?, where p; and p. is power to ions and electrons respectively.
With an increase in gas pressure, the neutral gas density increases. As shown in
Figure the plasma density decreases (~70%) from 3x10'° cm™ at 50 mTorr
to 0.8x10*° cm ™3 at 500 mTorr at 1500 W power. However, the rise in neutral
density is higher as compared to the decrease in plasma density in this pressure
range. This will lead to the increase in the population of vibrationally excited
molecules. Thus the vibrational temperature will increase with gas pressure, as

shown in Figure [3.10]

3.4 Mode Change in VHF Multi-tile

In asymmetrical CCPs, as discussed in Section the smaller electrode is
usually powered and the larger electrode is grounded. For a small volume system
driven at low frequency, this results in the voltages (and therefore the ion energies)

across each electrode being different. This is due to a DC self-bias developing
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Figure 3.10: Vibrational temperatures(T,;,) measured at tile centre and tile edge
as function of power for pressures 50 and 500 mTorr.

on the smaller powered electrode and a reduced voltage drop results across the
larger grounded electrode. However, if this type of system is scaled to larger
areas (for large-area wafer processing or roll-to-roll manufacturing), the ability
to achieve (voltage) differences between the two electrodes becomes much more
difficult, and is no longer possible in a controlled manner. Note that the large-area
VHEF driven PASTIS reactor resembles an almost symmetric CCP. The adjacent
separation between the tiles in the multi-tile array is much smaller than the
tile area and side walls are insulated; the ratio of the powered-tile area to the
grounded electrode area is 80%. However, in the multi-tile array the adjacent tiles
are powered differentially. It is unclear, a priori, whether the powered multi-tile
array acts as a single electrode with different phases across the driven sheath, or if
each tile behaves like a small individual electrode in a large (grounded electrode)
chamber. In this work, some of the first detailed investigations will be presented to
understand what the VHF driven multi-tile discharge is delivering to a substrate
that would be located at the grounded electrode side.

Consider the two-tile system in Figure In normal CCP operation, there
is plasma resistance R. For a push-pull fed multi-tile system, the currents from
one tile are out of phase with adjacent tile. Following from the discussion in
Section [3.2] this results in a current path through the plasma, with a resistance
Rinductive, and is shown in Figure |3.11, The inductive moniker arises because the

currents are parallel to the boundary, the same as in ICPs. With this in mind, the

86



3.4 Mode Change in VHF Multi-tile
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Figure 3.11: Schematic of resistance pathways in differential multi-tile system.

current density, and therefore the voltages across the sheath at the powered side
(Cish.powerea) may be different to the grounded side (Csp groundea) This “modeled
system” will be the basis of our interpretation of the following results.

In a low-pressure (10mTorr) oxygen discharge condition, we find changes
in the operational mode and infer changes in the power coupling mechanisms
with increasing power. To test this, we ramp power which, as detailed from the
previous Section [3.2, gives a linear increase in density. This should change the
conductivity of the plasma and will also change parameters in the self-consistent
sheaths both at the powered tiles and at the grounded electrode. First, current
and voltage is measured at one powered tile (Section. Note that the dissipated

power scales as:

1
P = E(Icirculated)2 ‘R (310)

where [ is the discharge current and R is the resistance, which is made up of the
series resistance of the wires and the distribution in the power-splitter, plus the
plasma resistance (R = Ruyjres,psTLD+ Rpiasma)- The relationship between current
and voltage scales with the impedance Z = R + I'm(Z) with real part resistance

R. Accounting for power division among the tiles, the power dependence of the
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Figure 3.12: Current and voltage measured at one tile in the powered mult-tile
electrode as function of generator power in 10 mTorr Oa.

resistance is therefore:

R(P) = (3.11)

Dl
el

Figure plots the square of the measured peak voltage and current (from
one powered tile) versus delivered generator power in 10 mTorr Oy. Up to 500 W
the resistance is constant with a value of approximately 1.75 Ohm. The exper-
imental current values for Oy 10 mTorr in Figure [3.12] are reproduced in Figure
3.13| along with expected theoretical values of current for a constant resistance
of 1.75 Ohm. There is a distinct kink in the curve, with R values (obtained
from the slope, and projecting back to (0,0) ) decreasing with increasing power.
Careful observation of these experimental values and trend, suggests a piecewise

smooth transition, without any hysteresis or observable jump. This is in contrast
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Figure 3.13: FExperimental measured current in 10 mTorr Oy and theoretical
values of current for a constant resistance of 1.75 Ohm.

to transitions often seen in E-to-H transitions in ICP systems[126], or E-H-W
coupling modes in Helicons[I27], or mode-hoping as seen in (radial slot-
line antennae) [128].

At higher powers, we note the linear behaviour and we suggest local differential
resistances for this piece-wise linear section. Referring to Figure[3.11] we consider
that the current in the plasma is now splitting into two paths (through R and
Rinductive)- Across the transition, the Ringuctive provides a lower-real-resistance
pathway between adjacent tiles. We believe that this is due to an increase in
plasma conductivity and thus in the plasma current in the 2 direction, the direc-
tion of inductive currents. This data implies a mode transition versus RF power
in the discharge.

The mode transition can be expected to directly affect bulk plasma parame-

ters. To investigate this, Figure shows the measured electron, positive, and
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3.4 Mode Change in VHF Multi-tile

negative ion density versus RF power. The electron density is measured by hair-
pin probe. The positive ion density (n, ) follows directly from measured ion-flux

density (J), from planar flux probe;

ny = Jr (3.12)
eup

where up is given by Equation m For the calculations here, we assumed OF to
be the dominant ion and T, is fixed at 2eV. The negative ion density is calculated
from the quasi-neutral condition n_ = n, — n,, and the analysis is based on the
method described in [129]. A calibration between the absolute-electron density of
the hairpin probe and ion-flux probe is performed in electropositive argon (This
data is supplied in Appendix [A]).

Distinct changes in the density trends are observed around the mode transi-
tion. As shown in Figure [3.14] n, increases linearly with power, with a change
in slope at 600 W: n, increases monotonically with power, with concave-up pro-
file up to 800 W, and linear above. The negative ion trend shows ~33% rise in
density with an increase in RF power up to 600 W and then decreases with a
further increase in RF power. The corresponding electronegativity, o = - /n., is
decreasing from 1.1 at 200 W to 0.3 W at 1000 W.

Analysing Figure in more detail, the negative ion density trend can be
explained based on its production and loss mechanisms in the discharge. The
main production mechanism of negative ion density is dissociative electron at-

tachment

02(X°%))+e— 0" +0(°P) (R1)
with a reaction rate R = kin.no,, where k; is the reaction rate coefficient [130].
The dominant loss mechanisms are positive ion-negative ion neutralisation and

electron collisions with negative ions (electron impact detachment) [I31]

O™ +e— OFGP) + 2 (R2)
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Figure 3.14: Electron density, positive ion density, and negative ion density as
function of power in 10 mTorr Os.

with a reaction rate R = konen_, where ko is the reaction rate coefficient [130].
An initial (up to 600 W) increase in negative ion density suggests the discharge
is dissociate attachment dominated. This process is a resonant, low-energy dom-
inant process, particularly for vibrationally excited Oy [132]. A further increase
in RF power increases the positive ion density and therefore loss mechanism via
ion-ion neutralisation increases. Additionally, increasing electron density further
increases the destruction of negative ions by electron impact. The electron impact
neutralisation of O~ is a comparably high energy process peaking at 10’s of eV
[133]. These electrons are high energy electrons which are generated near/in to
the powered sheath. As shown in Figure|3.12] after mode transition the electrode
voltage increase with RF power and hence sheath width, will increase the sheath
velocity responsible for high energy electrons via stochastic heating. The combi-
nation of both, i.e. positive ion-negative ion neutralisation and electron impact
neutralisation, drives the discharge in loss dominant mode at higher RF power.
Figure plots the IEDs for O3 as a function of power. Overall, the single-
peak symmetry observed in Figure |3.15]is an indication of a collisionless regime
in VHF with thin sheaths, in contrast to IEDs with an extendend tail of low
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3.4 Mode Change in VHF Multi-tile

energy ions usually observed in low frequency RF plasmas [134]. We note that
Vs can be small, and on the same order as the Vpc for an unpowered sheath.
For a high-frequency (capacitive) sheath the resulting ion energy peak has two
dependencies, one to preserve the charge-neutral flux (standard plasma poten-
tial rise above the boundary), and a seconds resulting from the plasma potential

oscillation (Vjjasma) in the region above the sheath;

Eionpeak = F(Te, m;) + % (3.13)
In symmetric CCP, IN/;,lasma ~ Vrrpeak f2, as the drive voltage is split between the
two series sheaths.

As discussed in Section the two main factors determining the shape and
distribution of the ion energies in RF discharges are sheath collisions and the
ratio of the ion transit time 7;,, to the RF period 7,;. The shape of the IEDs cor-
relate with different regimes of ion transport across the RF-driven sheath. In the
collisionless sheath regime the ion mean free path ()\;) is larger than the sheath
width (s) and the final energy of the bombarding ions is dictated by the time
average sheath potential (V). Sheath width decreases with driving frequencies
due to increased plasma density such that the collisionless regime (s < ;) is still
maintained at moderate pressures. For the 10 mTorr O, condition, \;(= 5mm)
is estimated to be at least 5 times larger than the sheath width (Equation .
Conversely in a collisional sheath, ions lose energy through elastic and /or charge-
exchange collisions as they transverse the sheath. These results in a broader
spread of energies and additional secondary peaks at lower energies respectively.
These secondary peaks are due to the RF modulation of the sheath potential
combined with the creation of thermal ions by charge exchange processes.) In
the high frequency regime, when 7ien/r,; >> 1, the phase in which the ions enter
the sheath becomes irrelevant and the resultant IED is single-peaked, such is the
case for 162 MHz.

Analyzing the data in Figure [3.15] the location of the energy peak is mono-
tonically increasing with power up to 600 W, and decreases thereafter. As shown
from Figure [3.12] above 600 W, the tile current and voltage both increase. The
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Figure 3.15: Ion energy distributions (IEDs) measured at the grounded electrode

for O;r as function of power at 10 mTorr Os.

decreasing ion-energy peak above 600 W means there is reduced f/plasma at the
sheath-edge on the grounded side and thus reduced RF-current density in the

grounded-side sheath. Due to current-conservation, there must be an increase in

RF plasma current in the z-direction between the plasma-regions associated with

adjacent tiles, as discussed earlier referring to Figure [3.11

. Following from the

discussion in Section |3.2, we note that in a conventional symmetric CCP, the flow
of displacement current at the powered sheath results in a f/;,lasma in the bulk,
and RF current out of the plasma at the (opposite) grounded surface. In the

multi-tile system with differential coupling between adjacent tiles, the f/plasma in
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3.4 Mode Change in VHF Multi-tile

front of an individual tile is out of phase with the ‘N/plasma at an adjacent tile; dis-
placement currents in the powered sheath can flow to the opposing ground sheath
(2) and “back and forth” between adjacent tiles at a RF-phase with maximum
current. The current in a tile-face scales linearly with “radius” (Section
and, by solving Faraday’s law across the conductor-vacuum (sheath edge) bound-
ary, there is an F,(x, z) which scales with ;. and is constrained by the boundary
condition imposed by the grounded conductor opposite the plasma volume. With
plasma, the induced field (E,(z, z) and B,(z, z)) are further augmented by the
skin effect (Equation ; at 400 W 9,; = plasma height, so increasing image
current (/) in the plasma are expected with increasing power (plasma density).
The B, dipole resulting from “radial” currents wrapping around the edges of the
tiles, penetrates into the plasma volume with spatial scaling associated with the
dipole size (tile-tile gap), boundary condition from the ground electrode and skin
depth effects (Section . Now suppose the current in the left-tile is in the
+x, then the current in the right-tile is in the —z, and the induced B, is in the
+y direction for both tiles, and for the tile-tile boundary dipole. Thus, the in-
duced E, is in the —x direction across all three sections (tile radius, tile-tile gap,
adjacent-tile radius). These are inductive electric fields, and currents, as they are
parallel to the plasma boundary, and results in a reduction in the current density
at the grounded side of the plasma volume.

At lower power n,. is low and n_ is high and R,jasmq is (relatively) high. The
ion energy measured on the grounded electrode increases with V', showing that
the increasing I (and V') at the tile is also causing increasing V,ouna (Equation
caused by current being driven through the ground sheath. This shows the
plasma volumes in front of tiles behave like independent, symmetric discharges,
and the plasma resistance is constant vs power. Above the transition, the electron
density increases super linearly with power and the negative ion density decreases,
yielding a reduced bulk-plasma resistance, and the skin depth is smaller than the
plasma height. The ion energy now drops with increasing power (despite both I
and V increasing, Figure ; I4r0una is not increasing, thus by current continu-
ity there must be 2 shunting between the tiles. This results in the tiles driving
an asymmetric plasma as adjacent tile surfaces behave as current-return paths

and thus a virtual ground surface. The ion energy remains somewhat high (38eV)
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3.5 Electrical Asymmetry

so there must be some Iy at this boundary. The plasma current now has two
parallel paths, Iz and Iy, and the overall resistive element of the plasma drops
smoothly with increasing power. We note that the resistive load-line (4/av) is
nearly constant with a value of 0.85 Ohms, and this represents the real impedance
of the inductive-current path between tile regions. The continued increase in V.
at the powered electrode, and not in ngmd, implies that the tiles take on a DC
self-bias. This indicates higher V, sheath width, and stochastic heating at the
powered sheath. Small changes in the EEDF due to the increased hot-tail from
stochastic heating and/or the diffuse inductive fields result in the reduced nega-
tive ion density. We point out that even with the positive feedback of the changes

in n_ across the transition there is a piecewise smooth transition.

3.5 Electrical Asymmetry

The results presented from low-pressure 10 mTorr O, discharge (electrode voltage
and current, charged particle density including negative ions, and ion energy),
allow us to conclude that the mode transition observed across an increase in
power is caused by changes in current coupling mechanisms and modification in
the discharge impedance including the presence of negative ions. This power
trend is not observed for other operating conditions; in higher-pressure O, and in
electropositive Ar at low and high pressures. The IEDs as a function of power for
100 mTorr Oy and 10 mTorr Ar are plotted in Figures [3.16] and respectively,
and show minimal increase (within 2eV) in ion energy with power. These ion
energy trends are indicative of diminished negative ions due to enhanced loss
rates (in the case of high pressure Os) and evidence of electrical asymmetry; the
push-pull delivery of the PSTLD result in floating electrode tile that develop
a DC bias such that the plasma potential oscillations (and therefore grounded
sheath voltages and ion energies) are substantially reduced. This is in contrast
to conventional symmetric CCPs, where the potential drop across both sheaths
are equal and current is driven through the grounded electrode, and ion energies

(from sheath voltages) increase with power [82].
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Figure 3.16: Ion energy distributions (IEDs) measured at the grounded electrode
for O; as function of power at 100 mTorr Os.

Further evidence is provided in Figure|3.18 which plots the square of measured
peak voltage and current versus power in 10 mTorr Ar. In comparison to 10 mTorr
Oy case (Figure |3.12] and [3.13|), there are no distinct changes in the R values;

current values follow a constant resistance of ~1Ohm. The RF conductivity

(parallel to & — y plane) is sufficient to drive the shunting currents(in x), that
reduce ‘;;)lasma oscillations in front of adjacent tiles. Tile voltage continues to
increase with power, with no RF driven enhancement of the ion energy at the

grounded electrode.
Figure [3.19 plots the IEDs for pressures 10, 50 and 100 mTorr at 1000W. For
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Figure 3.17: Ion energy distributions (IEDs) measured at the grounded electrode

for Ar™ as function of power at 10 mTorr Ar.

the 10 mTorr case, density (Figure is low, so sheath width and voltage drop is
(relatively) larger. A collisionless regime (s < );) is still maintained at 50 mTorr,
but increased electron density results in lower sheath voltage (width). In the
100 mTorr case, density is slightly lower than in 50 mTorr, but some broadening

occurs due to elastic collisions in the sheath beginning to take effect as sheath

width becomes comparable to A;.
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Figure 3.18: Current and voltage measured at one tile in the powered mult-tile
electrode as function of generator power in 10 mTorr Ar, along with theoretical
values of current for a constant resistance of 1 Ohm.

3.6 Summary

This chapter presents results of plasma dynamics and power coupling mecha-
nisms in VHF multi-tile discharges. Plasma uniformity (from electron density),
is investigated and results show edge effects can be minimized by changing power-
pressure matrix; non-uniformities of within 10% are achieved.

From OES analysis, we observe high T,; (~1000sK) and low T,, (room
temperature + <100 K), which demonstrates that the discharge is a highly non-
equilibrium system. High vibrational temperature values are reported elsewhere
but at the expense of high rotational/gas temperature, meaning the degree of

non-equilibrium is less. Lower operating temperatures are highly desirable for
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Figure 3.19: IEDs as a function of pressure in 1000 W Ar.

thin film processing, and particularly desirable in ALE for better control of the
ALE thermodynamic process window. With non-equilibrium conditions in VHF,
low operating temperatures can be accompanied by desirable gas chemistry and
activation from high vibrational temperatures.

The large-area multi-tile PASTIS system, resembling a symmetrical geometry,
is shown to achieve quasi-independence of ion flux (electron density) and ion en-
ergy (Section [3.5)). The addition of a substrate bias (as in Starchief), would offer

additional control of ion energy to the surface.
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Chapter 4

ALE Behaviour in a 2-frequency

CCP (162 MHz VHF plasma
source + 27 MHz bias at

wafer)
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4.1 Fluorocarbon-based ALE of SiO,

As discussed in Chapter [I} conventional plasma etch anisotropic etching is en-
abled by the synergistic effect of impacting neutral species and energetic ion
bombardment. Even with an inhibitor layer, it is difficult to obtain reliable
atomic precision because adsorption of inhibitor gas and reaction of ions occur at
the same time. Specifically, the ion and neutral radical flux are linked through
the plasma linking the same EEDF (electron energy distribution) and IED (ion
energy distribution). In ALE, the separation of the chemical modification and
subsequent etch-removal enable the fluxes of neutrals and charged particles to be
independently optimised. Fluorocarbon-based ALE of SiOy is realised by pas-
sivating the surface with a thin fluorocarbon (FC) layer followed by (Ar) ion
enhanced etching. Specifically, the deposited FC layer provides chemical species
to react with the SiO, and removes surface layers through chemical reactions

enhanced by low energy ion power deposition.
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4.2 Frequency Coupling: VHF (162 MHz) and LF (27 MHz)

In this work, we demonstrate an ALE process with a fully self-limiting etch of
SiOy in a large-area, low-volume, 2-frequency CCP (VHF 162 MHz CCP source
+ 27 MHz CCP bias). Background gas in the two steps are Ar/CHF5 and Ar/Os.
The first section in this chapter investigates the effect of VHF and LF power cou-
pling on plasma parameters in the modified industrial reactor Starchief; namely
electron density from hairpin probe, relative reactive species density from OES,
and ion energy effects inferred from sputter rates. These results provide insight
into the operational window and favourable conditions to realise ALE behaviour
of SiOy in our experimental system. Section [4.3|investigates, by XPS analysis, the
atomic composition and chemical bonding of the fluorocarbon layers deposited
with CHF3 by the LF and VHF formed plasmas. A self-limiting ALE process of
SiO, using cyclic CHF3 and Ar/O, exposures is presented in Section [4.4]

Si substrates with nominal 900 nm of PECVD (Plasma-Enhanced-Chemical-
Vapour-Deposition) grown SiOy obtained from ASM have been used for all ex-
periments. For surface analysis measurements, SiO, samples are cut into coupons

and placed on a 300 mm Si carrier wafer.

4.2 Frequency Coupling: VHF (162 MHz) and
LF (27 MHz)

Figure 4.1 shows measured electron density (n.) in a 98 mTorr Ar/CHF3 = 66/33
gas mixture as a function of applied power. First we investigate the plasma den-
sity versus high-frequency power level (100-600 W) with a constant power of 10 W
at 27 MHz. This demonstrates a linear plasma density versus high-VHF power
level, and expected high-plasma production efficiency of the high-VHF multi-tile-
CCP “plasma source”. In contrast, variation in 27 MHz power level (50-600 W)
at a fixed VHF power level of either 200 W or 400 W, results in nearly constant
plasma density. Thus, plasma density is nearly decoupled from the LF power,
demonstrating the separation of high-VHF giving plasma formation, and the LF
(27 MHz) coupling to ion-power in the sheath [37].

The composition of fluorocarbon layers deposited in ALE is related to the
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Figure 4.1: Electron density in CHF3/Ar at 98 mTorr as a function of applied
VHF power with 10 W LF (H), or as a function of applied LF power with 200 W
VHF (A) and with 400 W VHF (o).

gas-phase chemistry of the plasma [I35]. Low atomic F content and high CF,
is favourable for better chamber conditions and for future studies for etch selec-
tivity to SigNy and Si [I36]. In this regard, low F concentration is critical as Si
etches spontaneously in F rich environments. Figure shows the ratio of F/Ar
measured by OES in CHF3/Ar as a function of power in either LF or VHF ex-
cited plasma, with errors bar representing measurement standard deviation. For
constant pressure condition (98 mTorr), the relative density of atomic F increases
with LF power but there is little effect for increasing VHF power. Electron-neutral
collisions is the major pathway for fluorocarbon gas dissociation, therefore the
EEDF and electron temperature directly affect the FC dissociations. The fol-

lowing are possible electron impact dissociation pathways generating F and CFy
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Figure 4.2: Relative concentrations of gas-phase F and CF5 in the plasma as a
function of either applied LF or applied VHF power.

species in CHF3, where AH is the dissociation bond energy derived from thermo-

chemical data [137]:

(a) CHF;+e - CHF;+F +e AH(a) =4.90eV
(b) CFy+e—CF+F+e AH(b) =5.35eV
(¢) CHF3+e— CFy+HF + e AH(c) = 2.43eV

In contrast to FC gases such as CyFg and C4Fg in which different dissociation

reactions can be dominated by either bulk average electron temperature or high-
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4.2 Frequency Coupling: VHF (162 MHz) and LF (27 MHz)

energy tail of the EEDF [I38], dissociation of CHF3 is mainly controlled by bulk
average T.. The increase in relative density of F radical with increasing LF
power in Figurel4.2/indicates that the probability of reaction (a) and (b) increases,
therefore implying a rise in average bulk electron temperature. Similar to Section
, the global model determines the electron temperature (7,) by equating the
rates of particle production with particle loss to the walls in the particle balance

equation [139]:

K;.(T.) 1
up(Te) pdess

(4.1)

where K., ug and p is the ionization rate, Bohm speed and neutral gas pressure
respectively. K, is strongly dependent on the shape of the EEDF, particularly
with reactions with threshold energies in the 5-15eV range, which can have large
discrepancies for small shifts off of a pure Maxwellian distribution towards ei-
ther Druyvesteyn or two-temperature distributions. For a given gas pressure, the
electron temperature is determined only by the effective plasma bulk thickness
dess = | — 2s, where [ is the discharge gap and s is the sheath width. It has
been shown in both simulation and experiment [140] [14T], 142] that sheath width
increases with LF voltage, therefore decreasing the effective plasma bulk size and
increasing 7.. From Equation and Figure [L.8] the sheath impedance Zg,
is o 1/w while the plasma impedance Z, is oc w. Therefore, it follows that the
electric field penetration of the low-frequency component into the plasma bulk
is larger than for the high-frequency component. Furthermore, for electroneg-
ative discharges like CHF3, the electron density and bulk conductivity is lower
than purely electropositive gases, therefore the electric field penetration is higher
again leading to enhanced electron heating in the bulk [I43]. In addition to
increasing sheath width, LF power also increases sheath potential. As shown
by PIC simulation results [140] higher sheath potential, causing high-energy ion
bombardment to the electrode can produce secondary electrons which can be
accelerated in the sheath and bounce into the bulk plasma, further raising the
electron temperature. The ratio of CFy (at 251.9nm) to Ar line is also plotted in
Figure [£.2] and shows an eventual decreasing trend for LF, while for VHF there
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Figure 4.3: Sample PMSE measured S parameter and optical model fit for a
200 W LF Ar plasma exposure resulting in a 10.3 nm sputter etch of SiOs.

is an increase in the CFy/Ar ratio for increasing power. It should be noted that
the validity of actinometry for CF, with Ar is somewhat questionable because
of the large difference between corresponding excitation thresholds (4.9eV and
13.5eV respectively). However, the contribution of dissociative excitations is less
in CHF;3 than in other fluorocarbon gases (C4Fg, C4Fg) with dissociative frag-
ments of C,F, with low thresholds of ~10€V. In any case, the CFy/Ar ratio trend
with power is consistent with the F/Ar trend (Figure , and serves to support
the interpretation of increasing densities of mid-energy electrons in the EEDF
(towards Druyvesteyn) with applied LF power, resulting in higher probability of

reactions (a) and (b), and lower relative probability of reaction (c).

Evidence of higher sheath potential and in turn higher ion energy for increas-

ing LF power is investigated by measuring the physical sputtering rate of SiOq
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Figure 4.4: Sputter rate of SiOs as function of applied LF and VHF power. For
Ar conditions, pressure is 68 mTorr and for Ar+QOs pressure is 98 mTorr.

(Section [1.5.2). The SiO, film thicknesses are measured by in-vacuo PMSE and
ex-situ ellipsometry. The optical model used for ellipsometry measurements con-
sists of a fixed bottom Si layer and a transparent SiOs top layer parametrised with
a Cauchy dispersion relation [144]. Figure shows a sample plot of the ellip-
sometric S parameter (S = sin 2V sin A) measured from in-vacuo PMSE (Section
and corresponding model fit for a 200 W LF Ar plasma exposure resulting in
a 10.3nm sputter etch.

For the sputter rates plotted in Figure [4.4] SiO, thickness is measured be-
fore loading into the process chamber. After 5 minutes exposure of each plasma
condition, the thickness change is measured and in turn sputter rate (nm/min)
is determined. The sputter etch threshold has been reported elsewhere to range
between 30 and 50V [69]. The sputter rate increases with applied power up to
200 W in both Ar (65 mTorr) and Ar/Oy (98 mTorr). In the case of Ar/O, there
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4.3 Fluorocarbon Deposition

is a lower average energy for the atoms arriving at the surface, and therefore a
lower sputter yield. For a fixed 20 W LF power, the sputter rate remains approx-
imately constant with the addition of VHF power up to 500 W. This important
result indicates that the addition of the VHF source power does not increase
ion energies on the opposing substrate electrode in 2-frequency operation. Also,
with no LF power and increasing VHF power up to 500W, there is no mea-
surable sputtering occurring. This result is consistent with the findings in the
PASTIS reactor (Section . The IEDs measured by the energy-resolved mass
spectrometer in PASTIS for comparable pressure and power conditions showed
minimal increase in ion energies at the opposing grounded electrode with increas-
ing power. In a geometrically-symmetric single-frequency driven CCP with a
multi-tile VHF source, we attribute this effect to a self-bias developing at the
powered multi-tile electrode. In the Starchief experimental system, with the ad-
dition of LF substrate-bias, there is the additional effect of functional separation
of ion-energy and plasma-density by low-frequency and high-frequency compo-
nents respectively. The ratio of LF/(V)HF ratio here, 27 MHz/162 MHz is 0.16,
which is expected to exhibit independent control from simulation reports [37], and
our results of electron density and sputter rate (Figure and corroborate
this.

4.3 Fluorocarbon Deposition

The results from Section demonstrate that species fluxes and relative ratios
in the fluorocarbon discharge can be controlled by VHF excitation while ion-
energy, from LF substrate bias, is maintained below sputtering threshold. First,
we investigate and characterise the deposition of fluorocarbon layers by LF only.
LF power is set at 10W, to avoid physical sputtering of SiOy (Figure , and
50scem CHF3 is added to 100scem Ar discharge; resulting pressure 98 mTorr.
After 2 minutes, the sample is taken out for ex-situ XPS.

Deposited FC films are primarily characterised by the Cls spectral signatures.
Figure [A.5(a) shows the XPS spectrum of the Cls high resolution scan before
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Figure 4.5: XPS high-resolution Cls spectra for (a) initial SiOy and (b) after
fluorocarbon deposition by 10 W LF measured at normal emission.

deposition. The Cls photoemission spectrum from this reference SiO, scan, at-
tributed to some adventitious carbon, is comprised of the main carbon (C-C)
component, plus some amounts of singly and doubly bound oxygen. The Cls
spectrum after deposition with LF, measured at normal emission from the sam-
ple surface, is plotted in Figure [4.5(b), and shows higher-binding-energy shifting
which is ascribed to CF,(x=1,2,3) species bonding [145]. The chemical shift and
bonding to fluorine is similar to oxygen, therefore it is difficult to distinguish be-
tween CF, and C-O contributions (i.e. C-O/C-CF, or C=0/C-F) solely on the

Cls spectrum. From the wide-energy-range survey scan and determination of el-
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4.3 Fluorocarbon Deposition

emental composition, it is clear there is a transparency in the deposited FC film.
This transparency means there is significant contribution from the underlying
substrate Si2p and Ols peaks (77% and 71%) respectively, therefore we attribute
two of the fitted component peaks in the Cls spectrum (Figure [£.5(b)) to C-O
and C=O0 respectively. The remaining high binding energy peaks are assigned to
C-Fy and C-F3 [146], [147].

Now, we look at the FC deposition with the addition of VHF source power (LF
substrate bias maintained at 10 W). Figure |4.6[a) shows the Cls spectrum before
deposition, and after FC deposition with 300 W VHF power for 20 s measured at
(b) normal emission and (c) 60° off-normal emission. From the survey scans and
elemental composition analysis, there is not a significant contribution from Si2p
and Ols peaks from the underlying substrate, therefore in the deconvolution of
the Cls spectrum after VHF deposition, we attribute the components to C-CF,
and C-F bonding instead of bonding to oxygen. In total, the peaks in the Cls
spectrum are assigned to C-C, C-CF, C-F, C-CF,, and C-F3 [146], [147].

The fluorine-to-carbon ratio is often used to characterise deposited fluorocar-
bon films, as it is known to affect the etching characteristics, such as etch rate and
selectivity of dielectric materials [64, [148]. The stoichiometry of the deposited
layers, in terms of fluorine-to-carbon ratio can be calculated by independent meth-
ods; by dividing the ratio of the F1s core level signal by that of the Cls core level
signal in the survey scan after correcting for differences in photoemission cross-
sections (F1s/Cls), or from the deconvolution of the Cls spectrum components
(F/Clecon) [149] as:

_ 3lep, +2Icr, + 1ok

F/Cdecon - (42)

ICls

where [cp, is the peak area of each fluorinated group and ¢, is the total area
of the Cls spectrum. F/Cgecon from the deconvolution of the Cls spectrum mea-
sures the fluorine content in the deposited layer, while the F1s/Cls value deter-
mines the fluorine content in both the FC deposited layer, and the underlying
SiOy. Therefore, by observing the difference between the ratio values (AF/C

=F1s/Cls -F/Cgecon) provides an indication of substrate fluorination. For the
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Figure 4.6: XPS high-resolution Cls spectra for (a) initial SiOg, (b) and (c)
after fluorocarbon deposition by 300 W VHF measured at normal emission and 60°
off-angle respectively.
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Figure 4.7: Schematic of gas and VHF power delivery times employed during the
ALE process with Ar only in removal step.

FC layer deposited with 300 W VHF source power AF/C = 1.16 suggesting that
a significant amount of the F1s photo-electrons detected must originate from flu-
orine species that are not bonded to carbon. To further validate this observation,
XPS spectra measured 60° off-normal emission are obtained. Spectra taken at
an increased angle (off-normal emission) are more surface sensitive than those
taken at normal emission, such that AF/C from 60° off-normal emission is now
0.45, much less than for normal emission. In the off-normal emission scans, there
is a corresponding 24% decrease in the C-F, bonding and a 56% increase in the
C-C bonding. The difference in the values of F/C from both normal and 60°
off-normal emission show there is a gradient in the fluorine concentration with a

higher F concentration towards the substrate SiO, in the VHF grown film.

4.4 Self-limiting ALE of SiO, with CHFj3; and
AI‘/OQ

Following FC deposition by VHF at 300 W for 20s, we first investigated an ALE
cycle with only Ar gas flow in the etch-back half-cycle. Figure shows the
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4.4 Self-limiting ALE of SiOy with CHF3 and Ar/O,

typical process sequence during this ALE cycling. For the entire process, there
is continuous Ar flow at 100 sccm and constant LF bias power of 10 W. The po-
sition of the throttle valve above the turbo pump is kept constant such that the
pressure varies between 68 mTorr and 98 mTorr for Ar only (etch half-cycle) and
Ar 4 50scecm CHF;3 (deposition half-cycle) respectively. Synchronisation and au-
tomation of gas delivery (gating of pneumatic valves after MFCs) and VHF power
is achieved by means of delay generators (Stanford Research DG535) controlled
via LabVIEW. There is a time delay (~10s) between change of gas flow at the
gas-box MFCs and arrival of gas at the chamber, which is factored into the timing
sequence.

For ellipsometry measurements, a two-layer optical model is used which con-
sists of a bottom layer of SiO, and a varying top layer representing SiOy and a
fluorocarbon layer, parametrised with a Cauchy dispersion relation. This model
provides a good approximation of the data since the refractive indices of the flu-
orocarbon layer and underlying SiO film are similiar [65], 150, T51]. In any case,
the small differences in refractive index of the layers are negligible due to the
large differences in thickness between the FC layer (~1nm) and the SiO, layer
(~900 nm).

During ion etching in the removal half-cycle, fluorine atoms in the FC layer
react with the silicon atoms in the SiOs to form SiF, by-products while carbon
atoms react with oxygen in the SiOy to produce gas-phase CO, molecules. Al-
though a plateau in thickness change is detected after 2 minutes of an Ar plasma
in the removal step, there are drifts in etch-per-cycle (EPC) over subsequent ALE
cycles and in variability across several samples. We identified that this is due to
a significant accumulation of CF, on the chamber walls, which has been shown
previously [64, [152] to induce changes in the plasma condition of subsequent de-
position half-cycle steps, and in turn causing EPC variation as it enters gas-phase.
This results in a non-fully self-limiting etch. The effect of CF, build up is even
more pronounced in large-volume reactors (ICPs, ECRs) because the fractional
area of the pump to chamber walls is even smaller.

We add O, to the Ar discharge in the removal half-cycle, to prevent wall

deposits in the deposition half-cycle and incomplete removal of reactants in the
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Figure 4.8: Schematic of gas and VHF power delivery times employed during the
ALE process with the addition of Os in the removal step.

etch-back [66], and therefore to increase etch stability and achieve fully self-
limting etch. In an Ar plasma, the physical interaction of Ar ions with the surface
drives the oxide removal, whereas the addition of O, means that both physical
and chemical reactions play a role in the etching mechanism. The Ar/O, plasma
accelerates the removal of excess carbon on the surface as CO and CO,. Figure
shows the typical process sequence for ALE cycle with the addition of Oy in
the etch-back half-cycle. The thickness change of SiO, as a function of process
time is plotted in Figure 4.9l Following FC deposition, etching is initiated and
plateaus after 30 seconds. Increased exposure time to the Ar+0O, discharge shows
no change in SiO, thickness. This is evidence of fully self-limiting behaviour; we
are in a regime where ion energies in the removal half-cycle are more than the
threshold energy to initiate reaction of the FC reactive layer with the substrate,
but less than the physical sputtering threshold.

Total thickness etched after 1, 3, 10 and 25 ALE cycles and corresponding
EPCs are plotted in Figure [4.10] with error bars representing variation across
different sample runs. Reproducible EPCs of 0.4-0.5nm/cycle are obtained (1
monolayer of SiOq is 0.35nm [I53]), and it is clear there is no significant drift in

EPC with increasing cycle number.

Monitoring of optical emission is a time-honored approach to plasma-etch end
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Figure 4.9: Thickness change of SiO2 as a function of process time.

point detection [154]. In this way, selected chemical species identified as volatile
by-products of the process are tracked as an indication of the extent of material
removal. Here, we track CO emission as an indicator of etch-stop in the fluoro-
carbon based ALE removal of SiO,. Figure M(a) plots the peak intensity of CO
optical emission as a function of process time with only Ar in etch-back step. As
shown in Figure [f.11}a) the CO emission line initially increases then decays to
an intensity higher than before etch initiation. This supports our previous obser-
vation of variable EPC and CF, accumulation on the chamber walls. With only
Ar, there is incomplete removal of reactants in the etch-back. Whereas, as shown
Figure [£.11|(b), the addition of O, accelerates the removal of excess carbon. The
CO emission signal increases at a faster rate than in pure Ar, and decays rapidly
to an intensity lower than before etch initiation. A plateau is discernible after
25 seconds. This decay and plateau time is consistent with the active-etch-period
in Figure [4.9]

Although a fully self-limiting removal process is evidenced in Figure and
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Figure 4.10: Total thickness etch and corresponding EPC(etch-per-cycle) as func-
tion of number of cycles.

4.11)(b), it is important to investigate the composition of the SiOy surface af-
ter several cycles of ALE. Ideally, the surface at the conclusion of SiO; ALE
cycles should be completely free of any C-related species [136]. Several reports
[64], [68], [156] show evidence of a carbon-rich residue remaining on the surface with
Ar plasma in the etch-back removal step. In a conventional ICP system, Kaler et
al [68] showed a 0.2 nm thick C-film accumulates over the course of multiple cycles
to the point of impeding subsequent etching. In an attempt to suppress the build-
up of carbon residue, they added 2% O; to the Ar plasma in the removal step.
Although the carbon buildup is slowed, the EPC also reduced from 0.19nm/cycle
to ~0.04 nm/cycle, while adding 20% O, stopped etching completely.

Table compares the SiO, elemental composition from XPS survey scan,
and Figure plots the Cls spectra for initial SiO, and after 10 cycles of our
ALE process with Ar+0O; in etch-removal. The peak intensity in Figure 4.12]is
not directly representative of carbon content. Instead, from Table the car-
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Figure 4.11: OES intensity of CO emission line as function of process time with
Ar only (a) and with Ar+O (b) in etch-back step.

bon content before treatment is 6.46% compared to 4.57% after 10 ALE cycles.
The Cls spectrum is shifted slightly to higher binding energy indicative of some

residual fluorine (6.57%). However, there is no evidence of shifting to lower bind-

ing energy in Figure [4.12] i.e. there is no increase in C-C peak bonding. This
validates data in Figures and 4.11{(b), that the presence of O in the etching

step is sufficiently removing any residual carbon atoms, and desorbing from the

surface as volatile CO or CO,.
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4.5 Summary
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Figure 4.12: XPS high-resolution Cls spectra for initial SiO2 and after 10 cycles
of ALE

4.5 Summary

This chapter presents results of an ALE process with a fully self-limiting etch
of SiO,, demonstrated in Starchief; a large-area, low-volume, 2-frequency CCP
(VHF 162 MHz source + LF 27 MHz wafer bias).

Frequency coupling of the VHF source power and the LF bias wafer to dis-
charge conditions is investigated. Electron density measurements show sufficient
separation of the VHF and LF power sources; VHF dominately drives the plasma
formation. Dissociative species of CHF3 are observed using OES. Actinometry
analysis of atomic F concentrations shows a monotonic increase with applied LF
power, whereas increasing VHF power does not contribute to a higher F' content.
The physical sputtering rate of SiO, is measured for increasing LF and VHF
power. The results show sputter rate increases with LF power above 20 W. For a
fixed 20 W LF power, the addition of VHF power does not increase ion energies
(and therefore sputter rate).

Fluorocarbon layers deposited by CHF3/Ar with 300 W VHF (+ 10 W LF) are
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4.5 Summary

Name Position % Composition
[155]
Reference SiOq After 10cycles ALE
Si 2p 103.5eV 34.66 31.37
C1s 285eV 6.46 4.57
O 1s 532.5eV 58.88 57.49
F 1s 686.7eV 0 6.57

Table 4.1: XPS elemental composition from wide-energy-range survey scan of
initial SiO2 and after 10 cycles of ALE

characterised using XPS. Following FC deposition, we investigated an ALE cycle
with only Ar gas flow in the etch-back half-cycle. Drifts in EPC and variability
between samples for this process is attributed to CF, build up on the chamber
walls. With Oy added to the Ar discharge in the removal half-cycle, a fully self-
limiting ALE process is achieved, producing an etch-per-cycle of 0.4-0.5nm/cycle.

This is evidenced by a plateau in etch-back thickness change and also a plateau

in the CO etch by-product emission signal, with a decay time that is consistent

with the active-etch-period measured by ellipsometry. The composition of the

SiO, surface after several cycles of ALE is investigated by XPS, and shows no

evidence of a carbon-rich (such as C-C bond) residue.
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Chapter 5

Conclusions and Future Work
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In conclusion to this thesis, the main results are summarised. The motivation
for this research was to gain further insight into the phenomenological aspects
of Very-High-Frequency (VHF) Capacitvely-Coupled-Plasma (CCP) discharges,
and to investigate the applicability of a VHF multi-tile plasma source to Atomic-
Layer-Etching (ALE) of SiO,.

In Chapter 3, the plasma kinetics, resultant gas-phase chemistry and ion-
induced reactions at the substrate-holding electrode in the PASTIS (single- fre-
quency 162 MHz VHF multi-tile CCP) reactor was explored. Hairpin probe was
used to provide spatially resolved electron density profiles. At a lower gas pres-
sure (50 mTorr), plasma density profile shows a maximum at the tile centre and a
minimum at the tile-tile boundary, whereas, at higher pressure (500 mTorrr) the
density peak is shifting towards the tile-tile boundary. At higher powers, the spa-
tial structure is highly suppressed and governed by diffusion. Results showed that
spatial uniformity can be improved and edge effects can be minimized by chang-
ing the power-pressure matrix; non-uniformities of within 10% are achieved. The
changes in the density profiles and improvements in uniformity with power and
pressure were elucidated by the power coupling mechanisms in a VHF multi-tile
discharge. To evaluate the heating mechanism in PASTIS, the ratio of stochas-
tic to ohmic heating was calculated in a Ny discharge as a function of power at
50 and 500 mTorr. For all conditions, the ratio was greater than 1; stochastic
heating is dominant in the VHF discharge. For increasing power, it was observed
that plasma density increases monotonically (attributed to stochastic heating),
and increasing presssure causes an initial rise then a decrease in plasma density.
A global model approach was used to understand these electron density trends
with pressure.

VHF discharge non-equilibrium was investigated by Optical-Emission- Spec-
troscopy (OES); vibrational (T,;) and rotational (T,,) temperatures in Ny. For
Ty, the sequence of transitions used from the Ny Second-Positive-System (SPS)
align with the Boltzmann plot (correlation coefficient >0.89). There is no evi-
dence of overpopulation in any of the excited states, suggesting minimal contri-
bution from metastables affecting population statistics. The absence of energy
pooling from metastable states (A*¥}) is consistent with a bi-Maxwellian EEDF
in VHF discharge. The resulting T,;, values are in the range of 6250-9400 K, and
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increase with RF power, analogue to plasma density. Measured T,,; (350-450 K)
is slightly above room temperature for all operating conditions. The effect of
RF power and pressure is minimal, mostly within the error bar of 30 K. Lower
operating temperature (inferred from T,,;) are highly desirable for ALE process-
ing; to provide better control of the thermodynamic process window. The highly
non-equilibrium conditions (the large difference between T,; and T,,) in VHF
mean it is highly efficient in producing unique gas-phase chemistry.

A mode transition versus RF power in a low pressure VHF O, discharge was in-
vestigated. The electrode voltage and current, charged particle density, including
negative ions, and ion energy distribution function were measured experimen-
tally as a function of power from 200-1000 W. The results show that an inflection
point is observed in the measured electrode voltage and current. The electron
density increases smoothly across the transition, whereas the ion flux profile has
a change in slope around mode transition. The negative ion density inferred from
electron density and ion flux shows an increase up to the transition point and
then decreases with further rise in power. Due to VHF plasma operation, the
Ion-Energy-Distributions (IEDs) show symmetric narrow distribution. The cor-
responding mean ion energy increases with power up to the mode transition and
then decreases. The results conclude that the observed mode transition is caused
by the change in current coupling mechanisms and modification in the discharge
impedance, including the presence of negative ions. In contrast, for electroposi-
tive discharge and higher-pressure electronegative discharge, the ion energy, and
current and voltage, trends versus power are indicative of diminished negative
ions and evidence of electrical asymmetry; the push-pull delivery of the Power-
Splitter-Transmission-Line-Driver (PSTLD) result in floating electrode tiles that
develop a DC bias such that plasma potential oscillations are substantially re-
duced. The PASTIS system, resembling a symmetrical geometry is shown to
achieve quasi-independence of ion flux (electron density) and ion energy.

Chapter 4 presented results from the Starchiefreactor; 2-frequency CCP (162 MHz
VHF multi-tile source + 27 MHz bias at wafer). First, the effects of VHF and
low-frequency (LF) powering coupling on plasma parameters were investigated
to provide insight into the operational window and favourable conditions to re-

alise ALE behaviour in our experimental system. Electron density measurements,
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from hairpin probe, show sufficient separation of the VHF and LF sources; VHF
dominantly drives the plasma formation.

The composition of fluorocarbon layers deposited for ALE is related to the
gas-phase chemistry of the plasma. Therefore, relative reactive species densities
from actinometry OES were investigated; atomic F (and CF3) concentrations
(relative to Ar) as a function of either applied LF power or applied VHF power.
The results shows a monotonic increase in the atomic F densities with applied
LF power, whereas increasing VHF power does not contribute to a higher F con-
tent. The CFy/Ar ratio exhibits an eventual decreasing trend with applied LF
power, while for VHF the ratio increases with power. The results, with applied
LF power, indicate an increase in mid-energy electron densities in the EEDF, to-
wards Druyvesteyn, which results in higher probability of the identified reaction
pathways (producing higher F' concentrations).

The ion energy effects, inferred from measured sputter rates, showed an in-
crease in sputter rate for LF power above 20 W. However, for a fixed 20 W LF
power, the sputter rate remains approximately constant with the addition of the
VHF source power up to 500 W. This important result indicates that the addition
of VHF source power does not increase ion energies on the opposing substrate
electrode in 2-frequency operation, and is also consistent with the IED results in
the PASTIS reactor.

The atomic composition and chemical bonding of the fluorocarbon layers de-
posited with CHF3 by the LF and VHF formed plasmas were investigated by
Xray-Photoelectron-Spectroscopy (XPS) analysis. After 2 minutes of CHF3/Ar
plasma exposure with LF power only, the high-resolution Cls spectrum showed
contributions from the underlying SiOs; two of the fitting peaks in the spectrum
are attributed to C-O and C=0 bonding. Following FC deposition with 300 W
VHF (+10W LF) we investigated an ALE cycle with only Ar gas flow in the
etch-back half-cycle. Drifts in EPC and variability between samples for this pro-
cess were attributed to CF, build up on the chamber walls. To prevent wall
deposits in the deposition half-cycle incomplete removal of reactants in the etch-
back, we added O, to the Ar discharge in the removal half-cycle. This results
in a fully self-limiting SiOy ALE process, producing an etch-per-cycle (EPC) of
0.4-0.5nm/cycle. This is evidenced by a plateau in etch-back thickness change
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and also a plateau in the CO etch by-product emission signal, with a decay time
that is consistent with the active-etch-period measured by ellipsometry. XPS
analysis of the composition of the SiOy surface after several cycles of ALE shows
no evidence of a carbon-rich (such as C-C bond) residue.

In conclusion, we demonstrated the applicability of a VHF multi-tile plasma
source to ALE of SiO;. The advantage of the unique gas-phase chemistry and
reduced ion-energy at the substrate electrode in VHF facilitates fully self-limiting
etching of SiO,. This also means the broader process window of VHF excitation
allows for variability to future applications and requirements.

Future work, therefore, could include investigation into selectivity to other ma-
terials. For the application to Self-Aligned-Contact (SAC) (Section struc-
tures, high etch selectivity of SiO, over SizNy is required to maintain the SizNy
spacer after SiOg removal. The threshold for physical sputtering of SigNy(~20eV)
is lower than for SiO,. However, due to differences in bond strength, substrate
stoichiometry, and volatility of reaction by-products, the SizN, surface exhibits
a lower carbon consumption. Conventional selective plasma etching of SiOs to
SizNy exploits this carbon consumption difference. Specifically, in selective ALE,
the FC film thickness and composition can be controlled independently, unlike in
conventional RIE. The thickness of the deposited film can be controlled by the
duration of the modification half-cycle and, generally, the type of fluorocarbon
feed gas determines the composition of the FC layer. However, if the composition
of the FC film can be changed by altering the plasma chemistry for a given parent
feed gas, then this would offer additional process variability. Preliminary experi-
ments during this PhD work from pulsing the VHF fluorocarbon discharge during
the ALE cycle show some promisingly results. For a pulse period of 45ms (gas
residence time ~450 ms), we investigated a 30% duty cycle of 1000 W to be compa-
rable to the steady-state power condition presented in Section XPS analysis
of the deposited fluorocarbon layer showed a reduction in the fluorine-to-carbon
ratio, and also a reduction in the AF/C ratio, suggesting there is less substrate
fluorination. Furthermore, for this pulse-VHF plasma condition, the composi-
tion of the SiO, after several (10) cycles of ALE showed less residual fluorine as
compared to the steady-state ALE condition. It would be fruitful to investigate

further if a time-modulated VHF discharge could control the generation ratio of
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CF, radicals to F atoms, and subsequently affect the FC film composition and
etch selectivity. This would require insight into the electron temperature growth
and decay rates by time-resolved hairpin electron density measurements. It may
be possible that control of T, over the pulse period (exploiting time dependence
of dissociation pathways) and control of the pulse period and gas residence time
ratio could provide interesting future results.

This PhD work provided the first experimental evidence of electrical asym-
metry in a multi-tile VHF CCP system. The differential drive by the PSTLD is
floating, therefore it would support the existence of a DC bias and development of
electrical asymmetry. Another important area for future work would be to exper-
imentally measure the existence and magnitude of this DC bias. The challenge
would be to develop a diagnostic probe that will not drain away charge from the
plasma, causing a perturbation and even an additional asymmetry between the

tiles and probe.
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Appendix A

Supplementary Figures

The data in Figure and is supporting material for Section [3.4] Following
[157], the ratio of the positive ion flux to the electron density in electropositive
(Ar) discharge provides a calibration for determining negative ion density in elec-
tronegative (O2). Figure shows the measured electron density (from hairpin
probe) versus power for Ar at 10 mTorr. Figure shows the ion-flux (from

planar flux probe) measured in the same discharge condition.

Figure is supporting material for Section [4.3] Figure
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Figure A.1l: Electron density as function of power measured in Ar 10 mTorr
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Figure A.2: Ion flux as function of power measured in Ar 10 mTorr
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