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Abstract

In this study, physical and chemical interactions during plasma etching of silicon in
capacitively coupled processing discharges were investigated in detail for different HBr and
NF3 mixed chemistries at medium pressures. As publications are very limited, this work
contributes to expand the knowledge of etch fundamentals for high aspect ratio silicon
etching in semiconductor fabrication. The influence of important discharge control
parameters was investigated for both 60 MHz as well as 60+2 MHz dual frequency
operation inside an industrial MERIE CCP reactor typically used for etching high aspect ratio
features for DRAM applications. The final goal of this work was to investigate the utilization
of the dual frequency concept as well as the impact on discharge properties and finally on
etching at relevant substrate surfaces. The complex nature of multi frequency rf sheaths
was both analyzed experimentally and from simulations. The low-voltage sheath dynamics
in front of the grounded electrode was investigated by applying mass resolved ion energy
analysis from a Hiden EQP 500 analyzer installed at the reactor wall. To support an
interpretation of results from plasma diagnostic measurements, a Hybrid Plasma Sheath
Model (HPSM) was used for calculation of ion energy distributions. Discharge composition
and etch processes were investigated in detail by applying standard mass spectrometry,
Appearance Potential Mass Spectrometry (APMS), Quantum Cascade Laser Absorption
Spectroscopy (QCLAS), rf probe measurements, gravimetry and ellipsometry.

A careful analysis was performed for the different techniques to minimize measurement
artefacts and to allow for a qualitative comparison to HPSM calculations. Calibration in the
electrically floating environment could be achieved from IDF structures which enabled for
comparison of different plasma conditions. Interpretation of interactions in HBr/NF3; mixed
discharges was enabled from knowledge about interactions in pure HBr and NF3 discharges.
However, differences from a simple superposition indicated that more complex interactions
can occur during etching on the substrate surface. From a simplified etch model, limitations
of silicon etching in HBr/NF3 mixed discharges are explained by passivation properties of
bromine and oxygen to achieve highly aniostropic etching. Whereas etching is influenced
stronger by the high frequency for NF3; dominated HBr/NF; chemistries, the etch rate
enhancement from the low frequency is more pronounced for HBr dominated mixtures. This
is due to a more efficient contribution of ion flux and ion energy for bromine dominated
HBr/NF3 chemistries, as compared to a more chemically driven etching for fluorine
dominated mixtures. Hydrogen radicals from dissociated HBr can be an effective loss
channel of fluorine radicals which shifts the equilibrium for the etch process. Empirical
found process settings used for high aspect ratio silicon etching in complex HBr/NF3/05/
SiCl, discharges appear already well optimized with regards to the process chemistry. From
the knowledge obtained here, the potential for further improvements is expected to be low.

From this work, the concept of separate control of ion energy and ion flux by the two
frequencies works generally well for the investigated reactor setup. The high frequency
mainly determines ion flux and radical formation in the halogen discharges, whereas ion
energies are strongly influenced by the low frequency. Deviations from an ideally separated
control of ion flux and energy are caused by influences on discharge parameters and
interactions between the two frequencies since the rf power sources are coupled to each
other in the current setup.

ix






1 Introduction

For the last decades, the interest in fundamentals and applications of low temperature
discharges has been growing tremendously. In semiconductor device manufacturing, the
use of plasma technologies for structuring nanoscale anisotropic features has mostly
replaced traditional wet etch techniques. In fact, plasma etching, or more specifically
reactive ion etching (RIE), is understood as the only commercial technology to achieve
highly anisotropic etch profiles. With the combined chemical and physical reactions in
reactive ion etching, disadvantages of purely chemical and physical processes can be
overcome. Chemical etching for example causes isotropic etch profiles resulting in an
undercut below the mask layer. Underetching results in widening of critical dimensions
(CDs) that becomes more severe for decreasing feature dimensions in sub 100 nm
technologies. Purely physical sputtering reveals reduced selectivities and can further
support unwanted crystal damage, as well as deposition of nonvolatile sputter products.
For a long time, Dynamic Random Access Memories (DRAMs) have been the technology
drivers for innovative processing to realize required structures in highly integrated circuits.
During the development of 4 MBit DRAMs in the late 1980s, the cell size became for the
first time smaller than the electrode area of a planar storage capacitor. This resulted in the
introduction of a three-dimensional storage capacitor [1-3]. During development of the 4
MBit DRAM (Dynamic Random Access Memory) storage capacitor, the DT (deep trench)
capacitor cell concept was followed by the majority of DRAM producers. Therefore, DRAM
fabrication has driven trench technology requiring appropriate dry etch processes for
etching trenches into single crystalline silicon. Today, deep trench etching development still
remains as one of the biggest challenges in semiconductor fabrication, driven by the
demands of high etch rate, anisotrope profile control, selectivity and process uniformity
that become tighter with further decreasing feature sizes. These demands strongly require
well understood and characterized process fundamentals. Due to the high complexity, such
knowledge is usually poor and empirical process methodologies are typically applied. By
investigating more closely general chemical and physical interactions during etching silicon
in single as well as dual frequency HBr and NF3 based discharges, this work shall contribute
to expand the knowledge of etch fundamentals to enable a more efficient process
development. The final goal of this work was to investigate in particular the utilization of
the dual frequency concept. The work presented here was conducted at Qimonda Dresden
GmbH & Co. OHG and the former Infineon Technologies Dresden GmbH & Co. OHG.

Plasma based processes mainly depend on energetic ions that are accelerated before
they hit the substrate. During plasma processing, substrates are in direct contact with the
discharge and are set to a negative potential which accelerates positive ions to the surface.
Ion acceleration is achieved in the comparably small plasma sheath region where the
electric field is much higher than inside the plasma bulk. Thus, control and optimization of
plasma processes requires a detailed knowedge of this plasma sheath area. Sheath
properties and ion energy distribution functions (IEDFs) are determined by the discharge
type, where in principle dc and rf discharges are common. Depending on the nature of
coupling the electric field, rf discharges can be further divided into capacitive and inductive
discharges. Capacitive discharges are suitable to provide high sheath voltages which makes
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them favorable for situations where high ion energies are required. Therefore, only
capacitive discharges will be discussed in more detail here. Besides providing high ion
energies, another essential advantage relies on a mostly vertical impact angle of the
projectile ions which allows to achieve highly anisotropic features with high aspect ratios
(i.e., trench depth to trench width ratio). Close control of the ion energy enables to adjust
etch rates as well as optimize removal of passivation layers at the bottom of even very deep
features. Besides ion energy, the ion flux is an important parameter in etch processes. The
rf power controls both ion energy and the ion flux to the substrate. Manipulation of the ion
transport in the sheath and hence the ion energy distribution function (IEDF) is highly
desirable to optimize material processing.

Whereas a temporally constant electric field exists in dc discharges, the field is oscillating
in rf discharges. Since a considerable extent of the discharge current in the sheath region
is due to displacement current, the oscillating nature is of advantage for discharge
operation with electrodes covered by insulating and semiconducting materials or
substrates. Moreover, this relegates the need of substancial electron emission from the
electrodes to sustain the discharge, as required in case of dc discharges. However,
secondary electron emission may significantly influence the discharge behavior and could
cause a discharge transition from the low-voltage (or o) to the high-voltage (or y) mode
with increasing discharge current density [4-6]. While at low rf discharge voltages the
ionization is maintained by the bulk plasma electrons, the ionization at high voltages is
provided by secondary electron emission from the electrodes due to ion bombardment.
Both transitions involve changes in the electron distribution function (EEDF) and the mean
electron energy. For reasons of processing insulating or semiconducting materials, most
plasma technology applications use rf discharges. However, this is in strong contrast to the
current status of knowledge about the sheath and ion energy distributions. Whereas
distributions in dc discharges are well understood today, knowledge about the sheath
dynamics in rf discharges can only be classified as qualitative. This is basically due the
highly complex nature of ion distributions in rf discharges [7,8]. The inhomogeneous and
time dependent behavior of the sheath structure as well as the influence of collisions on the
ion dynamics in the sheath region highly complicate investigations of IEDFs. Since ion
bombardment is essential in anisotropic etching of semiconductor materials in rf plasmas
[9] and etch anisotropy and rates are subject to variations in ion flux and ion kinetic
energies [10], knowledge about IEDFs appears crucial for application of plasma
technologies. A close examination of ion distribution functions for different discharge
parameters and chemistries is therefore one of the main subjects in this work. Sheath
properties have been extensively studied in literature in the limit of collisionless particle
dynamics and almost exclusively in laboratory systems typically comprising noble gases or
basic molecular discharges [11-15]. However, there is still a lack of experimental studies
for typical processing discharges with electronegative gases involved and medium
pressures applied (i.e., hundreds of millitorrs) where the sheaths are collisional. The ion
flux to the substrate is determined by the ion density which for electronegative discharges
can considerably deviate from the electron density in the plasma bulk. The experiments
performed here concentrate upon relevant electronegative discharge chemistries at
medium process pressures typically used in DRAM processing.

Besides contribution of ion energy and ion flux, surface processes in plasmas are
importantly influenced by the flux of energetic neutrals and reactive particles (radicals).
Energetic neutrals result from charge exchange collisions between energetic ions and



initially thermal (parent) neutrals in the sheath. Ion-neutral collisions in the sheath are very
likely to occur for typical process pressures of several ten or hundred millitorrs. Radical
formation is mainly determined by the plasma chemistry and influenced by the EEDF. The
EEDF itself is determined by the discharge design and can be influenced by the dissipated
power (e.g., power modulation, power pulsing). Dissociation, ionization and excitation
mechanisms, and further elastic scattering, charge transfer, generation and destruction of
negative ions, and gas-phase and surface chemical reactions have to be considered since
they are critical to most processing applications. The complexity of potentially significant
gas phase reactions in molecular discharges can be overwhelming. Modeling molecular
discharges is mostly limited by the fact that most cross sections have neither been
measured nor calculated. This expresses the general need to apply in situ diagnostic
techniques as well as computational effort to overcome these limitations.

In this work, rf sheath dynamics at the low-voltage boundary sheath of asymmetric
Capacitively Coupled Radio Frequency (CCRF) discharges are investigated for different HBr
and NF3 mixed chemistries. Experiments are conducted for both single as well as dual
frequency discharge operation inside a prototype commercial Applied Materials HART (High
Aspect Ratio Trench) CCP (Capacitively Coupled Plasma) reactor [16] at medium pressures
typically used for etching high aspect ratio features for DRAM applications. A mass resolved
ion energy analyzer (Hiden EQP 500) is installed at the grounded reactor wall to enable
measurements of ion distributions after passing the low-voltage boundary sheath, as well
as the discharge composition (feed gas dissociation and etch products, by-products, etc.).
To support an interpretation of results from plasma diagnostic measurements, a Hybrid
Plasma Sheath Model (HPSM) [17,18] is used for the calculation of angle-resolved ion
energy distributions. To enable a comparison between measured ion velocity distributions
and calculated ion energy distribution functions at the low-voltage boundary sheath, special
emphasis is placed on a determination of relevant transmission functions. The discharge
composition is investigated as well by applying standard mass spectrometry, Appearance
Potential Mass Spectrometry (APMS), Quantum Cascade Laser Absorption Spectroscopy
(QCLAS), and rf probe measurements. Based on QCLAS, a new diagnostic arrangement -
the Q-MACS Etch system - is designed and tested during different experiments performed
in this work. Here, the Q-MACS Etch system is applied for in situ monitoring of NF3 feed
gas as well as SiF4 etch product molecules in the HART plasma reactor. Additional standard
techniques are used to characterize etch processes at different relevant substrates.

This chapter will start with an overview about the current understanding of CCRF
discharges. Concepts of plasma boundary sheaths and aspects of the sheath ion transport
are discussed in more detail to provide a basis for the discharge characterization performed
in this work. A first insight is given into the two main techniques applied in this work, i.e.,
mass resolved ion energy analysis and infrared absorption spectroscopy based on narrow-
bandwidth quantum cascade diode lasers. Principles of the HPSM simulator are introduced
as well. In chapter 2, details of the mass resolved ion energy analysis technique will be
discussed further where special emphasis is placed on enabling a comparison of measured
ion velocity distributions and calculated ion energy distribution functions. This requires to
determine relevant transmission functions for the EQP probe which can then be used for
processing of angle-resolved IEDFs from HPSM simulations. In chapter 3, additional plasma
diagnostic methods and measurement techniques used during this work are described
briefly. After a short introduction of the HART CCP reactor design and specifics of the
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experimental setup at the plasma reactor, chapter 4 finally deals with a successive
development of knowledge for complex molecular halogen mixed discharges which are
typically used for high aspect ratio silicon etching. Initial basic studies in this work comprise
electropositive argon as well as electronegative HBr and NF3 discharges. Generally, only
the most relevant process parameters (e.g., applied power, discharge pressure, gas flow
rates, magnetic fields) are investigated for 60 MHz single frequency as well as 60+2 MHz
dual frequency discharges. To get a more detailed insight into the complex plasma
chemistry and sheath behavior for processing discharges at typical operating conditions,
further analysis is performed for different HBr/NF3 mixed chemistries, and finally for
complex HBr/NF3/0,/SiCl4 discharges. A summary of the results obtained during this work
will be conducted in chapter 5.

1.1 Capacitive rf discharges

CCPs, or more specifically CCRF discharges, are the most widely used low-pressure
discharges for processing applications [4,19,20]. These discharges are sustained by rf
currents and voltages applied to an electrode immersed in the plasma which leads to
formation of a high-voltage capacitive sheath between the electrode and the plasma bulk.
Low-temperature plasmas investigated here are characterized by charged particles and
neutrals which are not in thermodynamic equilibrium. The electron mean temperature T,
is typically in the range of a few electron volts (=1...4 eV), whereas the ion and neutral
gas temperatures T, and Tg are close to room temperature (=0.025 eV). This property
arises from a rather inefficient energy transfer from electrons to heavy particles as a result
of the strongly different mass ratio of the colliding species. The non-equilibrium property
of low-temperature rf discharges is in general attractive to be used in processing
applications for treatment of insulating, semiconducting and conducting materials.

Most commonly, a parallel plate reactor arrangement with one electrode grounded and
the other one powered is used (cf., Fig. 1.1-a). The powered electrode is typically driven
with a high frequency (sinusoidal) voltage. The operating frequency o = 2=xf is typically
above the ion plasma frequency O, but well below the electron plasma frequency Ope
(a)pi <O« o)pe). Assigned by international telecommunication laws, 13.56 MHz and
harmonics therof are most commonly used for industrial applications. At this frequency,
electrons readily follow the oscillations of the rf electric field while the heavier ions can only
respond to the time-averaged field. For example, a typical argon discharge with a plasma
density of 1010 cm™3 yields f A\t = O, +/21 = 3.3 MHz and f,, = 0,./2n = 897.8 MHz.
As indicated in the schemat?c,r the gprc;und electrode area usually exceeds that for the
powered electrode in industry relevant reactors. Due to the blocking capacitor, the dc
current must be zero. Thus, under steady state conditions the electron flux must balance
the ion flux during one rf period at both electrodes. Due to their higher mobility, the
electrons will reach the surface surrounding the plasma much faster than the heavier ions.
To ensure a balanced charge carrier flux, a negative potential V4. develops for the
stationary case. This negative potential suppresses the electron current during the main
part of an rf period. For minimum dc bias and rf total voltage, a high electron current pulse
flows to the electrode to balance for a constant low ion current incident on the electrode
surface. This eventually leads to the buildup of a positive space charge region (sheath)
between plasma and electrodes which breaks quasi-neutrality in front of the electrodes.
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The corresponding sheath electric field accelerates ions to the electrodes and repels
electrons. Positive ions leaving the plasma bulk and moving towards the electrodes gain
energy through acceleration by the sheath electric field, corresponding to the potential
difference between plasma bulk and electrode surface. In contrast to the stationary case
of a dc discharge, the sheath is modulated by the rf voltage of the rf power drive. The
sheath region extends to a maximum and retracts to a minimum value. During typical
application of high rf peak voltages, the sheath region s exceeds the electron Debye length
Ap , which is the minimum scale length in the discharge. Generally,

%
s = fo(Vj (1.1)
where
kT
Ve = Be e (1.2)
and

enkn T,
Ap = /023 e (1.3)
en

where n is the plasma density in an undisturbed plasma bulk. More specifically, the sheath
thickness will be discussed for the Child law high voltage sheath model in section 1.2. The
electron Debye length is the characteristic scale over which mobile charge carriers screen
out electric fields in quasi neutral plasmas. For the example of an argon discharge with a
plasma density of 1010 cm3, the electron Debye length is about 100 pm.

As discussed above, most capacitive discharges are asymmetric since usually more
electrode surface area is naturally grounded than driven. This applies also to the reactor
used in this study. As a result, a larger rf voltage drop occurs across the sheath in front of
the smaller (powered) electrode which hence yields higher ion bombardment energies at
the powered electrode. For a qualitative investigation of capacitive discharges, a simplified
equivalent circuit can be used as shown in Fig. 1.1-b. The sheath regions in front of
powered and ground electrode are each represented by a capacitor, a resistor and a diode
connected in parallel. Each capacitor represents the displacement current, the resistor
represents the ion current and the diode represents the electron current in the respective
sheath. The plasma bulk is described by a resistor which represents the electron current.
Due to the high electron mobility, the plasma bulk resistance is typically very low. The
electron inertia can be accounted for by an inductor. Since the inductive impedance of the
plasma bulk is rather small compared to the capacitive impedance of the sheaths, the
inductor is neglected here. The electrode potential in rf discharges can be expressed by

V(t) = Ve + V() (1.4)

where in case of a purely sinusoidal rf voltage one obtains V, .=-V [15]. The electrode
voltages for the asymmetric case discussed here can be roughly estimated from the
equivalent circuit in Fig. 1.1-b, by assuming the displacement current dominates the
conduction current. This is valid for operating frequencies exceeding the ion plasma
frequency, from the capacitive voltage divider one obtains

Vel _ C\\—gr)4 (1.5)
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for the collisionless Child-Langmuir law [20]. This scaling with the fourth power of the
electrode area ratio could not be verified experimentally. Instead a much weaker scaling is
usually observed according to

Vel _ C\—\%Dq (1.6)

Vgr-

with the exponent g<2.5. Here, g=2.5 corresponds to the limit of a collisional sheath
[20]. From this discussion, limitations of the simplified equivalent circuit become obvious.
This is mainly a result of not accounting for losses by the simple sheath model.

(a) _ (b) _
R —T-°¢C D,
Agr ar gr gr
Plasma |:| Rpl
Ael
Rel 1T Cel Del

T b T Cb
vrf ® v,

Figure 1.1: Asymmetric CCRF discharge: (a) schematic, (b) simplified equivalent circuit.

One primary limitation of CCRF sources is that the ion flux to the substrate can not be
varied independently of the ion bombardment energy. High power levels must be employed
to obtain high ion densities required for processing applications. This however yields an
increased voltage drop across the sheaths and simultaneously raises the ion impact energy
at the surface, causing damage to the substrate. Recently, limitations of conventional
single frequency driven discharges have been overcome by application of multi-frequency
power sources [21-29]. Combinations typically include a high- and low-frequency drive
enabling for (fairly) independent control of plasma density (and hence ion flux as well as
radical density) and ion energy by controlling the sheath voltage. Frequencies are chosen
both below and above the characteristic ion plasma frequency, such that ions can still follow
the low frequency oscillations but not the the high frequency component. The HART reactor
used in this work applies a 60+2 MHz frequency combination. The 60 MHz frequency rf
power source is used to sustain the plasma and control the plasma density, whereas the 2
MHz frequency drive allows to control the ion energy.

The energy of a positive ion depends on the frequency applied to the plasma. For 60 MHz,
high frequencies where the ion transit frequency (cf., equation 1.62) exceeds the rf
frequency, the ion dynamic is determined by the time-averaged field since the ions are not
able to follow the oscillations due to their inertia. In this case, the potential difference
between plasma bulk and substrate determines the ion energy incident on the electrode.
For 2 MHz excitation where the rf frequency is below the ion transit frequency, ions cross
the sheath in a fraction of an rf period and hence experience a nearly stationary electric
field. In this case, the ion energy is typically characterized by the delivered rf peak voltage.
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Higher frequencies produce a reduced ion bombardment energy and thinner sheaths for a
given ion flux to the substrate and permit the addition of a second low-frequency driving
voltage. For a wide separation of the frequencies for the high and low frequency drives,
independent control of the ion flux and energy can be achieved [20]. At low pressures
(p<50 mTorr), the ion flux T'; onto the substrate can be expressed as

where ng is the plasma density at the plasma sheath boundary, and vg,,,, is the Bohm
velocity [20]. The impact energy of ion projectiles striking the electrode surface depends
on the sheath potential influencing the ions while traversing the sheath. The energy gained
by ions traversing the sheath is orders of magnitude higher compared to the initial thermal
energy at the plasma sheath boundary. For sufficiently low pressures (p <50 mTorr), the
energy gain approximately corresponds to the energy equivalent potential drop

E = eV, (1.8)

with the time-averaged sheath potential V. Therefore, if plasma density and sheath
voltage can be controlled separately, the ion flux and the ion impact energy onto the
substrate can be controlled independently. For higher pressures, the energy is reduced due
to collisions in the sheath. Also, it should be noted that electromagnetic effects like standing
waves and skin effects can become severe at high frequencies which can not be described
with conventional electrostatic analysis [30].

To further improve the performance of capacitive discharges by achieving lower sheath
voltages and higher ion densities (and independent control of both parameters), capacitive
discharges can be modified by implementing a magnetically enhanced reactive ion etcher
(MERIE) or rf magnetron [20]. In these discharges, a relatively weak (50-200 G) dc
magnetic field is imposed parallel to the surface of the rf powered electrode. A number of
effects are introduced by the magnetic field, yielding higher densities and reduced sheath
voltages at fixed absorbed powers. The magnetic field yields strong nonuniformities of the
plasma for both radial and azimuthal directions which is attributed to Z:x I_3> drifts, where E
and E are the local dc electric and magnetic fields, respectively. The Lorentz force

F, =q-vxB (1.9)

provokes electrons to circularly move along the magnetic field lines. For an electric field
which is superposed by a magnetic field, the electrons do not move any longer parallel to
the electric field lines. This results in a reduced effective loss area of the discharge and
hence in an increased electron (and ion) density. Hence, the plasma can be sustained at
quite low pressures during application of a magnetic field. Besides a reduced power loss,
the electron effective path is increased by the gyrating motion which leads to an enhanced
probability of collisions with the neutral background gas, and finally to an increased ion
density. Electrons injected ideally 90 degrees with respect to the magnetic field will move
circularly, all other electrons will rotate along the field lines. Hence the plasma is distorted
towards the field lines which affects to process uniformity. These inhomogeneities are
avoided by rotating the magnetic field at low frequencies (typically about 0.5 Hz) such that
the time-averaged plasma density is equally distributed with respect to the substrate
surface.
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Although models and discussions are almost exclusively based on electropositive
discharges, principles also apply to electronegative discharges which are typically applied
for various plasma technologies, and further constitute the majority of discharges
investigated in this work. A good review on electronegative plasmas has been recently
given by Franklin [31]. Electronegative plasmas are generally defined as plasmas formed
in electron attaching gases and having a significant density of negative ions that they must
be taken into account. Quasi-neutrality and ambipolarity still hold in electronegative
plasmas, i.e.,

Ny = N+ Ny (1.10)
and
iy =T+ T, (1.11)
where
iy = NiyVig, (1.12)
Ty = NgVe (1.13)
and
I = nvg. (1.14)

The negative ion temperature is comparable to that of the neutral gas, and hence about
T,.~0.01T7,. (1.15)

The fact that T,_ « T, is described as the main feature differentiating active electronegative
plasmas from electropositive ones. It results in electrostatic fields that slow down the
electrons and speed up the positive ions which in turn effectively reduces the negative ion
wall flux to zero. Negative ions are born and die in the plasma volume, resulting in a
structured plasma with an ion-ion core and an outer electron-positive-ion plasma. The size
of the core increases with electronegativity and further as the rate coefficient for ionization
approaches the attachment rate coefficient [31]. As well, the ion-ion core structure is
expected to change with pressure. The low-mobility, low-temperature negative ions
typically constitute most of the negative charge and hence essentially influence the
discharge dynamics. This is in contrast to the properties of conventional electropositive
plasmas that are characterized by the large mass difference between the positive and
negative charge carriers. The proportion of negative ions to be significant is described for
an electronegativity a>3 at low pressures and o> 300 at higher pressures [31], where
the electronegativity o is defined as the ratio of the negative ion density n, and the electron
density ng

o=n,/ng. (1.16)

For the range of gases used in microelectronics processing, the electronegativity can
typically range from 1 to about 1000. From experimental investigations and simulations,
the electronegativity in the ion-ion core can rise to 30 in oxygen [32-35], 200 in chlorine
[36] and can exceed 1000 in SFg [37].

For modeling of low-pressure electropositive discharges, volume electron-ion
recombination processes are usually neglected. For investigation of electronegative
discharges it is however not straightfoward to neglect negative-positive ion recombination
due to its large rate constant. General consideration on electronegative plasmas include
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moderate to high electronegativities where calculation are most often performed for
oxygen and chlorine [20,31]. In electronegative plasmas with n, «n;, the voltage drops
across the bulk resistors can be comparable to or even exceed the voltage drops across the
sheath capacitors, and the discharge can enter a resistive regime [20].

1.2 Plasma boundary sheath

As a consequence of the different mobilities of the plasma species, a boundary sheath is
formed between the plasma and a wall in contact with the plasma. Sheath properties have
been extensively investigated using theoretical models [38-43]. In contrast to the plasma
bulk, strong electric fields are generated in the sheath region accelerating positively
charged particles and repelling negatively charged species. Positive ions created in the
plasma bulk enter the sheath region, gain energy through the sheath electric field
acceleration and can loose energy through collisions. Hence, the boundary sheath
determines important aspects of plasma-surface interactions. The ion impact energy onto
the electrode surfaces depends on sheath characteristics, like sheath potential, sheath
thickness, ion-neutral mean free path, transit time through the sheath [44,45].

For a collisionless sheath, the behavior of ions and electrons in the sheath can be
described by simple models [20]. Variation of the sheath potential @, is described by
Poisson’s equation

d2d>s e
— = ;[”e(‘bs)—”i(q’s)] (1.17)
dx 0
with the electron and ion densities n (®,) and n;(®,), and g, the permittivity of free space.
A complete solution of this nonlinear equation can only be found numerically, details are
discussed for example in [20] and shall not be further investigated here. At this point it
should be emphasized that the following assumption must be met to obtain physically
meaningful solutions:
kBTe

m;

(1.18)

Vs2Vgohm =

which is known as the Bohm sheath criterion for the formation of a sheath. The ion velocity
at the sheath edge v, must exceed the critical value of the Bohm velocity vg,,, - In order
to accelerate the ions to the Bohm velocity, a small electric field must be present between
the bulk plasma and the sheath [39], which happens in an essentially neutral presheath
region. A small potential difference has a quite significant influence on the thermal ions with

_ |kgT;
v, - /TI (1.19)

whereas the already hot electrons are virtually not affected. At the sheath-presheath
boundary there is a transition from subsonic (v;<Vgyhy ) to supersonic (V> Vgyny ) i0N
flow which leads to a breakdown of charge neutrality. The transition can arise from
geometric contraction of the plasma, from friction forces in the presheath or from ionization
in the bulk plasma [39]. For the limit Opj « O where the ions experience an average sheath
potential it can be shown that the Bohm criterion is still valid in high frequency rf discharges
[46].
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Sheath potential at a floating wall

By equating the electron and ion flux at an electrically floating wall, the dc potential
difference between the plasma and the wall can be determined. Both fluxes should balance
each other in the sheath

I =T,. (1.20)
From flux conservation in the sheath the flux of ions at the floating wall equals the ion flux
at the sheath edge

where ng is the plasma density at the sheath edge. The electron flux at the wall is given by

1 ed N
e = Znsexp(m) Ve (1.22)

where T, is the electron temperature and v_e is the electron mean velocity for an assumed

Maxwellian distribution
_ 8k, T
Vo= |—B-€. (1.23)
Mg

The dc sheath potential can now be calculated to

kpT, m;
_ "B'e i
O, = e In(—ZTE e) (1.24)
which yields a proportional scaling to the ion-to-electron mass ratio m;/m,, and the

electron temperature T.. According to (1.24), the floating potential becomes more
negative at higher electron temperature and ion mass, which is illustrated for various ion
species in Fig. 1.2. The energy different ions can gain in the presheath and sheath are found
to be E(H3)=3.7kgT,, E(F')=4.8kgT., E(Ar')=5.2kgT,, E(Br')=5.5kgT,,
E(Br;)=5.9kgT, -

0 1 2 3 4 5 5} 7 8 9 10 11
To [eV]
Figure 1.2: DC sheath potentials for sz , 19F*, 40pr+ 80yt 160Br;r ionic sheaths in front of a
floating electrode plotted as a function of the electron temperature according to (1.24).

High voltage sheath

Application of external high potentials to the powered electrode changes the sheath
potential. A simple model describing the high voltage sheath is the Matrix sheath model.
Unlike the zero net current requirement of the floating wall sheath, the potential difference
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between plasma and electrode sets the sheath conditions here. The model is hot completely
accurate by assuming the ions to be fixed in a uniform matrix, i.e., homogeneously
distributed throughout the sheath (n; = constant). The electron density is assumed to be
zero in the sheath since electrons are confined in the plasma bulk which is due to the large
potential barrier between plasma and biased electrode. The sheath potential can be
calculated by

B ensx2

D, = (1.25)

280

with x ranging from zero at the plasma/sheath boundary to s at the electrode surface. The
matrix sheath model can be used as a good approximation at higher pressures for a
mobility limited ion motion in the sheath.

A more accurate model is the Child (or Child-Langmuir) sheath model [47] which
accounts for the effect of a reduced ion density due to ion acceleration towards the
electrode. The potential within the sheath as a function of position is given by [20]

X)4/3

g = V(X (1.26)

where V|, is the applied electrode voltage and x ranging again from zero at the plasma-
sheath boundary to the sheath width s at the electrode surfaces. The sheath width can be
calculated

s=3

2 3 1/4
( —2. -3 (1.27)
i JO

which for Jy = enyvgynm Yields

3 (2eV34 kT
s—?xD(m) »Ap = o (1.28)

with the electron Debye length A at the sheath edge and the density

Vo (x23
‘(9.

4 %
n = § : —e— : s (1.29)
Equation (1.29) yields n = « at the sheath edge x = 0. This is consequence of neglecting
the initial ion energy in the ion energy conservation equation. The decreasing ion density
within the sheath between the plasma-sheath edge and the collecting boundary yields an
increased sheath width compared to the matrix sheath width. It further leads to an increase
of the sheath velocity in the regions of decreasing ion density (following from continuous
rf current and decreasing electron density to preserve charge neutrality) - the result is a
substancial increase in the stochastic sheath heating [20]. For typical processing discharge
conditions, the Child law sheath thickness can exceed the Debye length by a factor of about
100 (~1 cm). For rf modulated discharges, the Child law for the self-consistent ion sheath
yields the mean sheath thickness
.- (@)1/2(2&:3 . V_3j1/4 (1.30)
243 | ’

m; J2
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Due to the space charge reduction within the sheath as a result of a nonzero time-average
electron density, the self-consistent ion sheath thickness (1.30) is by a factor of
(50/27)1/2 larger than the Child law sheath thickness for the dc case (1.27).

Collisional sheaths

As the pressure increases, ions experience collisions with the background neutral gas
while traversing the sheath. Collision dominated sheaths are assumed for pressures
exceeding 50 mTorr. Therefore this situation is of most interest for the typical discharge
conditions investigated in this work. The energy lost during collisions results in a reduced
mean ion impact energy at the electrode. For a highly collisional sheath, ions will not gain
the full potential difference across the sheath. The energy of ions will depend on the
collisions while travelling through the sheath. For an ion mean free path A,<s, the
assumption of energy conservation is no longer fullfilled. This yields modified dynamics in
the high potential sheath region as well as a different ion velocity at the sheath edge.
Assuming particles are neither destroyed nor generated by ionisation, recombination,
dissociation or other reactions, the flux is still conserved. For an intermediate pressure
regime (100-600 mTorr) investigated in this work, a constant mean free path can be
assumed for ions crossing the sheath. The sheath potential can be determined by [20]

o, - 7v0(17’§()5/3. (1.31)

Analog to (1.30), the sheath thickness for a collision-dominated sheath in rf modulated
discharges is given by the Warren law [48]

e 82 3 1/5
s = [1.682.M-V—J (1.32)

N

Tcmi J|

with the mean free path between two charge exchange collisions
1

Aoy = . (1.33)
cx MyOcx

The main difference between Child-Langmuir law and Warren law is the weaker scaling of
the rf potential for collisional sheaths.

Single frequency rf sheaths

Applying an rf potential to the powered electrode results in an oscillating sheath with a
temporarily varying sheath thickness. Considering a symmetric discharge with ground and
powered electrode sheaths s, and s, and further assuming a uniform and time-constant
ion density throughout the discharge and neglecting electrons in the sheath region [20],
the sheath electric field within the electrode sheath is obtained upon integration of
Poisson’s equation

Eq(x,t) = %[X—sd(t)], (1.34)
where s (t) is the position of the instantaneous sheath edge
Se(t) = s[1-sin(wt)] (1.35)

with the time averaged sheath width s. The displacement current through the electrode
sheath is
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oE

where A is the electrode area. For simplification, a harmonic cosine rf discharge current is
typically specified to obtain the sheath voltage [38,49]. From current continuity

which results in
I(t) = —enA%_sel(t) (1.38)
with the relationship
I
s = pravh (1.39)

The voltage across the electrode sheath is given by

Sel(t)
2
_ _ en 2_ ens” .. 2
Vi () = j Ey(x, tydx 280(se|(t)) 280[1 sin(wt)]”. (1.40)
0

Similarly, the sheath voltage across the ground sheath is given by

2
ens
280

Vgr(t) = S5 [1+ sin(wt))?. (1.41)

Neglecting the voltage drop across the plasma bulk, the total discharge voltage is obtained

2
2ens” .
Vrf(t) = Vel(t)— Vgr(t) = —80 sin(wt) . (1.42)

Where for the individual sheath voltages there is a second harmonic generation, the total
voltage drop across the discharge is free of harmonic generation. This is shown in Fig. 1.3-
a, where the waveforms of the individual sheath voltages and the total applied rf voltage
are plotted. For an applied rf voltage

the sheath voltage for the powered and ground electrode sheath are described by

eI(t‘)——T[l—sm(mt)] (1.44)

and

Vot = LT 4 sin(ot)]? 1.45
gr(D) = ——=[1 +sin(e)]”. (1.45)

The sheath width can then be expressed by

EOVrf
= / _m 1.4
2en ( 6)

It should be noted that the assumption of an harmonic cosine rf current in (1.37) is hardly
met in reality where rather strongly nonharmonic currents are observed. A more
reasonable discription of the discharge current is enabled by the HPSM simulator by using
a sufficient number of Fourier components (cf., sections 1.6 and 2.5).
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For an asymmetric discharge where the sheath voltage ratio can be expressed by
equation (1.6), (1.42) becomes more complicated

A 2 > 2
Vo(t) = Ve () -V @)—A(Zi)i;Z[lfanmxu +e”5[1+mnmﬁn (1.47)
In Fig. 1.3-b, the waveforms of the individual sheath voltages and the total applied rf
voltage are plotted for an asymmetric discharge configuration (g = 2.5). Compared to the
symmetric case, the total voltage drop is not free of second harmonic generation anymore,
and from contribution of the dc bias voltage it can become significantly negative.

(a) (b)
é % \/ \/ \/
° ©
> | =
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Time Time
(c) (d)
Vrf LA LR S —— p A NADAN G A
I]IH”]” ]]7 HH”
1] [:}]
g g —vel
° o Vgr
= = —wrf
(Agihe) = (3.6
Time Time

Figure 1.3: Sheath voltages as a function of time for different CCRF discharge configurations: (a)
single frequency symmetric case, (b) single frequency asymmetric case, (c) dual frequency
symmetric case, (d) dual frequency asymmetric case.

Dual frequency rf sheaths
Again, a symmetric discharge with sheaths s, and Sgr IS considered with the
assumptions of constant ion density troughout the discharge and no electrons in the sheath
region.
The dual frequency rf current I ((t) is given by
I¢(t) = I;cos(w t)+I,cos(wyt+9). (1.48)

Upon current continuity and integration of Poisson’s equation the sheath width for the
electrode sheath is obtained

Iu(t)
dt Sei(t) = “enA’ (1.49)

Integration yields
Se(t) = s—sysin(oyt)-s,sin(w,t+9), (1.50)
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where
S=5;+S, (1.51)
and
11,;
s = —=f2 1.52
172 enAo, (1.52)

The voltage across the powered electrode sheath is given by
2 . . 2
Vg (t) = —26—6'76se|(t) = —%[S—slsm(mlt)—szsm(co2t+ Pl . (1.53)
Correspondingly, the ground electrode sheath voltage is calculated to be

en . . 2
Vgr(t) = —2—80[s+sls|n((w1t)+szs|n(o)2t+ o)l . (1.54)

Neglecting the voltage drop across the plasma bulk, the total discharge voltage is obtained
by combining the sheath voltages V,, and Vgr

2ens

V(b)) = Vg (t) - Vgr(t) = [sysin((wt) +S,sin(wyt+¢))]. (1.55)
Similar to the single frequency case, the total voltage drop across the discharge is free of
harmonic generation, whereas for the individual sheath voltages there is a second
harmonic generation.

For an applied rf voltage

V(t) = Vysin(oqt) + V,sin(o,t+ @), (1.56)
the sheath voltages are given by
Vi (t) = e V2[1 4 sin(mlt)—i—sin(wzt+ (p):|2, (1.57)
4 Vi+V, Vi+V,
Vge(t) = —V1+V2[1+ L sin((olt)+Lsin((o2t+(p)T. (1.58)
4 Vi+V, Vi+V,

The voltage waveforms are plotted in Fig. 1.3-c (for a superposition of a high and low
frequency component) illustrating the nonlinearity of the single sheath voltages and the
linear nature of the combined sheath voltage. Compared to Fig. 1.3-a, a longer timescale
is used to demonstrate the impact of both the high and low frequency contribution. The
time averaged sheath width resulting from the applied voltage is given by

€
s = /Z—eon(v1+v2). (1.59)

Using the simple model is just meant to show basic phenomena, the full complexity of dual
frequency sheath dynamics is not accounted for. More complex models have been
published recently [25,41,42].

For an asymmetric discharge where the sheath voltage ratio can be expressed by
equation (1.6), (1.55) becomes more complicated

Agr\9 en : : 2

+%’—[s+slsin((a)lt)+szsin(m2t+ o)1, (1.60)
0
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In Fig. 1.3-d, the waveforms of the individual sheath voltages and the total applied rf
voltage are plotted for an asymmetric discharge configuration (Agr/AeI =3.6, g=2.5).
Again, the total voltage drop is not free of second harmonic generation any longer, and the
electrode/total sheath voltage drop can become quite negative.

Multiple positive ion species

Using processing gas feedstocks usually yields more than one positive ion species in the
plasma. For this case, analysis of the sheath region becomes much more difficult. Up to
now, no model has been developed which is similar to the Bohm criterion based
descriptions for a single positive ion species. From examination of the fluid equations for a
plasma containing more than one species of positive ion, a multispecies Bohm criterion
approach was described in [50,51]. From the assumption of spatially constant ionization
frequencies during electron impact ionization, the various ion spatial distributions and
transverse ion speed distributions were found to be geometrically similar. Only from that
very specific situation it was thus concluded that each species arrives at the sheath with its
own Bohm speed. A different approach considering multiple ion species is implemented in
the HPSM code which is used in this work [52,53]. Approximate algebraic expressions
derived for the field being valid both in the sheath and in the bulk serve as a basis of the
self-consistent model of the plasma boundary sheath. The approximations were obtained
from careful investigation of the transition from quasineutrality to electron depletion in the
plasma boundary sheath by extending the electron step function model known in literature
[20,38,54,55]. The model covers the range of collisionless and collisional pressure regimes
and can be used to analyze rf modulated sheaths having multiple species [53].

Electronegative plasmas

The Bohm criterion (1.18) and the corresponding ion speed play an important role in
electropositive plasmas. The question if there is an equivalent in electronegative plasmas
is discussed in [31]. At low ion-to-electron density ratios, the negative ion density is
reduced to zero before the plasma edge and the normal Bohm criterion applies. At higher
ratios, the plasma edge can become multi-valued [56-58] which are terminated by a
conventional positive-ion-electron sheath, or the sheath can finally contain also negative
ions where it becomes comparably thin.

Density and temperature of the negative ions trapped in the glow determine the Bohm
velocity of the positive ions entering the sheath, but they have no further influence on the
dynamics of the positive ions in the sheath. The Bohm velocity in electronegative gases is
smaller than in a plasma without negative ions. The consequence of this is that the positive
ion density decreases more rapidly toward the electrode than in a plasma without negative
ions. Subsequently the sheath thickness is larger than in a plasma without negative ions
[59]. Up to now little is known about sheath dynamics in electronegative discharges from
literature, but there appears to be a general agreement that significantly different sheath
structures develop in electronegative discharges. Basic relationships in electronegative
plasmas with a multiplicity of negative and positive ion species have been theoretically
examined in [60].

From investigations performed in this work, it appears that medium-pressure
electronegative halogen CCP discharges are not subject of fundamental changes, and
discrepancies to the comparably simple picture of electropositive discharges with the
applicability of the Bohm criterion appear to be generally rather small.



1.3 Sheath ion transport 17

1.3 Sheath ion transport

For CCRF discharges discussed here, both the potentials of the plasma bulk and the
plasma boundary sheaths are spatially and temporally rf modulated [61]. Ions traversing
the rf sheaths reach the electrode surface with a characteristic distribution of energies [62].
The energy distribution reflects the acceleration of ions by the sheath electric field and is
determined by the potential difference the ion experiences during travelling through the
plasma sheath. The ion energy distribution function is mainly influenced by the transit time
an ion takes to cross the sheath and by collisions the ions experience in the sheath region.
Numerous experimental studies have been published about IEDs for ions incident at the
electrodes of rf discharges [14,59,61,63-81]. The cases investigated in this work comprise
the high (60 MHz) and intermediate frequency (2 MHz) regime, with ion transit times below
or comparable to the rf period, respectively [66]. In the latter case the IEDF depends on
the external voltage phase in which the ions enter the sheath which defines the potential
difference they can cross [7,8]. Most ions enter the sheath at the maximum and minimum
sheath potential since these values are experienced longer than intermediate sheath
potentials. As a result, the IEDF of ions incident on the electrode surface will be
characterized by the well-known saddle-shaped structure [61,82] comprising the two
peaks of the energy equivalent of the maximum and minimum sheath potentials,
respectively (cf., Fig. 1.4). In the following, the two cases of collisionless and collision-
dominated rf sheaths are investigated in more detail. Due to high operating pressures (up
to a few hundred mTorr) and large sheath voltage drops (up to kilovolts), the sheaths in
commercial RIE reactors are typically collisional.

Both the ion angular and velocity distribution are anisotropic at the presheath-sheath
boundary and at the electrode surface. An ion traversing the presheath and sheath region
is accelerated by the electric field normal to the electrode surface and hence only
influencing the ion velocity component normal to the surface. Dictated by the Bohm
criterion and for T » T; in a typical electropositive discharge consisting of a single ion
species, acceleration in the presheath occurs from a low thermal velocity in the bulk (1.19)
to the Bohm velocity (1.18). Due to acceleration normal to the surface, faster ions should
show narrower impact angles than slower, less energetic ions.
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Figure 1.4: Bimodal structured ion energy distribution.

Collisionless sheaths

At low pressures, ions do not undergo collisions while travelling through the sheath.
Hence, the ion energy is determined by the potential of the sheath edge with respect to the
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electrode potential. For a collisionless sheath, the shape of the IEDF is determined by the
ratio of the ion transit time t; to the rf period 1, [62]
T _ 350 [ M

‘ (1.61)
-
where S is the time-averaged sheath thickness, m; is the ion mass, Vs is the mean (dc)
sheath voltage, 1 = 2n/o is the rf period of the rf frequency o, and t; = 2n/w; is the time
an ion takes to traverse the sheath when the sheath voltage drop is at its dc value. The
corresponding ion transit frequency
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(1.62)

should not be used interchangeably by the ion plasma frequency of the plasma bulk

n.e’
o~ |M0C (1.63)
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as it is often observed in literature. Both frequencies will only be close in value for a typical
presheath voltage drop of about 1 V and a dc sheath voltage of about 100 V [62].

For the low-frequency regime where t;/1¢« 1, the ions traverse the sheath in a short
fraction of an rf cycle and respond to the instantaneous sheath potential. In this case the
ion energy is determined by the phase of the rf cycle in which the ion enters the sheath.
For example, low-energy ions entering the sheath near a minimum voltage see a shorter
sheath width than the high-energy ions entering the sheath near a maximum voltage. Due
to their shorter path, low-energy ions can traverse the sheath without seeing a significant
voltage spread while, due to their greater acceleration, high-energy ions can also cross the
sheath without seeing a significant voltage spread. The ion response to the time-varying
sheath electric field leads to an rf modulated ion energy distribution showing a broad double
peak structure. The lower energy peak corresponds to the influence of the minimum sheath
voltage, whereas the higher energy peak is caused by the maximum sheath voltage. An
analytical calculation for a voltage-driven low-frequency symmetric rf reactor is given in
[62]. The analysis predicts non-sinusoidal voltage drops across the sheaths due to the
nonlinear properties of the sheath capacitances and the conduction currents, and further
the sheath voltage being for a longer fraction of the rf cycle at a minimum than at the
maximum value. This results in IEDs with dominant low-energy peaks, and further
distributions are found to be broad and independent of the ion mass, since ions of different
masses can respond to the full range of the slowly varying sheath potential V(t).

For the high-frequency regime where t,/1+» 1, the ions experience many rf cycles while
crossing the sheath and are no longer able to correspond to the instantaneous sheath
potential. As a result of an increasing t;/t¢ ratio, the peak separation will be reduced, the
peaks will approach each other until eventually they can not longer be resolved. The ions
will then only respond to an averaged sheath potential and the phase of the rf cycle in which
they enter the sheath region becomes unimportant.

First systematic studies regarding ion energy distributions were conducted in laboratory
systems under approximately collisionless sheath conditions [67-69,83]. As expected, a
maximum in the distributions was found at the equivalent mean sheath voltage. This
maximum peak was furthermore observed to split into a saddle shaped double peak
structure for lower mass ions of the same gas discharge. From several attempts to find a
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theoretical model that explains the observed phenomena, Benoit-Cattin and Bernard [84]
first calculated an analytical expression for the energy separation of the ion energy
distribution in this high frequency regime by assuming a constant sheath width, a Child-
Langmuir space-charge sheath electric field in a collisionless rf sheath, a sinusoidal sheath
voltage V(t) = Vs+ Vssin(wt) and zero initial ion velocity at the plasma-sheath boundary:

8eV. eV, 4eV_n1
AE, — == |22 0s - 7s(rf) 1.64
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As a result, for each ion species in an rf discharge there will be two IEDF peaks centered at
eV, where the peak separation was found to be inversely proportional to the frequency
AE,~1/f and the square root of the ion mass AE; ~ 1/,/m;, and further proportional to the
applied rf voltage AEi~\75. This confirmed very well the experimental results. As 1,/1.¢
increases, the ion energy distribution will finally change to a narrow structure where the
two peaks are no longer resolved and appear as a single peak which is centered at the time-
averaged sheath potential. Further work strongly adapted the model from Benoit-Cattin
and Bernard [70,85] without major improvements regarding the initial assumption of the
oscillating field just being a minor disturbance of a quasistatic field. A more promising
attempt was published in [86] where the long ion flight time is decoupled from the
comparably short rf period.

The intermediate frequency regime where 1;/1.¢~ 1 is not well understood [85]. Ions take
only a few cycles to cross the sheath moving with a velocity slightly below that of the sheath
boundary. Ions will thus spend some time in the low sheath electric field close to the sheath
edge, and part of their time in the high sheath electric field towards the electrode surface.
On their way to the electrode, the ions experience a varying acceleration and the ion
trajectory depends on the number of times the oscillating plasma-sheath boundary crosses
the ion’s path. The resulting energy distribution depends on both the phase of the rf cycle
in which the ions enter the sheath and also the number of rf cycles it takes to cross the
sheath. The two peaks can be observed to be close together with varying peak heights.
Sometimes the asymmetry favours the high-energy peak. Whether or not one of the two
IED peaks will dominate generally depends on whether or not the sheath voltage V (t) is
mostly at a maximum or minimum during an rf cycle. The sheath voltage waveform
strongly depends on the nature of the sheath, i.e. whether the sheath is resistive (j.»Jjy,
where j. is the conduction and j, the displacement current density) or capacitive (j. «Jjq).
For the low frequency regime where t;/1+« 1, the sheath tends to be resisitive, whereas
for the high frequency regime where t,/14» 1, the sheath tends to be capacitive. Hence,
as the ratio t,/t, increases, a transition from a low-frequency (7;/ts«1), resistive
(Jo/Jg» 1) sheath with a broad bimodal ion energy distribution and a dominant low-energy
peak to a high-frequency (t;/t» 1), capacitive (j./jq« 1) sheath with a narrow bimodal
IED and peaks of more or less equal height is observed [62].

Collisional sheaths

The assumption for a collisionless sheath are not longer valid if the ion mean free path
becomes equal or shorter than the sheath thickness. This is caused by a change of the field
and potential distribution from the influence of ion-neutral collisions, and furthermore a
scattering of ions towards lower energies. Compared to the collisionless case discussed
above, the shape of the ion energy distribution can significantly change and the IEDF
structure will eventually become broadened and move to lower energies. Whereas for dc
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discharges the low energy part of the distributions is typically observed to be flat [87,88],
pronounced peak structures were found at the low energy IEDF region for collisional rf
discharges [7,8]. This was confirmed by several further measurements [44,72,89]. The
final IEDF structure is not only determined by the probability of collisions, but also by its
type. Thus, the impact of elastic collisions and charge exchange collisions on the IEDF
shape will be discussed in more detail.

Elastic collisions between ions and neutrals will result in a loss of ion kinetic energy and
a change of directionality of perpendicular incidence on the electrode. For an ion traversing
the sheath, its velocity component normal to the surface is accelerated. In case the ion
does not experience collisions it arrives at the electrode surface with a large perpendicular
component and a small parallel component. If the ion experiences collisions with neutrals
in the sheath it will loose energy and become scattered anisotropically. Due to the
accelerating field, the ion arrives at the electrode with an incident angle that is typically
smaller than the scattering angle. Elastic scattering will generally yield a broader angular
distribution of the ion velocity and further a low energy tail in the ion energy distribution.
Large angle scattering will result in significantly modified angular distributions, where
lighter ions are scattered over larger angles than heavier ions [62].

Charge exchange collisions are most pronounced between ions and their parent neutrals
(symmetric charge exchange) yielding additional peaks at distinct energies. During charge
exchange, the charge is transferred from a fast ion to a slow thermal neutral. The incident
ion will then continue travelling as a fast neutral, whereas the former neutral has turned
into a slow thermal ion and will be accelerated by the field towards the electrode. The IED
show typically a quite large spread caused by multiple secondary peaks which appear at
lower energies than the two primary IED peaks [7,8]. The secondary peaks are caused at
lower energies than the two primary IED peaks because the slow ions formed inside the
sheath do not experience the full potential difference of the ions which enter at the sheath
edge. A simple ad-hoc model was used by Wild and Koidl [7,8] to explain the secondary
peak structures. The model included harmonic potential distribution and symmetric charge
exchange collisions between fast ions and cold neutrals which lead to slow ions. Model
results were adapted to experimental measurements by adapting free model parameters.
The origin of the peak structure was explained by the combination of charge exchange
collisions and modulation of ions in the oscillating rf field. Two conditions have to be
fullfilled in order to cause discrete secondary peaks:

(1) For a fixed position s, inside the sheath at a time t,, a secondary peak is obtained
when secondary ions are created at phase angles wt, such that dE/d(wty) = 0. This is
explained by the following situation for an ion traversing the sheath. Periodically moving
back and forth from the electrode, the modulated electron density front passes by s, on
its way to the electrode. The local electric field at s, will be zero during the time interval
it takes the electron front to reach the electrode, bounce back and pass by s, again. Thus
any secondary ions created at sy during this time interval will be virtually at rest and
accumulate at s;. However, when the receding electron front passes by s, again, the
electric field at s, reappears and accelerates the bunched ions towards the electrode. The
bunched ions reach the electrode surface with the same impact energy E, causing a
secondary peak in the ion energy distribution.
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(2) The secondary ions must further be created at positions s, within the sheath such
that dE/ds, = 0. Otherwise, secondary ions can be created at every point s, within the
sheath, so that IED peaks caused by bunched ions that were created at different s, will
wash each other out. Creating ions such that dE/ds; = 0 occurs only at discrete s,
resulting in discrete secondary IED peaks. While an ion traverses the sheath, the electron
front will be moving back and forth from the electrode intersecting the ion path for a
maximum as often as is determined by the ratio 1;/1.+. This explains qualitatively why the
number of secondary peaks in the energy distribution is then characteristic for the average
number of rf cycles it takes an ion to cross the sheath. From the analysis, secondary IED
peaks can furthermore only be observed for 7;/t¢>1.

Since charge exchange collisions produce fast neutrals that bombard the target electrode
in parallel to the positive ions, this necessitates in principle to consider neutral energy and
angular distributions as well when calculating sputter and etch yields under collisional
sheath conditions [90,91].

In summary, both collision mechanisms have similar effects: Ions are scattered into the
low energy part of the distribution. During an elastic collision, ions transfer energy
according to the laws of momentum conservation and energy conservation on their collision
partner. Ions created by charge exchange within the sheath start with an initial thermal
velocity. In both cases, the ions do not experience the total potential drop on their
remaining way and can not gain the maximum energy. Collisional ion energy distributions
will typically consist of both a broad continous time-averaged background which is skewed
toward lower energies [88], as well as secondary peak structures resulting from rf
modulation and charge exchange collisions [7,8]. The effect of sheath collisions is to reduce
the ion bombarding energy but to proportionally increase the total energetic particle flux
(ions and fast neutrals) to the electrode [20].

Ion angular distributions (IADs)

For the low-frequency regime (1;/1,« 1), the IED is broad and bimodal with a dominant
low-energy peak at the dc potential V., and a high-energy peak at the maximum sheath
voltage drop V .., . Due to Vy.»kgT;/e and Vy «V, ., many ions hit the electrode
surface with lower energies and wider impact angles, resulting in a wider IAD.

For the high-frequency (t;/t+» 1) regime, the IED is narrow and centred about the
energy equivalent of the dc sheath voltage drop eVS. Since typically eVS» kgT;, most of
the ions will hit the electrode surface with high energies and narrow impact angles resulting
in a narrow IAD.

In the collisionless case, the ion angular distribution can be in principle deducted from
the IED [62]. For collisional sheaths as experienced in typical RIE reactors, the collisions
affect the ion velocity component parallel to the surface of the electrode. As for the IED,
the IAD is affected by the influence of elastic and charge exchange collisions. Elastic
scattering can cause an ion velocity component parallel to the electrode surface and hence
broaden the IADs of incident ions. Due to the anisotropy of the collisional scattering, the
parallel component after a single collisional event is however only a fraction of the
perpendicular component. Slow ions created from charge exchange collisions will typically
not experience a significant change of the velocity parallel component. When these ions are
accelerated by the sheath electric field, the normal velocity component will dominate. Since
the ratio of the velocity component normal to the electrode surface is decreased over the
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parallel velocity component when charge exchange collisions occur, the IAD however
appears still broadened compared to the case when collisions are absent.

Modeling approaches

Monte Carlo simulations allow for a systematic investigation of the peak structure
[82,89,90,92,93]. The influence of collisions and discharge parameters like pressure, ion
mass and frequency on the ion energy and angular distributions (IEADs) can be
investigated in detail by following the trajectory of particles. All results confirm the
experimental investigations as well as the theoretical explaination of Wild and Koidl [7,8].
The charge exchange model from Wild and Koidl, the Monte Carlo simulations as well as
collisionless models have in common that the electrical field in the rf discharge is described
by intuitive ad-hoc assumptions to gain insight into the origin of IEDFs and for
interpretation of measurement results. So far, all these models lack to provide a self-
consistent description of the sheath problem. This problem is addressed by application of
hybrid models [17,18,94]. Here, the field distribution and particle dynamics are self-
consistently calculated from Poisson’s equation and the hydrodynamic equations. The rf
field is used to determine the distributions by applying a Monte Carlo model. Such a hybrid
model is also used in this work and described in more detail in section 1.6. Besides the
hybrid models, the PIC (Particle-In-Cell) method is used as a further approach
[11,12,27,62,95-98]. Here, plasma particles are simulated by a significantly smaller
number of super particles. From their distribution, charge carrier densities and electric field
distributions are calculated. As for the hybrid models, ion distribution functions are
calculated again by the Monte Carlo method. The biggest diadvantages of all self-consistent
simulations is the considerable numerical effort, and further they are not useful to derive
simple scaling laws and analytical expressions to enable simple estimations or to describe
simple correlations between physical parameters. From these reasons, consistent semi-
analytical rf sheath models are required which focus on the essential core of the problems.
Such models can be classified by the operating frequency. Low operating frequencies
(o« wpi) allow for a quasi-stationary description [99-101] since the ions cross the sheath
in a fraction of rf period and hence experience a nearly stationary electric field. For high
frequencies (o » O ), the ion dynamic is determined by the time-averaged field since they
are not able to follow the oscillations due to their inertia. In both cases, electrons can
readily follow the electric field oscillation since o « Ope - Typically, the electron step function
model was successfully applied to obtain an approximate potential profile. The frequency
region around o ~ O, is difficult to describe with analytic models, attempts to describe this
regime were published in [40,102-105].

1.4 Silicon etching with halogen chemistry

Selective, anisotropic etching of silicon and removing of patterned silicon films by using
halogen etch species is considered to be one of the most important plasma etching
applications in semiconductor fabrication. In principle, four basic low-pressure plasma
processes are known to remove material from surfaces:

Sputtering In this process, atoms are released from surfaces through energetic ion
bombardment. The ions are generated inside the plasma bulk and accelerated to the target
(i.e., the substrate) where they can gain energies of a few hundred volts. From the ion
energy that is deposited, atoms are sputtered off the target surface. The momentum that
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is transferred to the target atoms leads to a cascade of collision inside the lattice. After
several collisions, some atoms possess a momentum directing away from the center of the
crystal. Atoms being close enough to the surface and carrying a sufficient amount of energy
are able to leave the target. The amount of sputtered target atoms per incident ion
projectile is described by the sputter yield and is a function of energy and mass of the ion
projectiles, as well as the binding energy of surface atoms of the substrate lattice and the
target atom mass. A reasonable estimate of the sputtering yield can be obtained from the
semi-empirical formula [106]

0.06 =
Ysput:?tA/Et(A/Ei*A/Ethr) (1.65)

for 0.2<Z,/Z;<5 with Z,, Z;» 1 where
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Here, Z, and Z; are the atomic numbers of the target atom and the incident ion, E, is the
surface binding energy, and E,,,. is the threshold energy. For mass ratios m;/m,>0.3, the
threshold energy can be estimated by [107,108]

2

Ethr:BEt(nT) . (1.67)

Sputtering yields obtained for typical ions incident on a silicon substrate are calculated
using equations (1.65) to (1.67) and plotted in Fig. 1.5. Besides the energy dependence,
the sputter yield also depends on the incidence angle of the ion projectile. The sputter yield
can reach unity (one sputtered target atom per incident ion) for typical ion energies of a
few hundred electron volts. Both sputter yield and ion flux determine the sputter rate which
describes the target surface erosion. Whereas the dependency between sputter rate and
ion energy is described by a power function, there is a linear dependency between sputter
rate and ion flux. A sputter rate is observed for ion energies exceeding a threshold which
corresponds to the binding energy in the lattice of the target atoms. Projectile energies
exceeding the binding energy initially yield a strongly increased sputter rate where the
incline decreases with ion energy.
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Figure 1.5: Silicon sputter yield for F*, Art, and Br™* ions, calculated thresholds are 32.3 eV for F*,
43.5 eV for Ar*, 57.4 eV for Br* [106-108].
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Whereas the ion energy dominates at lower sputter rates (above the threshold), the ion
flux dominates the sputter rate at higher values. Strictly, this relation is only valid for
sufficiently low pressures where the ion mean free path exceeds the sheath thickness (i.e.,
the ion energy is not reduced by collisions inside the sheath). At higher pressures, the
sputter rate will be reduced by these collisional effects. Due to a typically low sputter yield
Ysput < 1 and comparably small ion fluxes incident on the substrates, pure sputter rates
usually range from angstroms to a few ten nanometers per minute. Sputtering is an
unselective but very anisotropic process, since it strongly depends on the angle of incidence
of the ion. Although for ions with normal incidence on the substrate there is essentially no
sidewall removal of material, sputtering causes facetting of structures which is due to the
sputter yield peaking at an angle of incidence which is greater than zero. Sputtering is the
only etch process that is able to remove involatile products from a surface. However, such
products can easily be redeposited on different locations at the substrate (and reactor
surfaces) where they inhibit the etch reaction and have to be removed again by sputtering
in order to continue etching. For high ion energies there is also an increasing chance of ion
implantation into the substrate. Strictly speaking, purely physical sputtering applies only
for the argon discharges investigated in this work.

Chemical etching Gas-phase etchant atoms and molecules delivered from the discharge
react with the surface and form volatile gas-phase etch products. The selectivity can be
very high, but a purely chemical etch process is inherently very isotropic (nevertheless,
etch rate dependencies upon the crystal orientation might appear) since gas phase etch
species reach the surface with a near uniform angular distribution. High etch rates can be
achieved from the high fluxes of etch species and etch rates are less affected by the rate
of arrival at the surface, but rather by the complex set of surface reactions leading to
formation of the etch product. A well-known example is spontaneous chemical etching of
silicon with fluorine chemistry.

Ion-assisted etching During this process both reactive neutrals and energetic ions are
supplied from the discharge. This case applies for the different halogen discharges
investigated in this work. Flowing an etch gas into the reactor will soon cause a monolayer
to be build on the substrate (as well as the reactor surfaces). Ions incident on the substrate
may react with the substrate material and/or induce a reaction between the adsorbed etch
gas molecules and the substrate if the reaction does not occur spontaneously. To initiate a
chemical reaction requires energies of only a few electronvolts which are easily acquired
for typical operating conditions. Combination of etch species and ions can yield larger
amounts of etch products than those observed for purely physical sputtering or purely
chemical etching. From different experiments it is suggested that the etching is chemical
in nature but reaction rates are determined by energetic ion bombardment [109,110].
Above a certain threshold the etch rate will generally increase for increasing ion energies.
As in the case of purely chemical etching, the etch product must be volatile. Highly
anisotropic etching can be achieved due to angular distributions of ions striking the surface
which are usually highly directional. Selectivity can be very poor for ion energy driven
etching. Hence knowledge of the trade-off between anisotropy and selectivity is an
important factor in designing etch processes. Detailed mechanisms for plasma etch
processes are not well understood and simple empirical models created from key
observations are often used to gain some insight into the use of various processes. In some
etch models, gas-phase etch species are first physisorbed and subsequently react with the
surface to form an etch product. Rate-limiting steps are chemisorption of physisorbed
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species and desorption of the etch product. For other etch models, physisorbed or gas-
phase etch species directly react with the surface to form the etch product which is
desorbed immediately. The latter model may suffice to describe purely chemical F-atom
etching of fluorinated silicon films (SiF, with x=3) [110].

Ion-enhanced inhibitor etching This process involves an inhibitor species in parallel to
etch species and energetic ions. The inhibitor molecules (like CF,, CF3, CCl,, CCl3) deposit
on the substrate to form a protective layer or polymer (fluoro-, chloro-carbon) film.
Alternatively, oxygen is added to the feed gas mixture to support creating a protective
(Si0y) sidewall layer which constantly builds during etching and more efficiently resists the
attack of etch species (radicals) as compared to the silicon etch front at the trench bottom.
Etch species are chosen to have high etch rates for cases where no ion bombardment and
inhibitors are involved. The role of the ion flux is to locally remove the inhibitor layer
exposing the surface to the chemical etchant. Highly anisotropic etching can be achieved,
typical processes involve anisotropic etching of the SiO, hard mask layer for the trench
structures investigated in this work, where sidewalls are protected by deposited polymer
films. Compared to ion-assisted etching, this process yields similar features. However,
contamination of the substrate and final inhibitor film removal can cause serious issues.

Having been studied for about 20 years now, etching of silicon with fluorine atoms is
experimentally the most well-characterized surface etch process but is still not thoroughly
understood [20,110]. Fluorine atoms are known to spontaneously etch silicon and silicon
dioxide even in the absence of ion bombardment. Etch rates were measured to roughly
exhibit an Arrhenius form over a wide range of temperatures, and a linear dependency
upon the F atom gas phase density was observed up to very high densities. Published
reaction rates can differ considerably [111,112] which is attributed to surface
contamination, residual ion bombardment from the F-atom plasma source, and unknown
distributions of etch products. In steady state, a weakly bound, unsaturated, fluorinated
silicon SiFy (fluorosilyl) layer [113] of several monolayers thickness forms at the surface,
where x is about 3 (SiF3) at the top of the layer falling smoothly to zero at the SiFy-Si
interface. The thickness of the SiF, layer is influenced by the etch conditions, e.g. for an
high etch rate the SiF, layer thickness is observed to be rather thin, and vice versa. The
process is assumed to be balanced by diffusion of fluorine atoms into the surface and
surface erosion during etching. From molecluar dynamics simulations, the porosity of the
the SiF, layer is observed to increase with increasing fluorine content which is believed to
be important for chemical sputtering (i.e., chemically enhanced physical sputtering) [113].
At room temperature, this layer is found to be stable, whereas a decomposition is measured
for temperatures exceeding 300-400°C. Products of the decomposition comprise SiF5(g)
and SiF4(g). Whereas SiF4(g) is the main etch product during etching, larger molecules like
Si>Fg(g) or SisFg(g) have also been observed [110]. Etch product distributions and
decomposition properties of the SiF, layer vary greatly at different temperatures leading to
the assumption that the etch mechanisms differ also. The electron affinity of an F atom in
free space is E = 3.45 eV. This value is further increased near the surface, e.g. an F-atom
at about 1 A distance from the SiFy surface has an affinity of about E_«~7.05 eV [20].
Therefore, negative ion formation at the surface is favored. Such negative ions experience
a strong image force directed into the surface which promotes lattice penetration and
subsequent attack of Si-Si bonds after F-atom neutralization.
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Etch rates at constant F-atom fluxes can be increased by up to one order of magnitude
for sufficiently high ion fluxes and ion energies bombarding the surface. Etch product
distributions are observed to change during additional ion bombardment due to an efficient
reduction of the fluorine content in the SiF, surface layer. The enhanced etch rate due to
ion-assisted F-atom etching of silicon can result from (1) formation of damaged regions
being more reactive to subsequently arriving fluorine - however this is probably not
important for F-atom etching of silicon [20]; (2) increase of the temperature due to etch
reactions or ion bombardment - however the temperature rise is not high enough [20]; (3)
chemically enhanced physically sputtering - however this is not believed to mainly
contribute to ion-enhanced etching for typical neutral-ion flux ratios [113,114]; (4)
chemical reaction and desorption due to ion bombardment - this is likely to be important
for ion-energy assisted F-atom etching of silicon [113,114]; (5) enhanced chemical etching
- this mechanism is also believed to contribute to an etch rate enhancement [20].

Compared to silicon, the purely chemical etch rate of F-atoms on silicon dioxide is small
and no more than a monolayer of fluorine is adsorbed on an SiO, surface. Higher SiO, etch
rates are ion energy-driven where a comparably high degree of anisotropy can be obtained.
However, fluorine is in general no suitable candidate for processes where highly anisotropic
etching is required, and other (chlorine and bromine based) halogen chemistries are
generally used to fulfill such requirements.

Compared to chemical etching of silicon with fluorine atoms, etching with chlorine shows
pronounced crystallographic effects (i.e., different densities of atoms in the silicon lattice)
and also large doping effects. Moreover, lower etch yields are observed for Cl* ions as
compared to F* ions incident on silicon which is explained by a lower halogen sputtering
coefficient and higher ion reflection for ct [114]. Similar to fluorine, CI" ions formed at
the surface appear to play a critical role in Cl-atom etching. Exposure of a silicon surface
to Cl atoms yields formation of a chlorosilyl (SiCly) layer with a coverage of a few
monolayers. However, this chlorosilyl layer is observed to be thinner than a SiF, layer
formed when F atoms are present. SiCl4 and possibly Si;Clg and SiCl, are identified as
typical etch products. Ion assisted etch yields from etching silicon with a Cl, chemistry were
found to up to one order of magnitude lower than for a F, chemistry. Both Cl atoms and
Cl, molecules can be important etch species for ion-energy driven etching. Penetration
depths are observed to range few angstroms up to few nanometers deep in the silicon
lattice [114].

Whereas chlorine chemistry is commonly used in the technology of Si-etching, utilization
of bromine-containing plasma chemistries was stimulated by the demand of a higher Si-to-
SiO, selectivity. Bromine plasma chemistries in MERIE systems were found to provide both
high selectivity and anisotropy [115]. Bromine atoms are even less reactive than Cl atoms
and room-temperature chemical etching does not occur spontaneously. Hence, etching of
silicon with bromine has to be stimulated by ion bombardment, and hence requires a
combined physical-chemical process [116]. The ion bombardment enhances the formation
of volatile etch products by providing the activation energy for the rate-limiting step of the
surface processes (i.e., adsorption of etch species, reaction and desorption of etch
products). Thus, bombardment with energetic ions enhances etch rates and can
significantly influence anisotropy.
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Etching yields for silicon (number of silicon atoms removed per incident ion) in F, Cly,
Br,, and HBr plasmas published by Vitale et al. [117] were measured to approximately
increase with the square root of ion energy. It was pointed out that spontaneous etching
influences the silicon etching yield which for fluorine is much more severe than for chlorine
and bromine that exhibit only very low spontaneous etching. Depending on the neutral-to-
ion flux ratio, spontaneous etching might be independent of ion flux and surface coverage.
However, the authors substracted the saturation halogenation spontaneous etching rate in
the absence of ion bombardment from the total etching rate with ion bombardment to
determine the saturation halogenation fraction ion enhanced etching yield. The saturated
ion enhanced etching yield for fluorine was found to increase approximately with the square
root of energy with a threshold energy of about zero. This appears reasonable since etching
occurs spontaneously (i.e., a zero energy F* ion still contributes to the etching). For clorine,
the etching yield increased again with the square root of energy. The threshold energy was
determined in the range of about 7-25 eV, depending upon the composition of the ion beam
that can consist of CI* and/or CI;r ions. For bromine, the silicon etching yield also
increased with the square root of energy. Etching yields were observed to be considerably
higher in HBr plasmas compared to Br, plasmas. This is likely due to the hydrogen atoms
being present from dissociation of HBr in the discharge that can cause an enhanced etching
in the presence of ion bombardment. From different studies [118-123], hydrogen atoms
were reported to etch silicon spontaneously. However, chemical etching without ion
bombardment appears negligible which might be due to the surface coverage by bromine
atoms preventing hydrogen to penetrate into the silicon lattice. Under additional ion
bombardment, the small hydrogen atoms can easily bond to silicon to occupy sites that are
sterically hindered to bromine due to its large atomic radius, and further hydrogen can
penetrate into the silicon lattice and break silicon backbonds which are difficult to be
reached by Br atoms. This might explain the differences for the threshold energy which is
about 10 eV for HBr and around 44 eV for Br,. In the latter case, the threshold for silicon
etching is already close to to that for physically sputtering (about 57 eV, see above). It also
shows that a considerably higher energy is required to disrupt the silicon surface, and
enable large bromine atoms to penetrate into the silicon lattice and to react with the silicon
backbonds. Moreover, etching of silicon with HBr might result in SiH,Br, reaction products
that are more volatile than SiBr,4 products formed from etching with Br,. In case of product
desorption being rate limiting, this might further contribute to differences in etching yields.

From further studies, the etching yield for HBr plasmas was found to decrease with
temperature which is attributed to a reduced surface coverage of adsorbed Br and H atoms.
This is promoted from determination of corresponding sticking coefficients [124,125]. With
regards to etch profile control, bromine is known to produce more anisotropic feature
profiles than chlorine [126-130] and to provide a higher selectivity during etching [115].
Nevertheless, chlorine is sometimes added to increase the etch rate. In commercial
systems, the silicon etch rate with pure HBr can be lower than in pure Cl, discharges
[117,126,131]. Since etching yields are quite comparable for both halogen chemistries,
differences in the etch rate might result from differences in the ion flux (the etch rate is a
product of etching yield and ion flux).

Ion scattering at feature sidewalls can result in etch profile distortions, like undercutting,
tapered or bowed sidewalls, and microtrenching at the sidewall bottom of the feature. In
contrast to the angular dependence of a pure physical silicon sputtering yield (which shows
a maximum around 50° for argon), the ion enhanced chemical etching yield for silicon in
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halogen reactive gases is fairly flat and tends to decrease monotonically with angle
[117,132] in the surface saturation coverage regime. Compared to bromine chemistries
that typically exhibit a good profile control with vertical sidewalls in the silicon substrate/
layer, chlorine tends to produce significant sidewall bowing and microtrenching at the
feature bottom [129,131,133]. Possible explanations range from the influence of mask
selectivity and faceting, differences in the composition of sidewall passivation layers, a
higher tendency of ion reflection instead of etching at the sidewall in case of chlorine, a
different etch yield dependency upon ion bombardment angle, and/or feature charging
effects. In the latter case, a localized buildup of charges on insulating surfaces might
possibly yield deflection and subsequent scattering of incoming ions within the trenches.
This could explain microtrenching as is sometimes found at the bottom of the feature. From
continuous debates about ion deflection by the electric field of substrate surface potential,
some researchers hold the view that the mask surface potential necessary to efficiently
deflect ions can hardly be obtained because it would require the mask potential to be higher
than the plasma potential which in turn would destroy stable plasma conditions [134].
Another mechanism is cavernous undercutting on the upper part of a narrow deep Si trench
that could occur due to ion scattering from the mask opening [134]. The evolvement of
undercut may be detrimental to a subsequent refill process involved in trench capacitor
formation. In general, the etch process comprises complex mechanisms which change
dynamically. Mechanisms yielding the final etch profile are quite complex and often can not
be separated easily when investigating the obtained etch result. An equilibrium state is
obtained only in very limited situations. The stability of an etch process is sometimes found
to be quite high, sometimes even very small changes of the discharge parameters or the
etch process on the substrate surface can yield drastic changes in the obtained etch result.

In the neutral flux limited regime and for the usual case that the reaction probability is
large compared to the recombination probability, a reduction in the etch rate can occur
which is called loading effect [109,135]. Whereas for F atoms it is generally the case that
the reaction probability exceeds by far the recombination probability v.»7.e. and
considerable loading is observed, v, for other etch species like Cl, Br, O can be of the
order of or even exceed y, and only weak or even negative loading is observed [20].
Besides the loading effect that describes differences for the etching of structures with
different open areas, further influences on the etch rate are known. For increasing trench
depth or decreasing trench width, the silicon etch rate was observed to decrease [135-137]
- an effect that is also known as RIE lag. RIE lag is an expression of Aspect Ratio Dependent
Etching (ARDE) which describes the dependence of the silicon etch rate on the aspect ratio
of relevant features. Different possible mechanisms for aspect ratio dependent etching
[138] have been published to explain how feature dimensions influence the etch rate. Most
commonly, Knudsen transport of neutrals [139], ion shadowing [140], neutral shadowing
[141], differential charging of insulating microstructures [142,143] are considered.
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1.5 In situ plasma diagnostics

1.5.1 Mass resolved ion energy analysis

A mass resolved ion energy analyzer or so-called plasma monitor is a versatile plasma
diagnostic technique which allows for analysis of neutrals and radicals [144,145], and
positive [12,59,63-65,146,147] as well as negative ions [63,148] formed in the plasma. In
the following, principles of operation of the commercially available Hiden EQP 500 high
energy system applied for standard mass spectrometry, APMS and IVDF (Ion Velocity
Distribution Function) measurements are described.

The Hiden EQP plasma probe consists of four main sections: the ion optics, an
electrostatic 45° sector field energy analyzer (ESA), a quadrupole mass spectrometer
(QMS), and a secondary electron multiplier (SEM) for ion detection (cf., Fig. 1.6).
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Figure 1.6: Hiden EQP system.

Signal optimization and finally ion energy scans are performed at a particular mass-to-
charge ratio during sweeping the various electrode voltages. The EQP probe is mounted at
the plasma reactor wall via the side window access port. The analyzer system is
differentially pumped by its own 230l/s turbo pump to maintain a base pressure of
Peqp < 5x10°° Torr inside the EQP. Maintaining the base pressure is important for providing
a collision free environment for sampled species, as well as protect the SEM detector and
avoid enhanced degradation.

Sampling orifice

Neutral and charged particles can be extracted from the plasma. Whereas neutrals simply
drift into the analyzer, positive and negative ions require specific arrangements. Positively
charged ions leave the plasma bulk and are accelerated toward the ground electrode by the

sheath electric field. A small fraction of these ions can pass the 50 yum sampling aperture
and enter the EQP. Due to their lower mobility compared to electrons, negatively charged
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ions are usually efficiently trapped inside the discharge and can not reach the ground or
powered electrodes of the plasma reactor. However, highly energetic electrons can reach
the walls during the collapse of the sheath potential during one rf cycle. To avoid
interferences by negatively charged particles entering the EQP, these particles are repelled
by applying a negative voltage via the extractor electrode right behind the entrance orifice.
Further, the extractor is also part of the ion optics and helps to accelerate and focus positive
ions into the instrument. Detection of negative ions can be enabled by plasma modulation,
forcing the sheath potential to collapse and enabling these ions to reach the surface [149].

Compared to typically used metal orifice plates connected to a well defined potential (e.g.
ground), the main difference of the particular orifice plate used in this work is made of
ceramic MACOR [150] material. This modification was found to be a necessary and a major
requirement for installation at the HART process development and production reactor used
for the investigations in this work.

Ionization Source

The dual-filament electron-impact ionization source is used for analysis of neutrals or
radicals when performing standard mass spectrometry or APMS. Neutrals can not be
detected directly since both energy and mass filter exploit electric fields for particle
analysis. Hence, uncharged particles must be first converted into positive or negative ions
to allow for their detection. The ionization source filament can both be energized to emit
electrons. The electron energy is controlled for a defined bombardment of the neutrals
sampled from the plasma. For standard mass spectrometry, usually 70 eV electron energy
are applied to create positive ions. For analysis of radicals, the electron energy can be
varied between zero and 150 eV maximum energy. Negative ions can be created by
electron attachment [151], a process that can occur for low electron energies (in the range
of a few eV). Sometimes the latter process is chosen in cases where bombardment at high
electron energies leads to very complex mass spectra due to various fragmentation
products. Low electron energy bombardment will usually cause the main product or very
few additional products to be created. Ions created inside the instrument are analyzed by
the energy and mass filter in the same way as ions directly created in the plasma. The
ionization source is switched off for detection of plasma ions.

Extraction

After passing the orifice ions are focused onto the ion source exit aperture by the three
electrodes extractor, lens1 and axis forming the first electrostatic lens. In this lens the
entire ion distribution function (IDF) is accelerated or decelerated. Since these are the first
electrodes incident ions encounter, voltage settings are quite critical for determination of
the IDF. The particular EQP model used in this work has an extended extractor region to fit
the EQP probe front end into the HART plasma reactor via the side access port.

Drift tube

From the ion source ions are transmitted through the drift region and focused into the
energy analyzer. Corresponding to the drift space potential, ions are accelerated or
decelerated to reach the pass energy to transit the energy filter (ESA). The pass energy is
defined by the axis potential. The /ens2 electrode is used to create a parallel beam at the
ESA entrance and efficiently focus the ions into the ESA.
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Energy analyzer

The energy analyzer used here is a 45° electrostatic sector field energy analyzer
consisting of two concentric cylinders. According to [152], an electrostatic sector field
deflects relativistically slow particles (for which v;,,<<c, as considered here) with different
mass-to-charge ratios equally as long as their energy-to-charge ratios are the same. Ions
entering the sector field are deflected according to their kinetic energy. Only those ions with
an energy equal to the analyzer pass energy can transit the 45° bend. This pass energy is
a fixed value which is needed to pass the 45° electrostatic energy analyzer. The pass
energy depends on plates which is the potential setting between the two analyzer plates.
The pass energy was set at a fixed value of -40 eV during all positive ion measurements
performed in this work, as recommended by the manufacturer [153]. As described above,
ions with selected energies are accelerated or decelerated to the ESA pass energy set by
axis in the drift tube before entering the energy filter. There are additional voltages vert,
horiz, and D.C. gquad which are used to adjust the ion beam alignment.

The energy resolution of the sector field ESA is given by [153]

w - E,

trans (1.68)

AE = ,
R(1-cos@)+Lsing

where w is the aperture diameter, E, . is the transmission energy, R is the sector mean
radius, ¢ is the sector angle, and L is the distance to the exit aperture (cf., Fig. 1.7). In
the EQP, the following values are used: w = 3 mm, E,,c = 40 eV (energy equivalent of
axis potential), R = 75 mm, ¢ = 45°, and L = 35.4 mm. From these values, an energy
resolution of 2.55 eV is obtained. Compared to the half-width of typical distribution
functions measured in this work, this value is comparably small.
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Figure 1.7: Schematic of the 45° sector field energy analyzer.

Mass filter

When leaving the energy filter, all ions have the same energy but may have different
masses due to ion trajectories in constant electrostatic fields being independent of ion mass
[152]. A quadrupole mass filter is used to differentiate between ions according to their
mass-to-charge ratio (Fig. 1.8-a and Fig. 1.8-b). Mass discrimination in transmission occurs
as a result of using constant transmission energy, as the transmission efficiency depends
on the ion velocity [154]. The quadrupole consists of two pairs of parallel and equidistant
metal rods forming nearly ideal hyperbolically shaped electrodes. Two opposite rods are
connected electrically with a positive potential applied while the other pair is at a negative
potential of the same value. Applied potentials are a superposition of fixed dc and
alternating rf components creating time-varying electric fields. These oscillating electric
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fields affect the trajectories of ions transiting the mass filter according to their mass-to-
charge ratio m/qg [154]. A mass scan is performed by increasing the amplitudes of the dc
and rf voltage (starting from small values) for a constant dc-to-rf voltage ratio.

When entering the quadrupole, ions will be deflected from their original trajectory to an
extent related to their mass-to-charge ratio. Ions with a prescribed m/qg can describe
stable paths allowing these ions to pass and exit the mass filter. Other ions are excluded
due their unstable paths. Unstable trajectories are characterized by exponentially
increasing amplitudes of oscillations performed in the quadrupole field. These ions will
strike the rods, be neutralized and exhausted off the system. To achieve a sufficient mass
resolution, ions must have a sufficiently long residence time inside the quadrupole.
Consequently the entrance energy should be low in the order of a few meV. The ion kinetic
energy is therefore reduced by the decelerating lens focus2 and the beam further focused
before injection into the quadrupole filter. Mass resolution can be adjusted by delta-m and
resolution voltage settings.
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Figure 1.8: Quadrupole mass filter (a) field generating potentials, (b) ion trajectory.

The EQP triple quadrupole mass filter comprises an rf+dc driven main filter, with a rf only
driven pre- and post-filter. Pre- and post-filter are used to reduce the influence of the
(rf+dc) quadrupole dc fringing fields and act as an ion guide for ions within a broad mass
range. In the present configuration, molybdenum rods of 6 mm diameter and 127 mm
length are used for the main filter, and 25 mm length for the pre- and postfilter, to allow
for mass detection up to 512 amu. The mass resolution becomes better for increasing ion
masses, where in general it is more difficult to achieve a good mass separation for low
masses such as hydrogen. Since manufacturing precision of the rod surface is limited to
the micrometer range, the rod diameter in the millimeter range determines the accuracy
of the electric field at the quadrupole axis. Mass separation can be increased by increasing
the diameter of the quadrupole rods, and also by extending the quadrupole rods. Detection
of ions in the low mass region (such as H*) would require at least 9 mm rod diameter [11].
Therefore the mass-to-charge ratio for the present EQP model is limited to a minimum of
2 amu, which corresponds to H;.

Ion detection

Ions of selected energy and mass finally reach the detector. The EQP systems comprises
two different options to detect ions: a channeltron SEM, and a Faraday cup.

The Secondary Electron Multiplier (SEM) is an off-axis mounted continuous dynode
channeltron detector [153,155] operating in pulse counting mode and preceded by a
conversion dynode (1st-dynode). Ions striking the surface of the first dynode result in
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secondary electron emission of typically a few electrons. The electrons strike the channel
walls, producing additional electrons (and so on, forming an avalanche) until, at the output
end a pulse of up to 107 to 108 electrons emerges. Emission of secondary electrons
generally depends on the velocity of the incident ion. Accordingly, detection of ions with
higher masses but the same amount of kinetic energy becomes less sensitive and detection
efficiency decreases nearly exponentially with increasing mass. The cascade is controlled
by the voltages 1st-dynode and multiplier which are applied at the first surface on the front
of the detector, and on all other surfaces across the detector, respectively. For positive
ions, the input is generally at a negative potential of 1200 to 3000 volts and the CEM
(Channeltron Electron Multiplier) output end is at ground. For detection of negative ions,
the input is generally at ground or some positive potential and the output is at a high
positive voltage. The resulting ion current is measured by a sensitive amplifier. A
suppressor operating at a negative voltage (for positive ions) precedes the detector to
prevent electrons triggering it.

Channeltron CEMs are constructed from a specially formulated lead silicate glass to form
a curved tube. The stable glass surfaces can withstand repeated cycling between vacuum
and atmosphere without a significant degradation in performance common to traditional
CuBe discrete dynode multipliers. The reduction of lead oxide on the glass surface by a high
purity hydrogen treatment at high temperature produces the conductivity and secondary
emissive characteristics critical to CEM performance. Secondary emission takes place
within the first 200 A of the surface. Underneath this emissive layer there is a conductive
layer several hundred to several thousand angstroms thick. The conductive coating is
interrupted at one point on the outer surface to produce a single series conduction path
down the interior of the multiplier.

Pulse-counting enables detection of even extremely small amounts of sampled species
and provides for highest sensitivity among available SEMs. The operating point for a CEM
in the pulse counting mode is usually determined by the point at which a plateau is reached
in the count rate versus voltage characteristic. The plateau occurs when all the signal is
being collected at the input of the CEM. As the multiplier ages, the knee moves to the right
and the voltage must be increased.

The conversion dynode arrangement simplifies the pulse detection electronics as only one
particle polarity needs to be detected, the detector circuit for a combined positive and
negative ion detection is shown in Fig. 1.9. For positive ion detection, the 1st-dynode is
operated at a net negative potential, and for negative ions it is set to a positive potential.
The voltage between the conversion dynode and the SEM (MULTHT) remains at a constant
positive potential to attract the electrons to the SEM. The conversion dynode further serves
to optimize the lifetime of the SEM input surface. The impact of high molecular weight ions
at high energies can result in chemical changes in the glass surface and even physical
sputtering which can reduce the effective sensitivity of the device. The conversion dynode
arrangement configured to detect secondary electrons prevents ions from striking the CEM
directly. The CEM surface is much less affected by electrons than by much more massive
and chemically active ions.

Due to high electron densities existing within the CEM channel near the output end,
gasses adsorbed on the surface of the walls are desorbed and ionized, forming positive
ions. These ions can travel back toward the input of the device and strike the walls near
the input producing secondary electrons which are subsequently amplified and detected at
the output end as a noise pulse (i.e. not due to an incident particle, but generated within
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the CEM itself). This phenomenon is known as ion feedback. Curving the channel effectively
minimizes this problem by preventing desorbed ions from traveling far enough to gain
sufficient energy to produce secondary electrons.

Detection efficiency is the probability of a charged particle (or photon) incident on the
CEM input producing an output pulse. This parameter is strongly dependent upon the
energy, mass and velocity of the incident particle as well as the number of charges on the
particle and the angle of incidence. For mass spectrometry applications, the most important
particles of interest are positive and negative ions. Electron detection efficiency is
important in some instances, such as when a conversion dynode is used and the CEM is
detecting secondary electrons emitted from the dynode surface. Photon detection can also
be important in a negative sense in that it is often a source of unwanted noise. The case of
ions is unique; the detection efficiency is a function of both ion energy or, more properly,
ion velocity at the point of impact on the secondary emitting surface and ion mass-to-
charge ratio m/q.

Mounting the SEM detector input aperture out of the line-of-sight of the quadrupole mass
filter exit aperture is conducted to avoid noise by effectively eliminating neutrals and
photons coming from the plasma or EQP ionizer filaments or being due to the decay of
metastables within the analyzer or detector chamber.
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Figure 1.9: Positive/negative ion SEM detector [153].

A Faraday Cup is fitted in addition to the SEM detector. It comprises a closed end
cylindrical conducting surface with a suppressor electrode to avoid false measurement.
Ions striking the surface produce a shower of secondary electrons causing a current which
is amplified by a pre-amplifier in the rf head. Using a cup rather than a plate prevents ions
to escape after entering the cup, and also an enhanced sensitivity through a higher
collection efficiency of emitted electrons. Unlike the SEM detector, sensitivity for detection
of ions does not depend on the ion velocity. However, the sensitivity of a Faraday detector
is by far lower than that of a SEM detector. The Faraday detector is intented for use in
situations when pressure or count rate are too high for the SEM detector.

Compared to the Faraday detector, the SEM is far more sensitive (and hence suitable to
measure even very small amounts of species), and is therefore used during all
measurements performed in this work. However, extra care has to be taken when using
the SEM since the surface can change quite quickly in time causing the gain to deteriorate.
The detector lifetime is especially limited during investigations in agressive environments.
Halogen gases are chemically very active and will attack the SEM active coating. Changing
the surface coating will change the workfunction, and hence the efficiency of secondary
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electron emission. The lifetime of a SEM detector is further determined by the total ion
charge it measures. High count rates at relatively long timescales will lead to an enhanced
decrease of the detector performance. The high density electron cloud at the output end of
the SEM results in physical and chemical changes to the surface which can reduce the
secondary emission coefficient of the glass, and in turn cause a reduction in gain.
Therefore, the SEM detector performance was controlled regularly and calibrated when
necessary during all experiments. Further, the SEM was not operated above a base
pressure of 5 x 10 %Torr inside the EQP to avoid detector damage and ensure correct and
uniform performance.

1.5.2 Infrared absorption spectroscopy
Tunable IR lasers draw an increasing attention as sensitive and selective probes for
species relevant in plasma processing. Besides difference-frequency lasers, color-center
lasers, and Raman-shifted dye lasers, diode laser sources are most commonly employed
for a continuous tuning and detection of stable molecules, free radicals, and ions [156].
Absorption spectroscopy can yield absolute concentrations provided the absorption cross
section is known. Sensitivity is determined by Lambert-Beer’s law

- L
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with the incident light intensity I, the light intensity I transmitted through the path length
L of species with an absorption cross section ¢, and number density n.

Broad band infrared spectroscopy, in particular Fourier Transform Infrared (FTIR)
spectroscopy has been used as an approach for investigations of plasma etching and CVD
processes. Recently, Graehlert and co-workers analysed the composition of exhaust gases
with the help of a FTIR arrangement in a special designed measuring cell [157]. These
measurements were performed in the exhaust of the process reactor outside of the clean
room area. For appropriate sensitivity of the absorption measurements, a liquid nitrogen
cooled detector was used. Although the measuring frequency and spectral resolution were
rather low, 0.14 Hz and 1 cm™1, respectively, information about several stable components
of the exhaust gas could be achieved.

In the past few attempts of using laser absorption and interferometer techniques were
made for on-line monitoring in plasma etch reactors. A laser interferometer using linearly
polarized radiation of a He-Ne laser at 632.8 nm has been demonstrated by Sternheim et
al. [158] for monitoring etching rates in plasma and controlling the etched depth of
isolation areas in silicon for oxide isolated bipolar devices. Similar work has been done by
Heason et al. [159] using tuneable near infrared lasers. An endpoint detection system for
plasma etching based on Tunable Diode Laser Absorption Spectroscopy (TDLAS) in the
infrared spectral range with lead salt lasers was described by Sun et al. [160]. Lead salt
lasers are narrow band laser sources with the advantage of high spectral intensity, narrow
bandwidth, and continuous tuneability over the absorption profile. Using TDLAS, Sun et al.
monitored the concentration of SiF, by measuring its absorption at 1023 cm™1.

The main disadvantage of TDLAS systems (based upon lead salt diode lasers) is the
necessary cryogenic cooling of the lasers (and also of the detectors), because they operate
at temperatures below 100 K. Systems based upon lead salt diode lasers are typically large
in size and require closed cycle refrigerators and/or cryogens, like liquid nitrogen. The
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recent development and commercial availability of pulsed quantum cascade lasers (QCLs)
offers an attractive new option for infrared absorption spectroscopy [161-164].

Pulsed QCLs are able to emit mid-IR radiation near to room temperature. Compared to
lead salt lasers, QCLs allow the realization of very compact mid-infrared sources
characterized by narrow line width combining single-frequency operation and considerably
higher power values, i.e. of tens of mW. The output power is sufficient to combine them
with thermoelectrically cooled infrared detectors, which permits a decrease of the
apparatus size and gives a unique opportunity to design compact liquid nitrogen-free mid-
IR spectroscopic systems. These positive features of QCLAS are found to open up new fields
of application in research and industry, including in situ control of industrial plasma
processes. More details of the QCLAS technique applied during several investigations in this
work [165-167] are summarized in section 3.1.3. A summary of important paramters for
broad and narrow band infrared absorption techniques is given in Table 1.1.

Table 1.1: Comparison of infrared absorption techniques.

FTIR IR-TDLAS IR-QCLAS
sensitivity (I,-1)/1, 1072..1073 104..107° 104..107
selectivity Av 0.1 cm™! 1074 cm? 1073 cmt
temporal resolution minutes ms...Js ms...Js
tunability whole MIR 10..100 cm! 1..10 cm!
calibration yes no no
operation room temperature 10...130 K room temperature
detection liquid nitrogen liquid nitrogen TE detectors

1.6 HPSM simulations

Combinations of experiments and simulation can have synergetic effects for exploring
new phenomena and validating current models in plasma science. Also, simulations can
provide results which can be difficult to obtain experimentally. Various modeling
approaches do exist, for example, analytical models [168], fluid models [169-174],
Boltzmann models [175,176], Monte Carlo (MC) simulations [177-179], electrical circuit
models [180,181], kinetic models (e.g., Particle-In-Cell) [97,182-184], hybrid or global
models [13,185-191], and further complex feature scale models [192].

In rf discharges, electrons, ions and reactive species are generated mainly in the plasma
bulk. However, the energy distribution and the angular distribution of the particles
impinging at the surface are determined by the characteristics of the plasma sheath. These
properties affect important manufacturing goals, e.g., etch rate or deposition rate, etch
anisotropy, conformality, radiation damage, etc. A detailed understanding of the sheath
kinetics is therefore helpful to more efficiently optimize plasma based process steps.

In this study, the Hybrid Plasma Sheath Model is used for calculation of angle-resolved
ion energy distributions which will be compared to measured ion velocity distribution
functions. The HPSM simulator is part of the discharge model used which also comprises a
Hybrid Plasma Bulk Model (HPBM) as outlined in Fig. 1.10. Here, only the HPSM parts will
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be described in more detail since main emphasis is placed on ion distribution functions on
the electrodes of the CCRF discharge. It should just be noted that the HPBM is kept very
simple by processing discharge relevant paramters like electron temperature, ion densities
and Bohm velocity.

HPBM

Figure 1.10: Structure of the discharge model used comprising the HPSM (Hybrid Plasma Sheath
Model) and HPBM (Hybrid Plasma Bulk Model) parts.

The HPSM simulator comprises a hybrid fluid-dynamic/kinetic model describing the
sheath and presheath regions of dc or rf driven gas discharges in a realistic and self-
consistent way, detailed descriptions can be found in [17,18,52,53]. The model assumes
an infinitely extended sheath parallel to the electrode, allowing a one-dimensional spatial
description. Most of the published models for the study of ions impinging a surface behind
an rf sheath are either based on computationally intensive first-principle calculations, or
limited to qualitative descriptions due to simplifying assumptions [17]. In contrast to these
models, HPSM covers the requirements of a technology-oriented computer aided design
(TCAD)-suited simulator:

e description of realistic process conditions like honharmonic modulation of the periodic
boundary sheath, multiple positive ion species, interaction with the background gas,
etc., and

e computational efficiency and numerical stability of the model.

The input required by the model consists of the fluxes of the incoming ions, the
modulating voltage, and of the pressure, the composition, and the temperature of the
background gas. On output, the model provides the values of the electric field and of the
particle densities within the sheath and the presheath, the total voltage drop across the
sheath, and also the energy and angular distributions of the positive ions and the energetic
neutrals which impinge at the material substrate.

External parameters
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Figure 1.11: Structure of the hybrid plasma sheath model [17]. The time modulated electric field
within the boundary sheath is calculated self-consistently by the fluid-dynamic part. It serves as an
input to the Monte Carlo module where the motion of a sufficient large number of particles subjected
to the field is followed.
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The hybrid model consists of a fluid-dynamic (FD) part for the computation of the time-
modulated potential within the boundary sheath, and a one-particle Monte Carlo (MC) part
which treats the particle dynamics of a sufficiently large number of energetic neutrals and
positive ions subjected to the electrical field. The structure of the model is illustrated
schematically in Fig. 1.11.

Fluid-dynamic model

The fluid-dynamical approximation takes into account the first two moments of the
Boltzmann equations for electrons and ion species. The HPSM considers (Langevin
enhanced) elastic scattering (ES) and resonant charge exchange (CX) with the neutral
background gas. The model solely treats the sheath and presheath region of the plasma,
so ionization, attachment, and other chemical reactions are neglected. Coulomb
interactions between charged particles are neglected as well because of the small degree
of ionization for low temperature discharges considered here. The governing fluid-
dynamical equations are the continuity (or particle conservation) equation and the
momentum conservation equation for the electrons
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with index "e" for electrons, index "i" for the particular ion species ranging from 1 to N,
electron and ion velocities v, and v,, particle masses m_, and m;, electron temperature
T, constant bulk temperature of the ions T;, electron and ion density n, and n;, electrical
field E, electron and ion charges e and g;, and electron and ion friction terms v, and v;.
The friction terms depend on the cross section for elastic scattering ogg, the Langevin
enhanced constant K|, and the charge exchange cross section oy .

The set of fluid-dynamical equations is completed by the Poisson’s equation

oE
€035 = Z“iqini—ene (1.74)

to obtain a self-consistent electric field distribution. Equations (1.70)-(1.74) form a set of
coupled partial differential equations which are solved using an asymptotic time and length
scale expansion. Further assumptions include periodic (not necessarily harmonic) external
fields with frequency o, and an intermediate frequency regime o, <oy «w®pye, With
plasma frequencies of ions O, and electrons Ope (resulting in ions being influenced by the
mean electric field only). Furthermore, a small Debye length with respect to the sheath
thickness A, « s is assumed.
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Monte Carlo model

In the Monte Carlo part the trajectories of a sufficiently large number of particles are
followed. The ions move in the electric field according to the Newton-Lorentz equation

2

X
mi7 = g;E(x, t), (1.75)

o | e

with the electric field E(x, t) as calculated by the FD module. Elastic and charge exchange
collisions with a spatially uniform background gas are accounted for. The initial hard sphere
collision model assumed isotropic scattering in the center-of-mass frame. To obtain more
accurate results for the calculated IEADs, the collision model was changed during this work
by implementation of anisotropic deflection functions and energy-dependent cross sections
as described in section 2.4.6. For the elastic-type collisions the scattering angle
(0<®<180°) is now calculated from previously determined impact parameters. The
energy transfer of the impinging particles is calculated by accounting for the laws of
momentum conservation and energy conservation. In the simulation each particle is
monitored until it hits the surface. Ions that escape to the plasma bulk due to
backscattering are restarted in order to keep the ion flux ratio constant. Ion trajectories
are calculated using a time-of-flight analysis. Particle collisions are treated by applying a
null collision method. Above a user-specified energy threshold, energetic neutrals
generated by scattering processes of ions with the background gas can be tracked in
addition to the ions.

Particles hitting the surface contribute to the calculation of the energy and angular
distributions of ions and energetic neutrals which are monitored separately for every
species. An energy discrimination in the angular distribution of the neutrals separates
thermalized particles from energetic particles. Since details of the angular distribution were
found to not only depend on the field structure of the sheath itself but also on that of the
presheath, the influence of the presheath is included in the simulator. Results of the HPSM
model are described to be more reliable than those of previous models which restricted
themselves to the sheath region [17].
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A system to measure ion distribution functions was first described by Coburn in 1970
[193]. Today, different systems are available to perform IDF measurements, comprising
time of flight spectrometers [194,195], retarding field analyzers [44,87,196,197], and
combined energy and mass analyzer systems [193,59,63-65,146,147]. Retarding field
analysis is performed by measuring an ion current as a function of a retarding potential.
The derivative of this current with respect to the potential yields the distribution function.
The biggest disadvantage of the retarding field technique is that there is no mass
discrimination. This shortcoming is avoided by using a combined energy and mass analyzer
probe, which sometimes is also called plasma monitor. The mass resolved energy analyzer
used in this work is a Hiden EQP 500 probe. Such a system consists of a transverse electric
field energy analyzer and a quadrupole mass spectrometer. The EQP probe measures an
ion current which represents an ion distribution function when it is displayed versus energy.
Principles of operation have been discussed in section 1.5.

Proper operation of the EQP system can be quite challenging [198,11]. The angle of
incidence at the electrode determines whether an ion can reach the detector. Limiting
factors like orifice geometry and voltage settings on the EQP electrostatic lenses are
discussed in this chapter. Measured IDFs can considerably be affected by the selected ion
optics settings which influence and determine the ion transmission of the probe. From
careful investigation of such limiting factors, determination of specific transmission
functions relevant for the diagnostic instrument can be achieved. This knowledge can
enable to gain access about undistorted ion distribution functions for ions incident on the
extraction region. Due to the fact the EQP orifice plate is made of an insulating material
and thus forms a floating electrode in the investigated discharge, the approach of enabling
comparison of different discharge conditions and chemistries becomes quite challenging.
An important but complicated task is therefore the exact determination of the floating
potential. It will be discussed how the IDF analysis is affected by the floating potential of
the different dielectric surfaces inside the plasma reactor. To support an interpretation of
plasma diagnostic measurement results and gain further insight into discharge behavior at
even difficult or impossible experimental conditions, various calculations were performed
using the Hybrid Plasma Sheath Model (described in section 1.6). For calculation of IDFs,
the hybrid-fluid simulator was additionally modified by implementation of differential cross
sections resulting from ab-initio calculations for relevant ion-atom collisions in the sheath
regions. This effort appeared necessary to achieve an accurate modeling of the scattering
angle as a function of impact parameter and energy for the wide range of relevant
scattering energies occuring in the sheaths of typical medium pressure CCP discharges. The
HPSM model initially suited to calculate single species Ar discharges was additionally
extended to enable simulations of HBr discharges consisting of multiple ion species. Finally,
parameter studies were performed for both the modified Ar and the HBr model, including
variations of the rf peak voltage, neutral gas pressure, neutral gas temperature, electron
density, electron temperature, magnetic field, and the rf frequency mix. Results of these
investigations will be discussed in section 2.5.

40
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2.1 Analyzer ion optics

The Hiden EQP analyzer comprises several electrostatic lenses which focus the sampled
ions into the energy and mass filter. A detailed description of the analyzer sections was
given in section 1.5.1. The ion optics consist of a number of electrostatic lenses which can
be tuned by applying different potential settings as shown in Fig. 2.1. During scanning the
velocity distribution function of ions entering the EQP system from the plasma for example,
the electrode voltage energy is varied for a specified range. Before scanning distribution
functions for different ions it is necessary to optimize the signal-to-noise ratio. This is
achieved by either manually or automatically tuning the EQP electrodes. As can be seen
from Fig. 2.1, there is a big degree of freedom for choosing and varying values of the
electrode voltages. Improper voltage settings on the electrostatic lenses can change the
energy discrimination of the system and hence cause distortions of the measured
distribution functions. Therefore, a detailed understanding of the electrode potential
operation is essential for a proper operation of the EQP analyzer and to acquire correct
information about the ion energy distribution.

—are=hl| |
—| EEE Arrangement for reverse
lens1 lens source instruments
extractor source focus
filament “-cage

L == ]
- | ||:| Y
source focus %%
SIMS D.C. quad,
vert, horiz | plates
> transit-|

FEOV [energy

multiplier

lens2 axis focus2

QEOQOV
[ T
: extractor Iens1: cage energy
I I
O O
|
[ A " EOV /~ REFERENCE
P e | POTENTIAL 31
: JZSG:’ :MSIU rear SHV Cennector
|} 1
H panel
[} 1
Electrode [ 35 )
Supply

Unit Internal High

Energy reference

ground (0 V)

O : Voltage source

Figure 2.1: Power supply references, high energy EQP system [153].

Aberrations known for optical lenses also apply for electrostatic lenses [152]. For the EQP
system, the effect of chromatic aberration can be problematic and should be therefore
known [198]. Chromatic aberration is a characteristic of all lenses and describes the
dependence of the focal length of a lens on the ion energy. Usually, ions sampled from the
plasma can exhibit a wide range of energies. The effect of chromatic aberration will cause
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ions with different energies to be focussed at different positions. Problems can arise where
this effect results in superior acceptance at certain ion energies. For the IVDF
measurements performed during this work, voltage settings for the electrostatic lenses
were obtained from tuning procedures recommended by the manufacturer [153]. To
ensure chromatic aberration is kept to a minimum for the obtained settings, the energy
discrimination is investigated in more detail as discussed in the next section.

2.2 Electrode voltage settings

A computer simulation package called SIMION [199] is usually used to simulate ion
trajectories through ion optics arrangements. During this work, the open source
freeFEM++ [200] development environment was alternatively chosen to calculate ion
trajectories inside the EQP. In a first step, the FEM-based model calculates the electrostatic
fields and forces exerted by the electrodes. Once the fields have been obtained, trajectories
of charged particles can be calculated. FreeFEM++ was used to investigate aberration
effects for voltage settings on the lenses obtained after performing tuning routines for an
optimized signal-to-noise ratio.

The cylindrical EQP sampling tube is treated as a 3D axisymmetric problem, the ion optics
section simulated in freeFEM++ is shown in Fig. 2.2, comprising all electrodes of
importance to the energy dependent transmission. Ions from the plasma enter the analyzer
tube via the sampling aperture in the orifice plate. Since this orifice plate is made of a
ceramic material, the surface around the aperture is likely to get charged when the
discharge is turned on. A floating potential will develop which affects the ion trajectories
and causes a shifted energy scale, as will be discussed later.
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Figure 2.2: Ion optics section simulated in freeFEM++.

The first lens, which is formed by the three electrodes extractor, lens1 and axis, is used
to shape the ion beam and accelerate or decelerate the ions to acquire the pass energy of
the energy analyzer. The incoming ions are focussed into the drift tube which is at the fixed
potential axis. Tuning routines include a variation of the potentials extractor and lens1,
causing a variation of the electric field strength which acts on the incoming ions and hence
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determines the extent to which ions are deflected and collected. The voltage settings on
the described electrodes will hence strongly influence the acceptance angle of the EQP
system. As discussed previously, care must be taken to avoid or minimize effects of
chromatic aberration which can result from an ion energy dependent focal length. After
entering the drift tube, all ions that are able to pass the energy filter will have the same
energy and hence, no chromatic aberration effects will be present behind the drift tube.

Using the freeFEM++ automatic mesh generator, a mesh is adapted to the boundaries
according to the local dimensions of the ion optics. Processing includes a mesh refinement
according to the field gradient for the given electrode potentials. The electric field is
obtained by numerically solving the Laplace partial differential equation for the specified
potentials at different electrodes. Once the electric field is determined, trajectories of
charged particles can be finally calculated. This task is performed by solving the equations
of charged particle movement under the influence of electric fields. A step width control is
used which is again adapted to the field gradient. Input parameters for calculation of
trajectories comprise the ion start location in the plane of the orifice, the ion incident angle,
the ion mass, and the initial ion energy. For illustration, ion trajectories simulated for 10
eV and 100 eV ion energies are plotted in Fig. 2.3-a and Fig. 2.3-b. Trajectories start from
the center of the orifice region, voltage settings are extractor = -18 V, lens1 = -98 V, axis
= -40 V, plates = 7.27 V, lens2 = -127 V. The graphs include a variation of the starting
angle of the ions in the plane of the orifice which was varied here between 0 and 1 degree.
As can be seen, the 10 eV energy ions are focussed into the entrance of the drift tube while
the 100 eV high energy ions remain unfocused after the first lens. Ions with 10 eV ion
energy will pass the ion optics and enter the energy filter for all angles within the
considered intervall of incidence angles, whereas only few ions with energies of 100 eV are
able to traverse the ion optics without being lost at the surface of the drift tube. As will be
discussed later, the acceptance for ions with initially high energies is significantly smaller
and those ions with greater incident angles will be lost after hitting the surface inside the
drift tube. The example was chosen to illustrate the effect of chromatic aberration where
the focal length of the first lens depends on the ion energy. Additionally, corresponding ion
energies are plotted in Fig. 2.3-c and Fig. 2.3-d, demonstrating acceleration and
deceleration of the 10 eV and 100 eV ions in order to acquire the pass energy (axis) to
transit the energy analyzer.

One additional parameter which had to be considered was the influence of a floating
potential at the orifice plate. This floating potential contributes to the electric field of the
first lens inside the orifice region and can somewhat change the acceptance angle. For the
calculations performed here, the influence of a floating orifice plate was generally
accounted for by introducing an additional electrode Vs (cf., Fig. 2.2). The systematic
investigation of ion trajectories included a variation of the floating potential between -100
V and +25 V.

In Fig. 2.4, a plot of the EQP acceptance angle is given as a function of ion energy and
different floating potentials, using the same settings obtained from tuning as specified
above. From calculations, deviations from the smooth function for the acceptance angle at
zero floating potential (thick continuous line) start to exceed a 10-20% range for floating
potentials below -20 V (dashed line) and above +15 V (dotted line). However, this is
already outside the range of typical floating potentials identified from most experimental
conditions (see chapter 4). Within the range of about -20 V to +15 V, small deviations from
a smooth curve are subject to numerical noise which occurs during data compiling. This
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was confirmed by investigations about the influence of marginally changed initial
conditions. The acceptance angle is generally observed to be quite small, where there is a
large acceptance of low-energy ions with a maximum of 3.5 degrees (61 mrad) for 1 eV
ions (for zero floating potential). This reflects the fact, that it is more easy to deflect and
focus low-energy ions in the presence of an electric field. For ions with ion energies above
20 eV, the acceptance angle is observed to be below 0.5 degrees (9 mrad). A constant
transmission is calculated for ions with ion energies above 60 eV. The acceptance angle is
generally found to be smaller than those calculated for a standard EQP probe [153]. This
can be explained by modifications made to the used EQP analyzer which comprises an
extended first lens section to adapt to the reactor access port, and to ensure a smooth
fitting to the reactor wall surface being in contact with the plasma. From the calculated
acceptance angles in Fig. 2.4, no chromatic aberration is apparent.
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Figure 2.3: Calculated ion trajectories for (a) 10 eV ions and (b) 100 eV ions; corresponding ion
energies inside the ion optics section of the energy analyzer for (c) 10 eV ions and (d) 100 eV ions.

To ensure reliability of the method employing freeFEM++ simulations and minimizing
chromatic aberration, ion distribution functions were measured after all electrodes
(extractor, lens1, lens2) were set to the pass energy of the energy analyzer (axis = -40V).
For this case, no focusing effects exist and the distribution function should hence not be
distorted. The advantage is that a true representation of the forward part of the distribution
function can be obtained. However, this method is only applicable to conditions with initially
sufficient signal intensity, since only a small fraction of ions entering the analyzer will be
detected. In Fig. 2.5 two measured distributions of Brt ions are compared for the different
EQP electrode settings discussed above. The full black line shows the IVDF recorded with
the settings obtained from tuning, the dotted grey line shows the IVDF recorded after
setting all electrode voltages to -40 V. Measured intensities have been normalized to allow
for comparison of the curves. The shapes of the distributions show reasonable agreement
giving confidence in the applied technique.
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Figure 2.5: Comparison of Brt distribution functions recorded with (full black line) and without
(dotted grey line) focusing effects.

2.3 Determination of floating potential

A distinct difference between a typical experimental CCP reactor setup and the reactor
type used here is the complete hard anodization or concealing of all inner surfaces of the
HART reactor by dielectric components. This leaves no bare metallic surfaces exposed to
the plasma, as is typically the case for experimental setups. Here, coating of metal surfaces
is required to avoid degradation and consequent formation of particles in an agressive
halogen process chemistry, as is used in the HART process reactor. Particles (like AlF3)
could cause partial masking of the wafer surface to be etched, inhibit sufficient chucking
when reaching the surface of the electrostatic chuck, or lead to drifting process results due
to changed thermal coupling between the electrostatic chuck and the substrate.
Additionally, an enhanced growth of surface layers could influence process results to
uncontrollable degrees, leading to a higher portion of required clean cycles and enhanced
consumption of reactor parts. Further, the risk of arcing would considerably increase if
conducting surfaces are exposed to the plasma and further during uncontrolled formation
of surface layers with different thicknesses (especially for high input powers typically
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applied in the CCP reactor). Arcing could again yield formation of particles, damage of
product wafers or at least plasma inhomogeneities influencing the etch result.

Consequently, floating potentials will develop at the insulating surfaces during plasma
operation. From a plasma analysis point of view, this difference places a big challenge when
applying plasma diagnostics which rely on calibration to a reference potential. Utilization of
a typical grounded metal orifice plate for plasma diagnostic investigations fails due to the
reasons that typical discharge conditions would be changed to at least some extent, and
further due to sharing plasma analysis experiments with ongoing hardware and process
development. From these considerations, the EQP orifice plate was hence designed using
a MACOR ceramic plate with a 50 uym laser drilled orifice. During discharge operation the
orifice plate will be floating as well and the EQP reference potential will change accordingly.
To obtain reproducible results during baseline experiments and calibration, and to further
allow for comparison of different discharge conditions, determination of the floating
potential is mandatory.

A first attempt to estimate typical floating potentials could be based on calculations for
the sheath potential at a floating wall, as given in section 1.2. Strictly speaking, this
approach applies for dc discharges only since very basic assumptions for a stationary case
are made, and an oscillating plasma potential (as is experienced in the rf discharges
investigated here) is neglected. Furthermore, the contribution of a displacement current
through the insulating material is not examined either. Now, assuming electron
temperatures of about 2.5 eV and 6 eV for typical Ar and HBr discharge conditions (see also
section 2.5), dc sheath potentials of about -9 V for Ar and -24 V for HBr can be calculated
from equation (1.24). These values appear to be somehow realistic, and also this is not too
far off the values determined for different discharge conditions, as given in chaper 4.

In a second approach, FreeFEM++4+ was used to perform calculations for an assumed
quasistatic floating potential distribution. For an adiabatic solution without considering the
effect of surface charging, the potential in the plane of the orifice is found to be close to
the plasma potential (Fig. 2.6-a). From further calculations, the situation changes
significantly when the orifice plate is locally set to zero volts. Following the simulation, the
potential in the orifice plane is shifted to virtually zero values (cf., Fig. 2.6-b). In reality,
this situation should apply if a conducting layer is deposited onto the surface of the low-
pressure side of the insulating orifice plate (i.e., the area not exposed to the plasma), and
if connection to ground is ensured. Grounding can be achieved easily by connection to the
ground shield plate wich is located in front of the EQP extractor (this ground plate is
however not visible for ions entering through the orifice - they just see the extractor). From
these considerations, a second MACOR orifice plate was sputter-coated with a 200 nm thick
aluminum layer on the low-pressure side to investigate the influence predicted by the
simulations. It was ensured that the sputter-coated low-pressure side was then tightly
connected to the stainless steel extractor ground plate to achieve zero volt potential at the
aperture. From various IVDF measurements conducted with the modified orifice plate, an
expected shift of the energy axis for measured distribution functions could however not be
observed. IVDFs were instead found to be reproducible to those measured without
modifications on the sampling arrangement. The contrary observations emphasize the
limitations of the simple model used here.

In literature few hints can be found about investigations comprising floating
arrangements. A model developed for expanding sheaths at insulating dielectric surfaces
in front of a metal electrode, for example, is described in [201] for plasma source ion
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implantation using pulsed plasmas. Due to the low conductivity of a dielectric material,
charge accumulation on the surface of the dielectric is considered to result from ion
implantation in the several 10 keV range. However, the model is based on assumptions that
are only valid for supersonic sheaths as observed for pulsed plasmas, and the model is not
able to describe the situation of a stationary sheath (neglecting an hf modulation of the
oscillating sheath for the investigations at the HART reactor here). Furthermore, typical ion
energies inside the CCRF reactor investigated here will remain below 1-2 keV [202].
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Figure 2.6: FreeFEM++ potential distributions in the vincinity of the MACOR sampling aperture for
(a) the initial MACOR orifice plate; (b) MACOR orifice plate modified by introduction of a conducting
layer (on the low pressure side of the aperture) being connected to ground.

The very basic assumptions made above yield some hints of negative floating potentials
up to around -25 V. A more precise picture of the floating potential for different discharge
conditions and chemistries was obtained after noticing the following phenomenon: For
sufficiently high intensities, a distinct low-energy peak appears in the measured ion
distribution functions. This is demonstrated in Fig. 2.7, where the inset shows enlarged
details at the low energy tail of measured IVDFs. This distinct low-energy peak in the
respective distribution function is attributed to resonant charge exchange collisions
occurring in the sheath in the proximity of the extraction aperture of the ion energy
analyzer [7,8,203,204]. In literature, these low-energy peaks were reported to coincide
with 0 eV when the extraction hood was connected to a grounded aluminum electrode
inside a GEC cell [203]. During the experiments conducted in this work, positions of the
low-energy peak are finally used for determination of the floating potential at the sampling
aperture and calibration of the energy axis. As will be discussed in chaper 4, this allows for
explanation of negative recorded energies and for comparison of different plasma
conditions. Floating potentials determined in this work were not found to exceed -25 V,
which is in good agreement with the estimations from the very basic calculations discussed
above.

From a more detailed analysis, slight shifts in the floating potential were observed. The
variations are attributed to slightly varying surface charge densities at the sampling plate
(e.g., due to build-up of contamination layers, rf phase modulation). This can be seen from
the discussed low-energy peak which exhibits a more or less smeared feature (cf., inset in
Fig. 2.7). Varying reference potentials (or energy shifts in the scale of measured
distribution functions) were also reported for experimental setups comprising metal
reactors with virtually defined potentials [14]. The variation was attributed to surface
charging due to formation of thin oxide or contamination layers around the orifice region.
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Under stationary conditions, surface charge densities may vary periodically with the rf
phase, which in [14,205] was discussed to imply that the energy shift need not necessarily
be the same for all energies recorded. For completeness, one should mention that charging
can also occur on the inner surface of the sampling plate (i.e., in the EQP low-pressure
region) hence causing acceleration of ions from the orifice into the ESA [64].
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Figure 2.7: Comparison of ion distribution functions for 3®Ar* isotope measured for 60 MHz
(continuous line) and 60+2 MHz Ar plasma at 150 mTorr (brocken line). The insert shows the low-
energy peaks which are caused by charge exchange collisions near the sampling aperture, and which
are used to calibrate the energy axis.

Besides the influence of surface charges, negative recorded energies are also possible to
be observed if a significant fraction of the ions is created in the acceleration region of the
analyzer [14,74]. However, no evidence to support this possibility is found from
dependencies of ion species, discharge pressure, different extractor potentials, and further
IDF profiles were not found to be significantly modified comparing different measurements.

2.4 Comparison to HPSM simulations

For well-characterized discharges, measured ion distribution functions can be compared
to angle-resolved IEDFs calculated from HPSM simulations. An approach to enable
experimental processing of simulation data will be described in the following. To support an
interpretation of results from plasma diagnostic measurements by sheath calculations, two
major requirements have to be met: knowing the specific transmission functions relevant
for the diagnostic instrument, and simulating realistic distribution functions.

The first requirement comprises investigations about the influence of the EQP probe
setup and internal arrangement on ion distribution functions. Difficulties in measuring
IVDFs are minimized by simulation of ion trajectories and a careful determination of the
relevant transmission functions specific for the plasma monitor used. According to [206-
208], the forward part of the ion velocity distribution function is measured by the EQP.
Thus, a transformation of IEDFs calculated from the HPSM is performed in order to allow
for an appropriate comparison. This transformation requires knowledge about the specific
transmission functions of the EQP diagnostic arrangement. Several effects involved in ion
sampling have to be accounted for and investigated in detail. First, collisions of ions passing
the sampling orifice are discussed in section 2.4.1. Further, it is essential to gain knowledge
about the acceptance angle of the sampling aperture, and more importantly, about the
instrument ion optics. Not all ions arriving at the orifice plate can pass the EQP system and
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finally reach the detector. Limitations due to the geometry of the sampling aperture and
further by the voltage settings of the electrostatic lenses forming the EQP ion optics are
discussed in sections 2.4.2 and 2.4.3, respectively. These limitations yield specific
transmission functions which will result in only a very narrow angular distribution being
measured by the EQP. It should be noted that from the measured distribution functions it
is in general difficult to draw conclusions about the true IEAD for ions incident at the reactor
wall.

Simulation of realistic distribution functions requires detailed knowledge about various
discharge parameters. Besides very few published studies (e.g., in [13]), this requirement
is hardly met in reality. Extensive measurements comprising all known plasma diagnostic
techniques on specially designed laboratory systems would have to be performed, which is
usually a topic for many research groups. Such studies are usually limited to noble or very
simple molecular gases, where basic knowledge is available from literature. Furthermore,
results only apply to a specific reactor type. For the work here, an extensive baseline
characterization for relevant discharge does not exists up to now and knowledge is either
very limited or restricted by the respective manufacturers. From these reasons,
calculations were performed for a wide range of plasma parameters as an initial start point
which is described in section 2.5.

From this overview, this work will give a first attempt towards enabling a comparison of
experimental and simulation results. The study of various discharge parameters will give
valuable support for the interpretation of results from an analysis of different discharge
chemistries. It is demonstrated, how typical ion distributions can be obtained from
simulations and compared to measured IVDFs by applying transmission functions and
transformation of calculated energy distribution functions to measured velocity distribution
function.

2.4.1 Extraction effects

When travelling through the sampling orifice, ions can collide with either the static
background neutral gas inside the ion analyzer or the expanding gas from the plasma
reactor. As a result, ion bombardment measurements can be potentially corrupted. Ideally,
the gas density should change stepwise at the orifice plane. However, there is a transition
region from the higher density region of the plasma reactor (viscous flow) to the very low
density in the EQP chamber (molecular flow) causing a significant density of neutral
molecules to exist a few pinhole radii from the orifice on the low pressure side. According
to Coburn and Kay [209], the attenuation of the ion beam downstream of the orifice can
be calculated for both effects. Due to maintaining a base pressure below 5x10"° Torr inside
the EQP, the mean free path is in the order of several meters (molecular flow regime).
Hence, the static background pressure is sufficiently low and scattering of ions with
background neutrals is negligible. The ion current attenuation due to the influence of the
static pressure can be calculated using the expression

Ix) _

OcxCx
T exp[-ocyxnx] = exp[— }
0

where I(x) is the ion current at distance x from the orifice, I is the ion current at the
orifice, oy is the charge exchange collision cross section, ng is the neutral density at the
high pressure side of the orifice, n is the neutral density in the low pressure region of the
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orifice, C is the orifice conductance, and Q is the pumping speed in the low pressure
region. The conductance C of the aperture is given by [144]

C = 11.77R? (?}(ﬁ) (2.2)

with the orifice radius R, the relative atomic mass Z, and the temperature of species inside
the plasma reactor T.For R =25 um, M =40, T =343 K, x =5cm, ocy = 4x10 1 m?
(Ar resonant charge exchange [210,211]), less than 0.1% of the ions undergo collisions
with neutrals effusing through the orifice even at high plasma reactor pressures of 600
mTorr.

The expanding gas forms a localized high gas density downstream the orifice which
significantly varies with pressure inside the plasma reactor and the orifice diameter. The
influence of the expanding gas can be described by

onsR
exp[—TOarctan(%ﬂ (2.3)

Ix) _
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which for x — « yields [212]
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As can be seen from equation (2.4), the beam pressure effect is independent of the
pumping speed in the low-pressure region. For a reactor pressure as high as 600 mTorr,
up to 12.4% of all ions suffer collisions after passing through the 50 pum diameter orifice
(cf., Fig. 2.8). These collisions can yield a reduced ion energy and hence contribute to an

artificial distortion of the actual IDF at the electrode surface.
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Figure 2.8: Attenuation of the ion current due to collisions with neutral species effusing through
the sampling orifice.

Thompson et al. [212] pointed out the pressure on the plasma side of the orifice in
general being less than the plasma pressure well away from the orifice. The assumed lower
pressure will result in fewer collisions as compared to the situations at an undisturbed
electrode surface. Assuming an approximately symmetric effect of the orifice on the neutral
gas density, about the same percentage of ions should be affected by a decreased density
at the high pressure side, as are affected by a significant density at the low pressure side
of the orifice. Further, an increased average ion energy above the orifice resulting from
fewer collisions should somewhat compensate an collision induced ion energy loss behind
the orifice.
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From the above considerations for various pressure effects it is assumed that measured
energy distributions are only negligibly influenced and no relevant transmission function is
identified.

2.4.2 Orifice transmission function

The finite thickness of the sampling orifice requires further correction of the actually
measured IVDF since not all impacting ions will reach the opposite side of the aperture and
be sampled by the EQP ion optics. As an approximation of the orifice shape, an ideal
cylindrical aperture of radius R and length L is considered. The probability of passing
through the aperture depends on particle arrival position and angle. Considering a flux of
particles evenly distributed over the pinhole entrance, the fraction of particles passing
through the cylindrical aperture without colliding with the cylinder walls is calculated. The
arrival position of a particle is defined by the radial coordinate r, the angle between the
particle trajectory and the orifice surface normal is defined as 6.

Figure 2.9: Sampling orifice geometry.
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Figure 2.10: Orifice transmission probability as a function of the ion incident angle.

The maximum angle for transmission is given by

2R (2.5)

tan(Omay) = 5

The particle trajectory will be part of the surface of a cone with radius r’= Ltan® at the
exit aperture. The fraction of incoming particles traversing the orifice will be the fraction of
the circumference of the cone lying within the exit aperture of the sampling orifice in Fig.
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2.9. Calculating the effective collection area enables the flux of ions at various IAD incident
angles to be normalized to the same collection. According to [89], the transmission
probability is calculated from the effective collection area finally yielding

2
Atan(e) 4 - L tan(e)2—2arcsin(tan(e))—sin(2arcsin(tan(9)))

R R

1- - . (2.6)

Ptrans(e)

The derived orifice transmission function which is used to alter the calculated IEAD from
the MC part of the HPSM simulation is plotted in Fig. 2.10.

2.4.3 Energy transmission function
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Figure 2.11: Results of HPSM simulations for a typical 60 MHz frequency argon discharge: (a) IEAD
for Art ions at the powered electrode; (b) IEAD for Art ions at the ground electrode; (c) IEAD for Ar*
ions after passing a 50 um sampling orifice at the powered electrode and further the EQP ion optics
section before entering the energy analyzer; (d) IEDF for Art ions at the powered electrode as
obtained after integration over all angles; (e) IEDF for Ar" ions at the ground electrode as obtained
after integration over all angles; (f) IADF for Art ions corrsponding to cases (a)-(c) as obtained after
integration over all energies. HPSM input parameters used were 300 V rf peak voltage, 150 mTorr
back?round neutral gas pressure, 500 K neutral gas temperature, 2.58 eV electron temperature,

1x10%m3 plasma density, and no magnetic field was applied.
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As discussed in section 2.2, an energy-dependent transmission is caused by the EQP ion
optics. Settings of the EQP electrostatic lenses determine the electric field strength, and
thus the acceptance angle for incoming charged particles. The acceptance angle serves as
a good approximation of the energy dependence of the measurement system.

The maximum acceptance angle was calculated using freeFEM++ with settings of the
electrostatic lenses obtained from tuning for SNR optimized ion optic settings for all cases
when achieving the passing energy required to transit the 45° sector field energy filter.
From Fig. 2.4 it is obvious, that only the forward part of the ion distribution function is
measured which is due to the very narrow acceptance angle of the instrument. The
acceptance angle is found to decrease from a maximum of 2.2° (38 mrad) at 1 eV ion
energy to less than 0.5° (9 mrad) for an ion energy above approximately 20 eV. This proves
the fact of low-energy ions to easier be deflected and focussed. The acceptance angle and
hence the energy dependence results in an artificial distortion of the IDF in particular in the
low-energy region. From a best fit to the data, the energy dependent transmission function
is calculated to be

b (Ey = 2.20(50) "% 2.7
trans( i) - 4 e_\7 (2.7)

with the ion energy E,. Besides the orifice transmission function, the energy transmission
is also applied to results of the HPSM simulation for comparison to the experimental data.

For further illustration, typical IEADs obtained from HPSM simulations for a 60 MHz argon
discharge at 150 mTorr are plotted in Fig. 2.11. From the IEAD for Art ions at the powered
electrode (cf., Fig. 2.11-a) it can be seen that most ions are forward-directed within an
interval of +5 degrees. Compared to the range of ion energies calculated, those ions are
however found at lower energies resulting from resonant charge exchange collisions. A
significant amount of ions is further found to hit the electrode with also considerable off-
normal incidence in the +25 degree range. The IEAD for Art ions at the ground electrode
are shown in Fig. 2.11-b. Here, the probability for resonant charge exchange is less if being
compared to that for the high voltage sheath. Also, less pronounced scattering is observed
as compared to the former case when comparing for the same range of the relative ion flux
plotted here. Fig. 2.11-c shows the IEAD for Ar" ions after passing a 50 pm sampling orifice
at the powered electrode and further the EQP ion optics section before entering the energy
analyzer. This result is obtained from application of the orifice and energy transmission
functions to the true IEAD plotted in Fig. 2.11-b. The strongly modified result demonstrates
again the limited interval that can be measured from the true IEAD for ions incident at the
relevant electrode. This example leads to the conclusion that situations can arrise where
information about the measured ion distribution function can considerable deviate from the
true IEDF. This can happen if for example (at high pressures) a high amount of ions is
scattered in the sheath region to arrive at the electrode at marked off-normal incidence.
However for asymmetric discharge geometries as the one considered here, more
pronounced scattering and charge exchange collisions can occur in the typically thicker high
voltage sheath in front of the powered electrode. Hence, performing IEDF measurements
at the powered electrode would cause results to deviate even more from reality. IEDFs
obtained from measurements at the ground electrode will yield a good agreement to the
true IEDF at low to intermediate pressures. Plots depicted in Fig. 2.11-d and Fig. 2.11-e
show the corresponding IEDFs for Art ions at the powered and ground electrode which are
obtained after integration of the IEAD over all angles. Despite the higher noise for the
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calculated IEDF for ions that have successfully passed the EQP ion optics (dotted line) -
which is due to low statistics-, the agreement to the true IEDF (solid line) is quite good (Fig.
2.11-e, note that the measured IEDF has been multiplied by a factor of 75). Finally, in Fig.
2.11-f, the IADFs for Art ions corrsponding to cases (a)-(c) are plotted as obtained after
integration of the respective IEADs over all energies.

2.4.4 Mass transmission function

Both the quadrupole mass filter and the SEM pulse-counting detector contribute to a
mass transmission function. The mass discrimination is attributed to the presence of a
quadrupole pre-and postfilter reducing the influence of the quadrupole dc fringing fields,
and further to the detection coefficient of the SEM caused by a mass-dependent emission
of secondary electrons. According to [145,213], both the transmission efficiency of the
quadrupole mass filter t(m/q) as well as detection coefficient of the channeltron detector
0(m/q) scale with the inverse square root of the ion mass. Hence when plotted as a
function of the ion mass, the measured signal will approximately scale with the inverse of
the ion mass, which for singly charged ions is expressed by

1

t(mem)~m . (2.8)

Equation (2.8) implies that high mass species are suppressed in a mass scan. In Fig. 2.12
this correlation is supported quite well by mass discrimination data provided from the
manufacturer [153].
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Figure 2.12: Mass discrimination of the EQP probe obtained from spectral data for investigation of
the complex substances (TEOS, HMDSO, VMDSO, HMDSN) applying 70 eV electron energy in RGA
mode [153]. Spectral intensities measured (points) are fitted well by the inverse ion mass function
from equation (2.8).

2.4.5 Sheath behaviour in front of different dielectric surfaces

In this section it will be discussed how the presence of the different dielectric materials
MACOR and Y,0s3 influences the ion distribution functions. This evaluation effort is done to
examine if measured IVDFs are representative for distribution functions of ions incident on
the Y,03 coated reactor walls (forming the dominating electrode area in the plasma).

Estimation of the difference in the sheath voltage drops in front of different dielectrics
requires knowledge of currents from the plasma bulk to the MACOR and Y5053 surfaces, as
well as floating potentials of the different surfaces. Since these parameters remain
inaccessible, it is only possible to determine the relationship for the two limiting cases
assuming a (1) homogeneous potential distribution, and (2) homogeneous current density.
In Fig. 2.13, a model is given for the rf voltage drops across the sheaths that develop in
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front of different dielectrics while connecting the plasma potential to ground. The model will
be used to investigate the differences caused by the presence of the different dielectrics.

(1) Homogeneous potential distribution
Assuming that equal potentials develop at the surfaces of the different dielectrics
VMacor = Yv203 (2.9)

which requires

ImAcoR _ 8MACOR(A1MACOR+A2MACOR) dy203 _ 9 41x10°5 (2.10)
Iva03  #v203 “dimacor  damacor’Av203

with the dielectric constants ey,cor = 6 (remaining nearly unchanged for a wide range of
frequencies and temperatures [150]) and ey,53 = 11.5, the MACOR orifice plate physical
dimensions Aimacor = 0.95cm™, dimacor = 1 mm, AsmAcor = 9-23 cm?,
domacor = 7-5mm, and the yttria coated ground electrode surface area
Ayo03 = 2419.15 cm® with an average thickness of dys03 = 200 ym. From its geometry,
the MACOR plate is approximated by 2 parallel capacitors Ciyacor and Comacor
representing the inner and outer section (cf., Fig. 2.9). From

Vsheath1 * VMacor = Vsheath2 * V203 (2.11)
in Fig. 2.13 it is obvious that
Vsheatht = Vsheath2 (2.12)
must be satisfied here, which is fulfilled for

i I A _
JMACOR _ TMACOR Y203 _ 5 54,1572, (2.13)
Jy203 Iv203 Amacor

In this limit, the IVDFs measured at the MACOR orifice plate correspond to the IVDFs of
ions incident on the yttria ground electrode.
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Figure 2.13: Capacitive voltage divider model for the presence of different dielectric surfaces in the
plasma.
(2) Homogeneous current density
Assuming current densities at the different dielectric surfaces are equal,
Jmacor = Jy203 (2.14)

which requires
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I A _
MACOR _ ZMACOR _ 4 51x107>. (2.15)
Iy703 Av203

The surface potential distribution in this limit will be different from the case considered
above and yield the following ratio

Vimacor _ Imacor Cy203 _ Amacor €y203 (A1MAc0R+A2MAc0R)’1 3513, (2.16)
Vv203 Iv203 Cvacor  9v203 €MACOR‘d1mMacorR  9aMACOR
From
Vsheath1  Vmacor = Vsheath2 * V203 (2.17)
in Fig. 2.13 it follows that
Veheath1 * 34-13Vy203 = Vheath2 - (2.18)
From that, two limiting cases can be determined
(22) Vy203~ 0= Vgpeath1 = Vsheath2 / (2.19)
(2b) Vy03 7 0= Vgheathi < Vsheatha - (2.20)

If the floating potential at the dielectric surface is zero, the voltage drops of the sheaths in
front of MACOR and yttria are equal as well, which is also a special case of the above
assumption for a homogeneous potential distribution. However, if the floating potential can
not be neglected (which is usually observed to be the case for the vast majority of
measurements conducted in this work), the sheath voltage drop in front of the MACOR
orifice plate can be considerably smaller compared to the sheath voltage drop in front of
the yttria coated ground electrode. From Fig. 2.13, the floating potential at the yttria
coating can be expressed by

dv203
Y203 = Snfe., o g Y203 (2.21)

For the two frequency drives used in this work, the following relations can be calculated

The current density can be derived from

J = énNi\Vgonm = €N

i m_e (2.24)

and is plotted in Fig. 2.14 for Art ions in Ar plasmas (full lines) and Br* ions in HBr
discharges (dotted lines) as a function of electron temperature and electron density.
Strictly speaking, the calculation is valid only for electropositive discharges with a single
ion species, as is usually the case for argon. Application to Brt ions in slightly
electronegative HBr discharges is only a very crude approximation for the limit of Br* ions
dominating over all further ions present in HBr discharges. Further, the sheath structure
may not be comparable to those observed for electropositive discharges. For argon
discharges in the range of about 2-4 eV mean electron temperature and common electron
densities of 1010-1011 cm=3 [214,215], typical Ar* ion current densities exhibit about 3-44
A/m?Z. Inserting these values into equations (2.22) and (2.23) and further into (2.18) yields
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f=60 MHZ = Vi oatny + (0.53...7.82)V = Vi eath « (2.25)

f=2 MHZ = Vg opny + (16.00...234.74)V = Voo - (2.26)

This demonstrates that pure 60 MHz discharges yield essentially no dramatic differences
between the ion energies at the yttria ground electrode as well as at the MACOR orifice
plate. However, for a certain contribution of the 2 MHz frequency, ion energies can be
considerably lower at the MACOR surface compared to those at the Y,03 coated ground
electrode.

Electronegative HBr discharges will exhibit lower electron densities due to efficient
electron attachment in the plasma bulk. This is however not indicative of the ion densities
which in electronegative discharges can be up to about three orders of magnitude higher
compared to electron densities [31]. For HBr discharges in the range of about 4-7 eV mean
electron temperature and common electron densities of 10°-101°% cm™3 [214,215] similar
ion densities as those observed in Ar discharges are expected, which would correspond to
an estimated electronegativity of about ten. The higher mass and electron temperature in
(2.24) will then almost cancel out, and typical Brt ion current densities exhibit about 3-41
A/mZ. Inserting these values into equations (2.22) and (2.23) and further into (2.18) yields

f=2 MHZ = V opny + (16.00...218.73)V = Voo - (2.28)

Calculated differences for the developing sheaths are comparable to argon, and measured
ion energies can again be considerably lower than those at the Y,O3 coated ground
electrode in case there is certain contribution of 2 MHz power to the 60 MHz power.
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Figure 2.14: Current density calculated from (2.24) for Ar (full lines) and Br (dotted lines) as a
function of electron temperature and electron density.

In summary, we can expect that IVDFs measured at the MACOR orifice plate will be
identical to IVDFs of ions incident on the Y,03 coated ground electrode in the limit of a
homogeneous potential distribution (at the MACOR and Y,0O5 dielectric surfaces), and
further when assuming an ideally zero floating potential of the dielectric surfaces in the limit
of homogeneous current densities. Considerable deviations can however occur for non-
negligible floating potentials in the limit of homogeneous current densities. Floating
potentials observed for the different discharges discussed in chapter 4 were found to
deviate from a zero potential. This clearly demonstrates that the theoretical limit of an
ideally zero floating potential is not fulfilled in reality. In these cases, the IVDFs measured
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at the MACOR plate would appear at lower energies than those obtained for ions incident
on the yttria coated ground electrode. From the halogen chemistries typically used in the
reactor it is known, that surface contamination layers can develop during plasma operation
through adsorption and deposition of plasma species/products at the reactor surfaces.
These surface layers will remain to a certain extend even after standard plasma cleans (as
a consequence, all chamber parts have to be replaced and wet-cleaned regularly).
Neglecting differences in the sticking coefficient of product species for the different coatings
discussed here, it can be assumed that surface charging becomes dominated by a uniform
build-up of surface contamination layers. This would support the assumption that the case
of a homogeneous potential distribution most likely applies here.

Influence of orifice geometry on sheath potential lines

The orifice diameter of the used extraction hood is 50 pm which is smaller than the sheath
thickness and also does not exceed 2An. For a plasma with assumed T, =4 eV and
Ne = 1x101% cm™> the Debye length [20] is calculated to be about 149 uym. For this case
the sheath will remain undisturbed [208].

2.4.6 HPSM extensions and modifications

The initial model applied in this work is sufficient to study CCRF argon discharges. In the
HPSM code, initially constant hard sphere and charge exchange collision cross sections
OHs = 2.5x10 °m” and Ocx = 4.0x10 *°m? were used for argon [17,18] as determined
from experimental data [210,211]. To enable a more precise comparison of calculated and
measured IVDF structures, the existing model which assumed isotropic scattering in the
center-of-mass frame was modified by application of anisotropic deflection functions (as
calculated from previously determined impact parameters). The initially constant hard
sphere and charge exchange cross sections were further substituted by energy dependent
cross sections determined from ab intio calculations. This effort appeared necessary to
achieve an accurate modeling of the scattering angle as a function of impact parameter and
energy for the wide range of relevant scattering energies (about zero eV to keV range)
occuring in the sheaths of typical medium pressure CCP discharges. Additionally, the model
was extended to allow for simulation of CCRF hydrogen bromide discharges consisting of
multiple species.

To describe ion-neutral scattering for a given impact parameter, the differential
scattering cross section is used [20]

do  sine doe’ (2.29)

The impact parameter b denotes the distance of closest approach between the two
colliding particle centers without any particle interaction. The scattering angle ® changes
characteristically with the impact parameter b (® becomes larger for decreasing b).
Determination of the differential scattering cross section requires knowledge about the
dependency ©(b) which is determined from the scattering potential V.(r). The interaction
potential V. (r) is determined as a function of the impact parameter b from ab initio
calculations (i.e., solving the Schroedinger equation). The deflection angle ©(b) of the
scattering process is then calculated for various impact energies (1...1000 eV) by applying
the Kepler formula. This approximation has shown to yield reasonable results for the high
energy range being of main interest here, solving the time-dependent Schroedinger
equation for the complete scattering process is not relevant at this point. To account for
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the projectile energy, the deflection angle has now become a function of both impact
parameter and ion energy O(b, E). For a specific ion energy, the cross section for elastic
scattering can then be determined for the point where the scattering angle becomes
negligibly small by using

p.2
ogs(E) = s, max(E) = lbgs max(1eVIE 1" (2.30)

To further account for the possible capture of an ion by a neutral at small impact
parameters, the Langevin enhanced cross section can be calculated from

2

VRN Mym; € VR

with the relative velocity before the collision vy, the masses of neutral and ion species m,,
and m,, charge of the ion g,, the polarizability of the neutral species g, and the Langevin
constant K| . Now, equation (2.29) can be finally written

do

_ %es, 1 (2.32)
Te)

s dQ  4n

Whereas the elastic scattering cross section opg dominates at higher energies, the
Langevin enhanced cross section ¢ contributes at low energies.

Resonant charge exchange between an ion and its parent neutral is treated with the same
energy dependence as determined for elastic collisions. The probability for resonant charge
exchange is a rapidly oscillating function of the collision parameters. This oscillating
function is represented well by its mean value of 50% [216]. Cross sections for charge
exchange were deduced from literature [217]. Similar to the energy dependence of elastic
collisions, the energy dependence for charge exchange collisions can be accounted for by
using

p.2
oex(E) = 21b2y max(E) = 21lbey max(1V)E P (2.33)

where the factor of two accounts for the 50% charge exchange probability, and bey ax IS
deduced from [217].

As an example, the collision parameters for Ar" +Ar interactions with Ar" projectile
energies for 1 eV and 1000 eV are illustrated in Fig. 2.15. In general, the interaction
comprises short range forces at low impact parameters resulting from repulsion of the
electron clouds, and further long range forces at higher impact parameters which result
from (induced) dipole and van-der-Waals interactions. For a time-efficient treatment in the
Monte Carlo part of the HPSM, three distinct regions can be identified and used for a fit
model of the final energy dependent cross sections (cf., Fig. 2.15-b): (1) At low impact
parameters momentum and charge transfer are significant leading to large deflections of
the projectile. Starting from © = 180°, the fit function is used up to a defined minimum
deflection angle where deflections have become infinitesimally small. (2) At higher impact
parameters where deflections are practically zero due to negligible momentum transfer, the
probability for charge transfer still remains at 50%. Hence, elastic scattering processes are
neglected and charge transfer is the only process that is considered here. A maximum
impact parameter b = bgg o« for elastic scattering can be defined which divides regions
(1) and (2), for 1 eV argon ions it is calculated to be 4.52 A. (3) For impact parameters
exceeding a certain value, no collision process will occur anymore. Regions (2) and (3) are
divided by a maximum impact parameter b = bcy na for resonant charge exchange
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processes which for 1 eV argon ions is 6.18 A. This value is calculated from published
charge exchange cross sections [217] by using (2.33).

In summary, the fit model for the energy dependent cross sections comprises the
following parameters: (1) maximum elastic impact parameter bES,max at a relative kinetic
energy E,;, = 1 eV for a projectile as defined by a minimum deflection angle of interest,
(2) maximum impact parameter b, at E;, = 1 eV as defined by the charge exchange
cross section taken from literature [217], (3) exponent p for the energy dependence as
obtained from a fit to the deflection function giving a maximum impact parameters which
is ~(Ekin)7p, (4) constant charge exchange probability of 50% is applied for resonant
processes [216].
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Figure 2.15: Model of ion-atom collisions for argon: (a) collision dynamics V..(r) , (b) angle of
deflection ©(b, E) .

Heavy particle collision parameters for ion-atom and atom-atom collisions in argon
calculated in this work are listed in Table A.1 in appendix A. As described above, the
energy-dependent interaction parameters were obtained from fitting the results of the
calculated deflection functions and relative kinetic energies of the argon ion projectile.
Cross sections for elastic collisions and charge exchange were calculated according to
(2.30) and (2.33) by using the maximum impact parameter for elastic scattering and
charge exchange, respectively. The Langevin constant K| for argon ion-atom interactions
was calculated by using (2.31) with the polarizability taken from [218].

Further extensions were made by implementation of multiple species observed in typical
CCRF hydrogen bromide discharges. First, mole fractions of relevant neutral and ion
species are required as input for the HPSM simulator. Neutral species mole fractions were
determined by applying mass spectrometry for a typical HBr discharge (medium pressure,
60 MHz frequency) at the HART plasma reactor. For these experiments, the electrostatic
chuck was covered by an Y,03 wafer to minimize chemical reactions with surfaces exposed
to the plasma and avoid distinct modification of the discharge chemistry by additional etch
(by)products. The Hiden EQP was applied in RGA mode with 70 eV electron energy. The
mass spectrum contains typically major peaks for the following species: H;’ , H20+ , Br* ,
HBr" , and Br; (cf., Fig. 2.16). hydrogen bromide is partly dissociated into atomic
hydrogen and bromine, where H; and Br; result from recombination of these atoms at
the reactor walls surrounding the discharge. Unfortunately, the mass spectrometer used is
not able to reliably measure the m/g = 1 u peak in the mass spectrum, so H* is not
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reported here but is believed to be present as well. Water is detected due to the significant
amount of humidity contained in the hydrogen bromide feedstock gas. From the analysis,
peaks for H; , Brt , HBr* , and Br; were used to calculate the neutral mole fractions. From
application of APMS it was concluded that all species considered here result from direct
ionization in the mass spectrometer ionizer region (with Br being an exception). Threshold
energies were determined as follows:

e 15.66 eV for HZ which is only slightly above the reported value of 15.43 eV for direct
ionization of hydrogen molecules [219].

e (1) about 12.5 eV and (2) 17.3 eV for Br* resulting from (1) direct ionization of
bromine neutrals Br+e —Br' + 2e, and (2) from dissociative ionization of either
hydrogen bromide HBr+e — Br*+x or molecular bromine Br,+e— Br' +x or both
type of species. The value measured for (1) is slightly above the first ionization
potential of 11.81 eV [219], whereas for (2) values were only found to be reported for
Br* formed during dissociative ionization of molecular bromine Br,+e— Br' +x in the
range of 10.31-10.48 eV [218,219]. Hence, it is concluded that the second threshold of
about 17.3 eV for Br' observed here must be due to dissociative ionization of
molecular hydrogen bromide according to HBr+e — Brt +x. This is also supported by
further investigations when applying APMS in HBr discharges, as described in section
3.1.2.

e 11.86 eV for HBr" which is close to 11.68 eV for direct ionization of HBr molecules
reported in [219].

e 10.66 eV for Br; which is comparable to the reported value of 10.52 eV for direct
ionization of bromine molecules [219].
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Figure 2.16: Neutral species mole fractions determined for a pure HBr plasma using Y,03 wafer
with Hiden EQP 500 applied in RGA mode with 70 eV electron energy (mass spec data compensated
by application of mass transmission function —mt ), paramters: 300 sccm HBr, 150 mTorr process
pressure, 1500 W (60 MHz), 0 W (2 MHz), 0G, 15 Torr helium backside cooling pressure.

Mole fractions for the described neutral species were obtained by integrating the
measured peaks, compensating data by application of the mass transmission function from
equation (2.8), taking into account the different isotopes for each species, accounting for
the sources of Br® as determined after direct and dissociative ionization inside the EQP
ionization source, and calculating the ratio of the integrated intensity for each species and
the total integrated intensity for all species regarded here. It should be noted that these
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conclusions can only be considered as a rough estimation since several side effects (like an
unknown contribution of pyrolysis effects at the filaments of the EQP ionizer, and more
importantly due to a high recombination coefficient of bromine atoms on stainless steel
surfaces [125] inside the EQP tube) remain unknown. Furthermore, a correct determination
of mole fractions for ion species inside the plasma is more complex than the method
explained above since tuning of the EQP ion optics is different for each ion species extracted
from the plasma and ions exhibit different distribution functions. At this point, mole
fractions of the corresponding ion species were implemented into the HPSM with the same
values that were determined for the neutral species. From the assumptions made above it
is expected that results from HPSM simulations can deviate from the behaviour of real HBr
discharges investigated here. Deviating mole fractions will lead to a deviating effective ion
mass which further affects the sheath calculations. However, this might be of minor
importance since the HPBM part of the discharge model (cf., Fig. 1.10) is kept relatively
simple and hence results are in either case subject to deviations. As described in the
following, deviations from reality can also occur due to a lack of information about cross
sections for relevant particle interactions in hydrogen bromide molecular discharges.
Assuming the mole fractions for the relevant neutral and ion species are known, all
important interactions for the species considered here can now be implemented. Compared
to the quite simple interactions in argon (cf., Table A.1), more complex interactions have
to be considered in hydrogen bromide molecular discharges (cf., Table B.1 in appendix B).
Elastic collision parameters for atom-atom interactions were determined from ab initio
calculation as described above. Due to the lack of published data for the molecular species
observed in HBr discharges, simplifications for the elastic collision cross sections had to be
adapted. Cross sections for interactions between atomic bromine and molecular hydrogen
bromide were adapted from those calculated for bromine atom-atom elastic scattering.
Elastic scattering cross sections for interactions including molecular hydrogen and
molecular bromine were taken from ab initio calculations for hydrogen-bromine and
bromine-bromine atom-atom collision pairs and multiplied by a factor of two in each case.
Compared to symmetric (or resonant) charge exchange between identical species

AT+ASA+AY, (2.34)

cross sections for asymmetric (non-resonant) charge exchange between two nonidentical
species

At+BoA+BY (2.35)

are significantly lower (up to orders of magnitude), especially at lower impact energies
[220,221]. Hence, non-resonant charge exchange processes are neglected in the current
version of the HBr model and the probability for charge exchange is set to zero in Table B.1
(while values for each charge exchange cross section and exponent are adapted from the
calculated parameters for elastic scattering). However, asymmetric charge transfer
becomes important to be considered when there is close resonance between the energy
levels of the positive ion species and the ionic energy level of the atoms to be ionized.

As was already described above, the Langevin rate constant is relevant for the cases of
impact with low energy projectiles involved. For molecular ion-neutral interactions with a
molecular ion carrying a permanent dipole moment p, involved, (2.31) has to be modified
to [222]
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where the first term in square brackets gives the Langevin rate constant and the second
term gives the increase due to the permanent dipole moment. The parameter Ce [0, 1]
describes the effectiveness of charge "locking" in the dipole and is a function of T and
JPa/ 9. Since only the hydrogen bromide molecule carries a permanent dipole
momentum [223], equation (2.36) was used for interactions with hydrogen bromide
molecules involved, with the parameter C determined from [222]. Langevin rate constants
involving the other species considered here were calculated according to (2.31) for all ion-
neutral interactions by using polarizabilities for the neutral target particles published in
[218,223].

2.5 HPSM simulation studies

Using the hybrid sheath model, simulations were performed for a wide range of
parameters. This is mainly due to two major reasons. First, simulations aim to gain a
detailed knowledge about the plasma sheath properties and ion distributions at the
different electrodes. Second, due to the lack of precise knowledge about plasma
parameters for the different investigated discharges, it is ensured that typical process
conditions are included in the study. Here, the effect of variations in the rf peak voltage,
pressure of the neutral background gas, neutral gas temperature, electron density,
electron temperature, as well as magnetic field for both 60 MHz and 2 MHz, and selected
60+2 MHz dual frequency mixes will be discussed. Information about the reactor geometry,
investigated process parameters, species mole fractions, and model paramters is
summarized in Table 2.1. Plots of the respective discharge sheath characteristics can be
found in appendix C and appendix D, as will be indicated in the following discussion.

2.5.1 Argon discharges
From HPSM simulations of argon discharges, the following calculated parameters will be

discussed:

e sheath thickness in front of powered and ground electrode;

e elastic scattering (ES) and charge exchange (CX) collisions for Art ions in the sheath
regions;

e Langevin collisions for Art ions in the sheath regions;

e dc bias voltage;

e scaling exponent g to characterize the discharge asymmetry according to (1.6);

e Art IEDFs at ground and powered electrode;

e Art mean energies at ground and powered electrode.

Variation of rf peak voltage and electron density

Results of a variation of rf peak voltage and electron density can be found in Fig. C.1 in
appendix C, where other input parameters were held constant at 150 mTorr background
neutral gas pressure, 500 K neutral gas temperature, 2.58 eV electron temperature, and
no magnetic field was applied. Independent of the applied frequency, the mean sheath
thickness is found to increase with rf peak voltage and exponentially decrease at higher
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plasma densities (cf., Fig. C.1-a). The rf peak voltages will influence the amplitudes of the
sheath oscillations, whereas increasing the plasma density will reduce the sheath width.
The minimum sheath thickness for typical plasma densities ranging between 5x10°cm >
and 1x10*tcm™3 is found for 100 V rf peak voltage and 1x10ttem™3 plasma density yielding
133 pm in front of the ground and 415 pm in front of the powered electrode, whereas a
maximum sheath thickness is observed for 900 V rf peak voltage and 5x10%cm > plasma
density resulting in 827 pm at ground and 5.3 mm at powered electrode.

Table 2.1: HPSM input parameters.

Reactor geometry Ar discharges HBr discharges
Height 3.2 cm 3.2cm

Radius 25.5cm 25.5cm
Electrode area Ay 706.9 cm? 706.9 cm?
Ground area Ag, 2547.2 cm? 2547.2 cm?
Agr/Ael 3.6 3.6

Process parameters

rf frequency 60, 2, 60+2 MHz 60, 2, 60+2 MHz
rf peak voltage 100...900 V 100...900 V

Gas pressure 50...600 mTorr (7...80 Pa) 50...600 mTorr (7...80 Pa)
Gas temperature 300...1500 K 300...1500 K
Electron temperature 1...10 eV 1...10 eV
Electron density 5x10°...5x10*% cm ™3 1x10%...1x10't cm™3
Magnetic field 0..150 G 0..150 G
Species mole fractions

Ar, Art 1.0000 -

H,, H; - 0.0055

Br, Br* - 0.2648

HBr, HBr* " 0.5927

Br,, Br; - 0.1371

Model parameters

Number of particles 100 000 100 000

Start position 3 cm 3 cm

A comparison of HPSM calculation results with a sheath thickness scaling described by
the Child-Langmuir law (1.30) for a collision-free sheath and the Warren law (1.32) for the
other limit of a collision-dominated sheath is given in Fig. 2.17. The neutral gas density Ng
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in (1.33) can be approximated by the ideal gas law, and the charge exchange cross section
Gcx can be taken from literature [217]. Here, the energy dependence of the cross section
is accounted for by using (2.33) with mean ion energies as plotted in Fig. C.1-j and Fig.
C.1-k. The ion current density is calculated from the wall flux according to
Ji = el =enyVgopm - Whereas from the Child-Langmuir law (1.30) a stronger scaling (up
to +9%) of the sheath thickness dependence on both the electron density and rf peak
voltage is noticed, scaling of the sheath thickness from the Warren law (1.32) shows very
good agreement to HPSM calculations (deviations below 1-2%). Quantitatively, HPSM
calculations deviate -24%...-63% (-49%...+10%) for the electrode (ground) average
sheath thickness in the limit of a collision-free sheath. A smaller offset of -28%...-39% (-
21%...-32%) for the electrode (ground) average sheath thickness is noted in the other limit
of a collisional sheath. From the qualitative scaling, this comparison emphasizes that
assumptions for a collision-dominated sheath are applicable here. Despite the (small)
absolute offset between the different results, this gives also confidence in the HPSM
calculations.
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Figure 2.17: Comparison of the sheath thickness in front of powered (solid symbols) and ground
electrode (open symbols, values have been multiplied by a factor of five) for a variation of electron
density and rf peak voltage in Ar discharges (a) from HPSM simulations (continuous dark-colored
lines) and calculated from Child-Langmuir law (dotted light-colored lines); (b) from HPSM simulations
(continuous dark-colored lines) and calculated from Warren law (dotted light-colored lines). Constant
input parameters were used: 150 mTorr background neutral gas pressure, 2.58 eV electron
temperature, 500 K neutral gas temperature, no magnetic field.



66 Mass resolved ion energy analysis

While from Fig. C.1-b the number of ES and CX collisions for Ar ions is hardly exceeding
1 in the ground electrode sheath region, multiple collisions can occur in the sheath at the
powered electrode. As expected, the number of Langevin collisions is less than that
observed for ES and CX collision processes (cf., Fig. C.1-c). Scaling of sheath collisions is
proportional to the calculated development of the sheath thickness since the ion transit
time across the sheath will become short for a reduced sheath thickness, thus decreasing
the probability of collisions in the sheath.

The dc bias voltage in Fig. C.1-d is found to change for different rf peak voltages but
remains virtually unchanged for different plasma densities. The dc bias voltage corresponds
to about 80...90% of the rf peak voltage. Compared to 60 MHz, slightly lower values are
calculated for 2 MHz. This reflects the fact that the average sheath electric field of the
oscillating sheath differs slightly for the 60 MHz and the 2 MHz case. Whereas in reality the
ions will be also influenced by the rf phase to some extent (especially for 2 MHz excitation),
Art ijons in the model only respond to the mean sheath electric field. This frequency
dependent average sheath voltage is further expected to explain the slightly different
scalings for both frequencies in Fig. C.1-e. The scaling exponent 1.1<g<2.6 for (1.6) is
found to agree very well with typical values for most experimental observations yielding
g <2,5 [20]. The discharge becomes more symmetric at lower rf peak voltages (up to 50%
lower values for g) and further at lower plasma densities (up to 30% lower values for g ).

IEDFs for Ar" ions are plotted in Fig. C.1-f to Fig. C.1-i for 300 V rf peak voltage and
different plasma densities, as indicated by the labeling. From Fig. C.1-f, the IEDFs for 60
MHz frequency cover similar ion energies as those measured for 60 MHz frequency argon
discharges in chapter 4. The double peak remains unresolved up to about 5x101%cm > . For
higher densities a shoulder becomes visible until at 5x10'tcm™ a broad double peak
distribution is observed. The low-energy peak of the saddle is favored over the higher
energy peak which can be attributed to the non-sinusoidal nature of the oscillating rf
sheath. Another explanation could be attributed to enhanced collisions: a maximum energy
can be obtained when the sheath has expand to its maximum, at this point the ions
traversing the sheath will experience a longer path with also a higher probability of
collisions. From Fig. C.1-b the collisionality is however quite low for 300 V rf peak voltage
and high densities in the ground electrode sheath region. Despite the low collisionality of
the ground electrode sheath, the influence of more pronounced elastic scattering and
charge exchange collisions at low densities can still be observed in the low-energy part of
the Art IEDFs below 1x10''cm™. For the corresponding Art IEDFs at the powered
electrode (cf., Fig. C.1-g), scattering is more severe at low densities where a maximum
sheath thickness is found which leads to multiple collisions being visible in the low-energy
part of the distributions. For decreasing densities, the mean ion energy will shift to lower
values and high energy structures are efficiently damped. For 2 MHz frequency argon
discharges, the double peaked IEDF structure is maintained in principle (Fig. C.1-h). At
higher densities, the low-energy peak of the saddle becomes more pronounced due to less
scattering and fewer collisions in the sheath region. In contrast to 60 MHz, the peak
separation barely changes for 2 MHz. A similar behaviour is observed for the IEDFs for ions
incident at the powered electrode, ions are again scattered into the low-energy part of the
IEDF for decreasing plasma densities (Fig. C.1-i). As can be seen from the mean ion
energies drawn in Fig. C.1-j and Fig. C.1-k, ion energies at the powered electrode where
found to increase at higher rf peak voltages according to the calculated dc bias, energies
of ions incident on the ground electrode where found to increase slightly. In contrast to
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results for pure 60 MHz discharges, a non-monotonic scaling is observed for a variation of
the plasma density in 2 MHz discharges.

Variation of neutral background gas pressure

Variation of the neutral gas background pressure is illustrated in Fig. C.2 in appendix C
for constant input parameters of 500 V rf peak voltage, 500 K neutral gas temperature,
2.58 eV electron temperature, 1x10%m~3 plasma density, and no magnetic field. The
mean sheath thickness is found to decrease at higher pressures according to a power law
(cf., Fig. C.2-a). The effect of a decreasing sheath thickness is more pronounced at the
powered electrode indicating that the discharge becomes more symmetric at high
pressures. Note that the thickness for the ground electrode sheath has been multiplied by
a factor of five for a better illustration. Similarly to the comparison in the previous section,
a comparison of HPSM sheath thickness scalings and those obtained for a collision-free
(1.30) and collisional (1.32) sheath is given in Fig. 2.18-a and Fig. 2.18-b, respectively.
From the Child-Langmuir approximation, the sheath thickness is found to drop less
pronounced (and more linearly) for the electrode sheath, and the ground sheath thickness
is found to even increase with pressure (stating a decreasing discharge asymmetry).
Quantitatively, HPSM results are found to deviate as much as -47%...-67% (-34%...-55%)
for the electrode (ground) sheath thickness from those obtained for the Child-Langmuir
approximation. The deviation becomes higher with pressure emphasizing the increasing
offset from assumptions for a collision-free sheath. From the Warren approximation, the
sheath thickness is found to drop according to a power law for both sheaths. In both cases,
the scaling of Warren law and HPSM calculations show good agreement. Quantitatively,
HPSM results at 50 mTorr pressure are found to deviate -35% (-36%) for the electrode
(ground) sheath thickness from those obtained from the Warren approximation. The
difference decreases to -26% (-22%) for electrode (ground) at 600 mTorr pressure,
indicating that the Warren law gives more accurate results at higher pressures.
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Figure 2.18: Comparison of the sheath thickness in front of powered (solid symbols) and ground
electrode (open symbols, values have been multiplied by a factor of five) for a variation of pressure
in Ar discharges (a) from HPSM simulations (continuous dark-colored lines) and calculated from
Child-Langmuir law (dotted light-colored lines); (b) from HPSM simulations (continuous dark-colored
lines) and calculated from Warren law (dotted light-colored lines). Constant input parameters were
used: 500 V rf peak voltage, 2.58 eV electron temperature, 1x101%m™3 electron density, 500 K
neutral gas temperature, no magnetic field.

From Fig. C.2-b, the number of ES and CX collisions for Ar* ions will exceed 3 and 14 at
high pressures in the ground and powered electrode sheath region, respectively. As the
pressure increases, the number of Langevin enhanced collisions becomes dominant as well
(cf., Fig. C.2-c). Compared to Langevin collisions, the number of ES and CX sheath
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collisions is somehow reduced due to the decreasing sheath thickness at higher pressures.
Differences in the scaling can be explained by a slightly weaker scaling of the ES cross
section with energy (ogg~ EP= E70'195) as compared to the Langevin cross section
(oL~ 0> ). The observation of a more symmetric discharge at higher pressures is
supported by the decreasing scaling coefficient (cf., Fig. C.2-e) and also the decreasing dc
bias voltage (Fig. C.2-d). The scaling coefficient however decreases by only a maximum of
10% at high pressures for 60 MHz frequency, and even less for 2 MHz frequency. The dc
bias voltage is found to be more efficiently reduced at 60 MHz. The origin of the erratic
behaviour observed for 60 MHz at low pressures is not understood so far, but is believed to
be an artefact from the HPSM calculations.

IEDFs for Art ions are plotted in Fig. C.2-f to Fig. C.2-i for chosen pressures. Generally,
the distributions will become shifted towards lower energies at higher pressures until the
high energy peak has disappeared at 300 mTorr. The low energy background increases due
to more efficient elastic scattering at higher pressures. Additionally, multiple secondary
peaks appear for 60 MHz discharges at low energies which is attributed to resonant charge
exchange collisions in the sheath. When rising the pressure, mean ion energies are found
to decrease at the powered electrode according to a power law (cf., Fig. C.2-k), and almost
linearly at the ground electrode (Fig. C.2-j).

Variation of neutral gas temperature

Variations of the neutral gas temperature are expected to yield similar effects observed
for a variation of the pressure, since the neutral gas density is the key parameter here.
According to the approximation of an ideal gas, the neutral gas density scales inversely
when changing the neutral gas temperature while maintaining a constant pressure in the
discharge reactor. Thus, the sheath collisionality is again dictated by the changing neutral
density. In principle, the velocity of the thermal particles in the MC calculation change as
well - which however can be neglected here. For different reactor pressures, the actual
neutral density will always result from a superposition of the impact of gas heating and
variation of reactor pressure which complicates a determination of the different discharge
parameters discussed here. Results of the influence of the neutral gas temperature are
plotted in Fig. C.3 (appendix C) for constant input parameters of 500 V rf peak voltage, 150
mTorr, 2.58 eV electron temperature, 1x10%m~3 plasma density, and no magnetic field.
The mean sheath thickness in Fig. C.3-a shows a square root like dependency on the gas
temperature, demonstrating that the discharge becomes more symmetric at lower gas
temperatures. As observed for the pressure variation, the sheath thickness facing the
powered electrode is more affected than that in front of the ground electrode. The non-
monotononic behavior at high gas temperature observed for 60 MHz hints similar
inconsistencies for the calculations that were already observed for variation of the neutral
gas pressure. Note that the thickness for the ground electrode sheath has been again
multiplied by a factor of five. As expected, the number of ES and CX collisions for Ar* ions
decreases when rising the gas temperature due to the decreased gas density (Fig. C.3-b).
Compared to ES and CX collisions, Langevin enhanced collisions are damped more
efficiently for higher gas temperatures (cf., Fig. C.3-c), which is again due to the different
energy dependence of the collision cross sections. Further, Langevin collisions are observed
to yield a higher contribution for the ground electrode sheath region. The dc bias voltage
in Fig. C.3-d should develop similarly to the sheath thickness which is confimed for 2 MHz.
The development for neutral gas temperatures exceeding 1000 K for 60 MHz frequency
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argon discharges appears to be again an artefact from the HPSM calculations. From the
scaling coefficient plotted in Fig. C.3-e, the discharge becomes a bit more symmetric at
lower gas temperatures (about 5 % for 60 MHz, even less changes are observed for 2 MHz
frequency) which supports the above considerations.

IEDFs for Art ions plotted in Fig. C.3-f to Fig. C.3-i for different gas temperatures
resemble to the distributions observed for a variation of the background gas pressure. From
the reduced background gas density at high temperatures, the ions are less scattered and
the IEDFs show a distinct high energy tail. At lower gas temperatures the gas density will
increase causing the distributions to shift to lower energies, until the high energy peak has
disappeared at room temperature. The low energy background increases due to more
efficient elastic scattering at higher gas densities. The secondary peak structures at low
energies observed for 60 MHz discharges can be explained by resonant charge exchange
collisions in the sheath. The mean energies for Art ions are found to almost linearly
increase after traversing the powered electrode sheath when the background gas
temperature rises, whereas for ions traversing the low-voltage sheath a more square root
like dependency is observed (cf., Fig. C.3-j and Fig. C.3-k). For neutral gas temperatures
around 1000°C the mean ion energy for ions incident on the powered electrode has more
than doubled compared to initial values close to room temperature. For ions incident on the
ground electrode this gain remains below 50%.

Variation of electron temperature

The influence of the electron temperature is illustrated in Fig. C.4 (appendix C) for
constant input parameters of 500 V rf peak voltage, 150 mTorr, 500 K neutral gas
temperature, 1x10%m™3 plasma density, no magnetic field. When rising the electron
temperature, the mean sheath thickness is found to decrease for the powered electrode
sheath according to a power law, but to monotonically increase for the ground electrode
sheath (Fig. C.4-a). Note that the thickness for the ground electrode sheath has been
multiplied by a factor of five for a better illustration. Scalings of the sheath thickness
indicate that the discharge becomes more symmetric at high electron temperatures, which
is supported by a decreasing dc bias voltage (Fig. C.4-d) and also a decreasing scaling
coefficient (Fig. C.4-e). From Fig. C.4-b, the number of ES and CX collisions for Art ions
change slightly according to the different changes observed for the thickness of the
respective sheath regions. Langevin enhanced collisions plotted in Fig. C.4-c are found to
slightly decrease for both sheaths. From the scaling coefficient in Fig. C.4-e, the discharge
becomes efficiently more symmetric at high electron energies and up to 47% decreased
values for g are noted. 2 MHz frequency argon discharges are found to only negligibly
deviate from 60 MHz argon discharges at high electron temperatures.

The influence of electron temperature on the IEDFs for Ar" ions are plotted in Fig. C.4-f
to Fig. C.4-i. Ion energies incident on the ground electrode drastically increase while
increasing the electron temperature (cf., Fig. C.4-f and Fig. C.4-h), as is expected from the
discussed increase of the ground electrode sheath thickness. The high energy peak
becomes suppressed and finally vanishes at high electron temperatures which is observed
for both 60 and 2 MHz frequency. Secondary peak structures observed at low energies are
again attributed to sheath collisions for the relatively high pressure investigated here. In
contrast to the IEDF structures at the ground electrode, IEDFs for Art ions incident on the
powered electrode yield only marginal changes. This is also reflected in the calculated mean
ion energies which are plotted in Fig. C.4-j and Fig. C.4-k. The mean ion energy increases
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almost linearly at the ground electrode when rising the electron temperature, whereas a
more square root like increase is observed for the ion energies at the powered electrode.
Slight changes in the development of the mean energies are seen when comparing results
for 60 MHz and 2 MHz for ions incident at the powered electrode.

Variation of magnetic field

A magnetic field parallel to the surface of the powered electrode can have several impacts
on the discharge characteristics. The magnetic field causes a reduced sheath voltage and
an increased plasma density, and typically the plasma begomees strongly nongniformeboth
radially and azimuthally. The nonuniformities are due to Ex B drifts, where E and B are
the local dc electric and magnetic fields, respectively. Beyond that, a significant fraction of
the total rf discharge voltage can be dropped across the plasma bulk at high magnetic
fields.

When considering diffusion in the presence of magnetic and electric field gradients, the
electron mobility can be strongly reduced across the electric field yielding a nonambipolar
flux in cross-field directions [20]. The magnetic field can further confine the electrons to a
small volume near the electrode, which leads to an increased ion flux to the powered
electrode. The electrons which are forced to gyrating motions will collide with the sheath
edge and gain energy during the coherent motions. The coherent energy gain is terminated
upon collisions with gas neutrals. From collisions, the electron changes its directions, and
hence also the center of gyration. Deriving the perpendicular mobility and diffusion
coefficients gives [20]
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with the cyclotron frequency w., and the electron collision rate for momentum transfer
Vm = OpfgV . For argon, the elastic momentum transfer cross section o, can be adopted
from the elastic momentum transfer electron collision cross section set published in [224].
The factor o.t, is an important measure in magnetic confinement, where o.t,»1
indicates a significant reduction of the electron mobility (or a strong retardation of
diffusion). From HPSM calculations performed here, this factor is calculated to range
between 1.79 and 26.85. As can be seen from the plot in Fig. 2.19-a, the resulting ratio
between perpendicular and parallel mobility (or diffusion) is found to drop significantly. The
ratio for cyclotron frequency and collision frequency is plotted in Fig. 2.19-b, where the
cyclotron frequency is given by

- _49gB (2.39)
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and the collision frequency can be calculated from
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Clearly, electrons are well confined perpendicular to the magnetic field for already low
magnetic flux densities, whereas ions are not well confined in the weakly magnetic
discharges investigated here.

As discussed above, an increased magnetic field parallel to the surface of the powered
electrode is expected to yield a decreased dc bias voltage due to a sheath thickness
reduction at higher densities. The influence of the magnetic field is illustrated in Fig. C.5 in
appendix C for constant input parameters of 500 V rf peak voltage, 150 mTorr, 500 K
neutral gas temperature, 2.58 eV electron temperature, and 1x10%m™3 plasma density.
The mean sheath thickness in Fig. C.5-a is observed to strongly decrease in pure 60 MHz
frequency argon discharges for both powered and ground electrode sheaths. Only slight
changes are observed for pure 2 MHz discharges, the powered electrode sheath is found to
decrease whereas the ground electrode sheath is even (marginally) increasing. From these
observations, 60 MHz discharges will become highly symmetric at higher magnetic fields.
This is indeed observed from the calculated dc bias voltage (Fig. C.5-d) as well as the
scaling factor (Fig. C.5-e). According to these results, the 60 MHz discharges become
almost completely symmetric at high magnetic fields (up to 92% decreased values for g ).
In contrast, the asymmetry of pure 2 MHz discharges is only negligibly changing within the
investigated parameter space (up to 6% decreased values for g). Compared to the
discussed sheath thicknesses, the number of ES, CX and Langevin collisions in Fig. C.5-b
and Fig. C.5-c is found to develop similarly. Applying magnetic fields to 60 MHz argon
discharges, the number of ES and CX collisions in the sheath is efficiently reduced from
above 4 without magnetic field to about 1 for magnetic fields exceeding 100 G. These
findings also explain the Art IEDFs observed at the different electrodes. At higher magnetic
fields the ion energies are efficiently reduced at both electrodes for pure 60 MHz, from the
low-energy part of the distributions secondary structures which are due to collisions and
elastic scattering in the sheath will disappear at high magnetic fields (cf., Fig. C.5-f and Fig.
C.5-g). Basically, no changes in the distributions are observed for a variation of the
magnetic field in 2 MHz discharges (cf., Fig. C.5-h and Fig. C.5-i). According to the
described influence of the magnetic field, mean ion energies for Ar* ions exhibit a drastic
decrease at even quite low magnetic fields for 60 MHz discharges, whereas for 2 MHz
discharges ion energies remain virtually unaffected at both electrodes (cf., Fig. C.5-j and
Fig. C.5-k).
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Figure 2.19: (a) Ratio between perpendicular and parallel electron mobility according to equation
(2.37); (b) ratio between cyclotron and collision frequency according to equations (2.39) and (2.40)
for electrons (continuous line with solid symbols) and Art ions (dotted line with open symbols).
Constant HPSM input parameters were used: 500 V rf peak voltage, 2.58 eV electron temperature,
1x101%m3 electron density, 500 K neutral gas temperature, no magnetic field.
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Influence of frequency mix

For the 60+2 MHz dual frequency discharges investigated in this work it is also important
to gain understanding of different mixed frequency discharges. Up to now, only very limited
data about the influence of mixed frequency discharges is reported in literature. Numerical
investigations of conventional 13.56 MHz single frequency and 27+2 MHz dual frequency
Ar/CF4/N, discharges (0.8/0.1/0.1 ratio) using an one-dimensional PIC/MC model were
reported in [24,98]. As a result, a notably wider ion bombardment energy range was
calculated for the hf+If dual frequency scheme. Furthermore, the IEDFs in the hf discharges
were found to only slightly depend upon the phase of the rf cycle, whereas the IEDF was
severely modulated during the If cycle in hf+If dual frequency discharges.

For the calculations performed here, a power split factor is defined such that the 60 MHz
frequency source is driven with the power split factor times the overall power calculated
from the input parameters. A power split factor of "0" thus would correspond to a pure 2
MHz discharge, whereas "1" would correspond to a pure 60 MHz discharge. Different 60+2
MHz mixed discharges were investigated for constant input parameters of 500 V rf peak
voltage, 150 mTorr, 500 K neutral gas temperature, 2.58 eV electron temperature,
1x10%cm3 plasma density, no magnetic field. The mean sheath thickness in Fig. C.6-a
(appendix C) shows a hat-shaped development for the electrode sheath, and further a
concave-like dependency for the ground electrode sheath (multiplied by a factor of six).
The sheath thicknesses as a function of the frequency mix appear to be approximately
symmetric about a power split factor of 0.5. The thickness of the ground electrode sheath
remains constant for different 60+2 MHz mixes, a higher sheath thickness is obtained for
pure 2 and 60 MHz discharges. ES, CX and Langevin enhanced collisions in the sheath are
not found to change much while scaling according to the discussed sheath thicknesses (cf.,
Fig. C.6-b and Fig. C.6-c). The dc bias in Fig. C.6-d is found to exhibit a hat shaped
structure as discussed above, with remarkably increased values for all frequency mixes,
the maximum is found for a power split factor of 50%. The scaling exponent g as a function
of different mixes is found to be a crooked function (Fig. C.6-e), the highest and lowest
asymmetry is found at 40-50% 60 MHz and 100% 2/60 MHz, respectively (up to 12%
changes for the values of g ). From the Art IEDFs at the ground electrode (Fig. C.6-f) it is
noticed that a splitting of the bimodal structure can be resolved for even small contributions
of the 2 MHz frequency. Increasing the contribution of 2 MHz yields a broadening of the
IEDF and the low-energy peak of the saddle becomes suppressed as a result of the
increased high energy tail. Due to the relatively high pressure of 150 mTorr, the IEDFs at
the powered electrode are not observed to differ considerably (Fig. C.6-g). This can be also
seen from the calculated mean ion energies where changes for different frequency mixes
remain within an approximately 10% range (Fig. C.6-h and Fig. C.6-i).

2.5.2 Hydrogen bromide discharges
From HPSM simulations of HBr discharges, the following calculated parameters will be
discussed:
e sheath thickness in front of powered and ground electrode;
e averaged number of elastic scattering (ES) processes for ions in the sheath regions;
e averaged number of charge exchange (CX) collisions for ions in the sheath regions;
e averaged number of Langevin collisions for ions in the sheath regions;
e dc bias voltage;
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e averaged scaling exponent g to characterize the discharge asymmetry from (1.6);
e Brt, HBr*, H; , Br;r IEDFs at ground and powered electrode;
e Brt, HBrt, HZ , Br;r mean energies at ground and powered electrode.

Variation of rf peak voltage and electron density

Results of a variation of rf peak voltage and electron density can be found in Fig. D.1 in
appendix D, other input parameters were held constant at 150 mTorr background neutral
gas pressure, 500 K neutral gas temperature, 6.32 eV electron temperature, and no
magnetic field was applied. Unlike for argon discharges where the electron density equals
the ion density n, = n;, and the approximation of a single ion discharge (consisting of Art
ions) is valid, molecular electronegative HBr discharges consist of multiple positive and
negative ion species yielding n;_+ ng = Ny - The correct degree of electronegativity for the
HBr discharges investigated here remains unknown and would require a combined
application of reliable optical methods, like AAS (Atomic Absorption Spectroscopy, e.g., LAS
- Laser Absorption Spectroscopy, or CARS - Cavity Ring-Down Spectroscopy) and LIF
(Laser-Induced Fluorescence) spectroscopy [13]. From [31], an electronegativity on the
order of 10 is assumed to be reasonable for electronegative HBr. Electron densities in HBr
discharges are found to be about one order of magnitude lower as compared to typical
values for argon discharges [214]. Combining these findings with reasonable estimations
of the electronegativity in HBr gives ion densities that are about equal to those for argon.
The HPSM does not consider changes due to electronegativities deviating from one, hence
the electron density used as an input for the sheath model must be about one order of
magnitude higher than typically observed for HBr discharges, i.e. on the order of about
1x10%m 3. Nevertheless, the electron (ion) density was varied from very low values of
1x108cm™ to include discharge conditions of very low (ion) densities as well.

As observed for modeling argon discharges, the mean sheath thickness is found to
increase with rf peak voltage and exponentially decrease at higher plasma (ion) densities
in HBr discharges (cf., Fig. D.1-a). Differences between the two applied frequencies were
not observed to be significant, hence results are shown only for 60 MHz frequency HBr
discharges for the powered (solid symbols with solid lines) and the ground electrode sheath
(open symbols with dotted lines). Compared to typical sheath thicknesses obtained for
argon discharges, sheath thicknesses are observed to be up to 20% higher/lower for the
ground/powered electrode sheath in HBr discharges with (ion) densities of 1x101%m™3 . For
a plasma (ion) density ranging between 5x10°cm > and 1x10*tem™ (comparable to argon,
see above), a minimum sheath thickness is found for 100 V rf peak voltage and 1x10*tem 3
plasma density yielding about 157 ym in front of the ground and 321 pm in front of the
powered electrode, whereas a maximum sheath thickness is observed for 900 V rf peak
voltage and 5x10°cm > plasma density resulting in 883 um at ground and 4.19 mm at the
powered electrode. At very low plasma (ion) densities, quite high sheath thicknesses on
the order of cm can be obtained, which imply that the gap between the electrodes can be
predominantly covered by the respective sheaths, while the plasma bulk is strongly
confined within a very small area between both electrodes. At (ion) densities of
1x101%m™ , slightly less sheath collisions are experienced in HBr discharges as compared
to argon. Considerably high sheath thicknesses at low (ion) densities will give rise to the
number of ES, CX and Langevin enhanced collisions in the sheath. Several ES collisions are
already observed in the ground electrode sheath (Fig. D.1-b), the number of ES events can
even exceed 20 at low densities in the powered electrode sheath. CX collisions are found
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to be considerably lower if compared to ES collisions (Fig. D.1-c), and found to be even
similar to the number of Langevin collisions (Fig. D.1-d). This can be easily explained by a
rather incomplete implementation of CX cross sections for interactions of the relevant
molecules (cf., Table B.1). The incomplete implementation of relevant cross sections is due
to a lack of data for HBr relevant molecules from the literature, limitations of the ab inito
calculations to determine scattering parameters for molecules, and also neglecting non-
resonant collisions (due to their relatively low importance in general). The dc bias voltage
in Fig. D.1-e is found to change for different rf peak voltages but remains rather unchanged
for different plasma densities at 2 MHz frequency. Nonlinear deviations are observed for 60
MHz frequency, where the average sheath electric field of the oscillating sheath is
somewhat different from the 2 MHz case. Compared to argon, the dc bias voltage is slightly
lower and corresponds to about 65-85% of the rf peak voltage (for 2 MHz). From the higher
ground electrode sheath thickness and lower powered electrode sheath thickness, HBr
discharges are observed to be more symmetric than argon discharges (cf., Fig. D.1-f). The
discharge becomes more symmetric at low rf peak voltages and further at low plasma
densities. Again, strong nonlinearities are observed for 60 MHz frequency.

IEDFs for different ion species in HBr discharges are plotted in Fig. D.1-g1l to Fig. D.1-j4
for 100 V rf peak voltage and different plasma densities, as well as different frequencies for
both ground and powered electrode sheaths. From Fig. D.1-g1, the double peak remains
unresolved for Br+ IEDFs at 60 MHz frequency as a result of the ion high mass. For very
low densities, ions are efficiently scattered into the low-energy part of the IEDF due to the
high sheath thicknesses obtained under these conditions, which result in a high degree of
scattering and charge exchange collisions. For HBr* IEDFs plotted Fig. D.1-g2, the high
energy peak becomes efficiently damped at low densities with a higher background
contribution at low energies which is due to scattering. Unlike for Br* ion, an exponentially
decreasing function at high ion energies is not obtained here. This reflects the fact that
charge exchange collision cross sections for HBr™ molecules in the sheath are not
considered in the current model as they remain unknown. A broad splitting of the two peaks
of the bimodal structure is observed for H; ions at 60 MHz and for typical densities (cf.,
Fig. D.1-g3), since light hydrogen molecules can correspond the sheath oscillations even
at comparably high frequencies. Contribution of elastic scattering and collisions are very
low which again appears to be due to an insufficient description of the collisional processes
for H; molecules in the sheath. Br;r IEDFs for 60 MHz frequency at different densities in
Fig. D.1-g4 exhibit similar shapes as observed for HBr*. Ion energy distributions at the
powered electrode for 60 MHz frequency are found to follow similar tendencies for a
variation of the plasma (ion) density as those explained for the ground electrode (Fig. D.1-
h1 to Fig. D.1-h4). At high densities, bimodal structures are observed for the different ions
incident on the powered electrode. H;’ ion energies appear evenly distributed over a broad
range which reflects the fact that control over the energies of light ions in molecular
discharges can not be achieved to a comparably high extent observed for heavy ion
species. IEDFs at 2 MHz frequency are observed to yield the expected double peak
structures (Fig. D.1-i1 to Fig. D.1-j4) since all ions are able to respond to the slowly
oscillating sheath electric field for 2 MHz frequency. The saddle is washed out at lower
densities due to a high contribution of elastic scattering and ion-neutral collisions. H;’
IEDFs remain about unchanged for different densities at 60 MHz as well as 2 MHz
frequency. The peak separation of the bimodal IEDF structure is generally observed to be
broadened further in the powered electrode sheath at 2 MHz. As can be seen from the mean
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ion energies drawn in Fig. D.1-k1 to Fig. D.1-14, ion energies at the powered electrode were
found to increase at higher rf peak voltages according to the calculated dc bias. Energies
of ions incident on the ground electrode were found to increase slightly. These findings are
in agreement with the observations for Ar discharges described in the previous section.
Again, different scalings are observed to result for pure 60 MHz and 2 MHz discharges. From
Fig. D.1-k2 to Fig. D.1-k4, ion energies for HBr" , H; , BrgL ions hitting the ground
electrode are found to be only negligibly influenced by the plasma density. This is in
contrast to the strong scaling of the mean Br* ion energy with the plasma density plotted
in Fig. D.1-k1. As explained above, these findings support the rather unsatisfactory current
implementation of collision parameters for the different species. Similar scalings of the
mean ion energy as a function of the plasma (ion) density are however found for the three
most important species in HBr discharges (Br*, HBr™, Br;) at the powered electrode (cf.,
Fig. D.1-I1 to Fig. D.1-14). H; ions are only negligibly influenced due to their comparably
low occurrence and hence low probability of collisions.

Variation of neutral background gas pressure

Results for a variation of the neutral gas background pressure are plotted in Fig. D.2 (in
appendix D) for constant input parameters of 500 V rf peak voltage, 500 K neutral gas
temperature, 6.32 eV electron temperature, 1x101%m3 plasma density, and no magnetic
field. Similar to the observations for argon discharges, the mean sheath thickness is found
to decrease at higher pressures according to a power law (cf., Fig. D.2-a). Note that the
thickness for the ground electrode sheath has been multiplied by a factor of four for better
illustration. From Fig. D.2-b, the number of ES for relevant ions will exceed 2 and 8 at high
pressures in the ground and powered electrode sheath region, respectively. From Fig. D.2-
¢, only few CX collisions are recorded, reasons were given above. As the pressure
increases, the number of Langevin enhanced collisions increases as well (cf., Fig. D.2-d).
Compared to Langevin collisions, the number of ES and CX sheath collisions is observed to
less efficiently increase by the decreasing sheath thickness at higher pressures. This is
qualitatively in agreement with results obtained for argon, and differences in the scaling
can be explained again by a slightly weaker scaling of the ES cross section with energy
(Ogs ~ EP= E70'177) as compared to the Langevin cross section (o ~ g0 ), cf., Table B.1.
A slightly more symmetric discharge is found at higher pressures, as indicated by the
decreasing scaling coefficient (Fig. D.2-f) and also the decreasing dc bias voltage (Fig. D.2-
e) for 2 MHz frequency. The scaling coefficient changes by a maximum of 10% at high
pressures for 2 MHz frequency. The clear trend observed for 2 MHz is not reproduced for
60 MHz frequency, where the symmetry develops non-monotonically but hardly changes
quantitatively. This hints inconsistencies of the current version of the HPSM simulator
(presumably in the FD part), which however could not be identified during this work.
Qualtitatively the same observations are made for the dc bias voltage (Fig. D.2-e).

IEDFs for the various ion species are plotted in Fig. D.2-gl to Fig. D.2-j4 for different
pressures. The ion energy distributions become shifted towards lower energies by
increasing the pressure until the high energy peak has disappeared at 300 mTorr for Brt
(Fig. D.2-gl). Other ion species are found to exhibit also more pronounced elastic
scattering in the sheath at higher pressures, however this occurs to a considerably fewer
extent than is observed for Brt. The maximum energy is found to slightly increase for ions
incident on the ground electrode, whereas this is not the case at the powered electrode.
Interestingly, the fine structure of the saddle at high energies is resolved for ions incident
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on the powered electrode (cf., Fig. D.2-h1 to Fig. D.2-h4). The distinct peaks are efficiently
damped and broadened at high pressures, as can be observed in detail for H; IEDFs for
60 MHz frequency in Fig. D.2-h3. The low-energy peak of the bimodal structure obtained
for 2 MHz at the ground electrode appears preferred over the high energy peak (Fig. D.2-
il to Fig. D.2-i4). This can be explained by a higher probability of scattering and collisions
when ions enter and traverse the sheath at its maximum extent. The Br* ion mean energy
(Fig. D.2-i1) is efficiently reduced at high pressures due to multiple collisions and a high
probability of elastic scattering. A higher influence of scattering is also noticed in the low
energy part of the HBr™ and Br'zIr IEDFs (Fig. D.2-i2 and Fig. D.2-i4), whereas the low
energy part of the H; IEDFs remains unchanged (Fig. D.2-i3). The low-energy peak of the
saddle shaped IEDF structure must not necessarily be favored over the high energy peak,
as can be seen from IEDFs obtained after traversing the sheath in front of the powered
electrode (Fig. D.2-j2 and Fig. D.2-j4). This could be an effect of the non-sinusoidal nature
of the oscillating rf sheath. From the mean ion energies plotted in Fig. D.2-k and Fig. D.2-
|, Brt, HBr* and Br;r ion energies are found to decrease when rising the pressure as is
expected according to the enhanced collisionality in both sheaths. Again, Br* energies are
most efficiently reduced at high pressures which is according to the more complete
implementation of cross sections for scattering and charge exchange. Energies for H; ions
are hardly influenced by the variation of pressure and exhibit even a slight increase in the
intermediate pressure regime.

Variation of neutral gas temperature

Variations of the neutral gas temperature at a fixed pressure will change the neutral gas
density, and hence influence the sheath collisionality. Results of the influence of the neutral
gas temperature are plotted in Fig. D.3 (in appendix D) for constant input parameters of
500 V rf peak voltage, 150 mTorr, 6.32 eV electron temperature, 1x10%m™3 plasma
density, and no magnetic field. The mean sheath thickness in Fig. D.3-a shows a square
root like dependency on the gas temperature, demonstrating that the discharge becomes
more symmetric at lower gas temperatures. As observed for the pressure variation, the
sheath thickness facing the powered electrode is more affected than that in front of the
ground electrode (please note the thickness for the ground electrode sheath has been again
multiplied by a factor of four). The non-monotononic development at high gas
temperatures observed for 60 MHz hints similar inconsistencies for the calculations in the
FD part of the HPSM simulator that were already observed for variation of the neutral gas
pressure. As expected, the number of ES, CX and Langevin collisions for ions in the sheaths
of HBr discharges decreases when rising the gas temperature due to the decreased gas
density (cf., Fig. D.3-b to Fig. D.3-d). The dc bias voltage in Fig. D.3-e should develop
according to the changing sheath thickness, which is only confimed for 2 MHz frequency
discharges. Strong deviations of the expected behavior are observed for calculations during
applying 60 MHz. From the scaling coefficient plotted in Fig. D.3-f, the discharge appears
to becomes slightly more symmetric at lower gas temperatures, effects however remain
low (about 3 % for 2 MHz).

IEDFs for the different ions plotted in Fig. D.3-gl1 to Fig. D.3-j4 for different gas
temperatures are found to follow similar tendencies described for the distributions at
different background gas pressures. From the decreased gas density at high temperatures,
the ions are less scattered and the IEDFs show a distinct high energy tail. At lower gas
temperatures the gas density will increase causing the distributions to shift to lower
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energies and the high energy peak structure is efficiently damped. The low energy
background increases due to more efficient elastic scattering at higher gas densities. From
the mean ion energies plotted in Fig. D.3-k and Fig. D.3-l, energies of Br™ ions are
efficiently reduced by decreasing the gas temperature over the whole temperature range
investigated, whereas ion energies of the further investigated species are only affected at
low temperatures (300-600 K), which corresponds to higher neutral gas densities.

Variation of electron temperature

The influence of the electron temperature is illustrated in Fig. D.4 (in appendix D) for
constant input parameters of 500 V rf peak voltage, 150 mTorr, 500 K neutral gas
temperature, 1x10%m~3 plasma density, no magnetic field. Comparable to argon, the
mean sheath thickness is found to decrease for the powered electrode sheath (according
to a power law), and to monotonically increase for the ground electrode sheath when rising
the electron temperature (cf., Fig. D.4-a). Note that the thickness for the ground electrode
sheath has been multiplied by a factor of six for a better illustration. Scalings of the sheath
thickness indicate that the discharge becomes more symmetric at high electron
temperatures, which is indeed supported by a decreasing dc bias voltage (Fig. D.4-e) and
the decreasing scaling coefficient g from Fig. D.4-f. The number of ES and CX collisions
change slightly according to the different changes observed for the thickness of the
respective sheath regions (Fig. D.4-b and Fig. D.4-c). Langevin enhanced collisions plotted
in Fig. D.4-d are found to slightly decrease for both sheaths. From the scaling coefficients
in Fig. D.4-f, 60 MHz and 2 MHz frequency HBr discharges are found to change similarly,
becoming more symmetric at high electron temperatures (up to about 50% decreased
values for g).

The influence of electron temperature on the IEDFs of the different ions are plotted in Fig.
D.4-gl to Fig. D.4-j4. As already observed for argon, ion energies incident on the ground
electrode drastically increase while increasing the electron temperature (cf., Fig. D.4-g1 to
Fig. D.4g4, and Fig. D.4-il1 to Fig. D.4-i4), as is expected from the discussed increase of
the ground electrode sheath thickness. The high energy peak is efficiently suppressed and
finally disappears at high electron temperatures which is observed for both 60 and 2 MHz
frequency. Increased background contributions at low energies are attributed to elastic
scattering and sheath collisions for the relatively high pressure investigated here. In
contrast to the IEDF structures at the ground electrode, IEDFs for Br*, HBr™, H; and Br;
ions incident on the powered electrode yield negligible changes (cf., Fig. D.4-h1 to Fig. D.4-
h4, and Fig. D.4-j1 to Fig. D.4-j4). This can be seen from the calculated mean ion energies
plotted in Fig. D.4-k and Fig. D.4-l. Ion energies at the ground electrode increase almost
linearly when rising the electron temperature. In contrast, considerably less changes with
a slight (square root like) increase are noted for the ion energies at the powered electrode.
Different frequencies further reveal slight differences for the calculated mean ion energies
as a result of the differences in the average sheath electric fields.

Variation of magnetic field

Results of a variation of the magnetic field in HBr discharges are illustrated in Fig. D.5 (in
appendix D) for constant input parameters of 500 V rf peak voltage, 150 mTorr, 500 K
neutral gas temperature, 6.32 eV electron temperature, and 1x10%m~3 plasma density.
The mean sheath thickness in Fig. D.5-a is found to strongly decrease in 60 MHz frequency
discharges for both powered and ground electrode sheaths, until a minimum is reached
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above 50 G. For 2 MHz frequency, the sheath thickness is found to decrease monotonically
for the powered electrode sheath, above 70 G also for the ground electrode sheath. From
these results, 60 MHz discharges will become symmetric at even low magnetic fields. This
is supported by the sharp drop in the dc bias voltage which becomes negligible above 50
G (Fig. D.5-€), as well as by the scaling factor which approaches zero corresponding to an
ideally symmtric discharge (Fig. D.5-f). For the same set of parameters, 2 MHz discharges
strongly become more symmetric by increasing the magnetic field (the scaling coefficient
g changes up to 60%). Compared to the discussed sheath thicknesses, the number of ES,
CX and Langevin collisions in Fig. D.5-b to Fig. D.5-d is found to develop similarly. The
strong scaling of sheath parameters for HBr is in contrast to argon discharges (cf., Fig. C.5)
where less pronounced changes were observed (especially in case of 2 MHz frequency). The
differences result from different electron collision mechanisms used as input for modeling
of both gases. Compared to argon, slightly lower electron-neutral collision cross sections
are assumed and less electron-neutral collisions are effectively modeled for HBr which is
simply due to the current lack of detailed knowledge for a more appropriate collision model.
From a lower collisionality, the electrons will be much stronger confined when applying
magnetic fields. As an example, the electron mobility is reduced more effectively from
initially higher mobilities in case of HBr as compared to Ar discharges (e.g.,
A (0 G) = 1.81x10° m%/Vs, (0 G) = 2.16x10* m?/Vs, 1, (40 G) = 34.0 m*/Vs,
Upg (40 G) = 2.9 m%/Vs).

Applying magnetic fields to 60 MHz HBr discharges reduces the number of collisions in
the sheath which is due to an effective reduction of the sheath thickness. At higher
magnetic fields, the ion energies are drastically reduced at both electrodes for both 60 MHz
and 2 MHz frequency, as can be seen from the IEDFs plotted in Fig. D.5-g1 to Fig. D.5-j4.
Since positions of the low-energy peak of the bimodal structures remain about the same
for the different conditions investigated, the reduced energy yields a marked reduction of
the peak splitting. According to the described influence of the magnetic field, mean ion
energies for all ion species exhibit a drastic decrease at very low magnetic fields (10-30 G)
for 60 MHz discharges, whereas for 2 MHz discharges ion energies are reduced more
noticably at high magnetic fields above 60 G (cf., Fig. D.5-k and Fig. D.5-I).

Influence of frequency mix

Variation of different 60+2 MHz mixed dual frequency discharges were investigated for
constant input parameters of 500 V rf peak voltage, 150 mTorr, 500 K neutral gas
temperature, 6.32 eV electron temperature, 1x10%m~3 plasma density, nho magnetic
field. The mean sheath thickness is plotted in Fig. D.6-a (in appendix D) showing a convex
scaling for the electrode sheath and a concave scaling for the ground electrode sheath
(multiplied by a factor of four) as a function of the power split factor. The sheath
thicknesses as a function of the frequency mix appear to be approximately symmetric
about a power split factor of 0.4-0.5. The thickness of the ground electrode sheath remains
constant for different 60+2 MHz mixes, a higher sheath thickness is obtained for pure 2
and 60 MHz discharges, whereas these points yield the lowest sheath thicknesses in front
of the powered electrode. ES, CX and Langevin enhanced collisions in the sheath are not
found to change much while scaling according to the discussed sheath thicknesses (cf., Fig.
D.6-b to Fig. D.6-d). The dc bias in Fig. D.6-e shows significantly increased values for all
frequency mixes, the maximum is found for a power split factor of 40-50%. The scaling
exponent g as a function of different mixes in Fig. D.6-f is found to agree with above
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observations, the highest and lowest asymmetry is found at 40-50% 60 MHz and 100% 2/
60 MHz, respectively (up to 15% changes for the values of g).

From the IEDFs for different ions incident on the ground electrode (Fig. D.6-g1 to Fig.
D.6-h4) it is noticed that a splitting of the bimodal structure can be resolved for the heavy
ions Brt, HBr* and Br;r for even small contributions of the 2 MHz frequency. Increasing
the contribution of 2 MHz yields a broadening of the IEDF and the low energy peak of the
saddle becomes suppressed as a result of the increased high energy tail (cf., Fig. D.6-g3).
Br* IEDFs at the powered electrode (Fig. D.6-h1) are not observed to differ considerably,
as was already observed for Art in 60+2 MHz argon discharges. In contrast, IEDFs for
HBrY, H; and BrgL exhibit reductions in the maximum ion energy and the peak splitting by
increasing the contribution of 60 MHz frequency (cf., Fig. D.6-h2 to Fig. D.6-h4). Calculated
mean ion energies (Fig. D.6-i and Fig. D.6-j) are observed to scale according to the sheath
thickness and number of collisions for the respective sheath as a function of different
frequency mixes, for Brt remaining within an approximately 10% range as was also
observed for Art in dual frequency argon discharges. In contrast, mean ion energies for
HBrY, H; and Br; are subject to major changes of up to 20-30% for different frequency
mixes.

2.5.3 Summary and discussion

Ion densities in both electropositive argon and electronegative hydrogen bromide
discharges are comparable assuming an electronegativity of about 10 for HBr. Compared
to an ionized Ar noble gas, a higher sheath thickness can be obtained in molecular HBr
discharges. This yields a higher nhumber of sheath collisions for HBr and further to a more
pronounced scattering of ions in the sheath region.

Besides differences in the collision cross sections, the abundance of the respective
molecular species determines the probability of collisions in the sheath region. Additionally,
non-resonant collisions will contribute further to scattering processes in HBr molecular
discharges, whereas in pure argon discharges only resonant collisions can occur. Compared
to argon, the dc bias voltage is observed to be (slightly) lower in HBr discharges.
Furthermore, HBr discharges typically appear to be more symmetric than argon discharges.
For both types of discharges, ion energies at the electrodes were found to generally
increase with rf peak voltage according to the differences in the calculated dc bias, and
further with plasma density. Also, a reduction of the discharge pressure is suitable to
efficiently increase the mean ion energy. Decreasing the pressure reduces the number of
collisions (ES, CX) and off-axis scattering in both sheath regions. The pressure reduction
gives also rise to an increased sheath width. As a result, the angular distribution becomes
more anisotropic in forward direction, and ions can gain more energy on their way through
the sheath region. Since the discharge asymmetry increases as well for high plasma
densities, high rf peak voltages, and somewhat also for reduced pressures, the net energy
gain becomes higher for ions incident at the substrate. Ion energies of species with a low
mass (e.g., hydrogen molecules) usually appear evenly distributed over a broad range.
This reflects the fact that control over the energy of light ions in molecular discharges can
not be achieved to a comparably high extent observed for heavy ion species. In practice,
these light ions may however only play a minor role during etching. For the discussed case
of HBr, the higher sheath thickness observed at high rf peak voltage and/or electron
densities and/or low pressures could potentially lead to a collapsing discharge for small
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electrode-electrode distances, as for the small gap used in the experimental setup of the
present work.

From comparison of HPSM results for argon with those obtained from the two limits of a
collisionless and a collision-dominated sheath, the qualitative scaling agrees very well with
simplified assumptions for a collision-dominated sheath. Quantitatively, differences
between HPSM calculations and results obtained from the Warren law were found to remain
within 20-40%, where deviations become smaller at higher pressures.

Increasing the mean electron temperature was found to yield a reduced sheath width in
front of the powered electrode and hence reduced ion energies at this electrode. In real
discharges, the mean electron temperature might change due changes in the EEDF caused
by variations of pressure and rf voltage (or applied power level), for example. Discharge
operation will lead to increasing neutral gas temperatures, which in turn affects the neutral
gas density. The increased gas temperature will result in an enhanced ion energy at the
powered electrode by a factor of about 2, whereas the gain in ion energy at the ground
electrode remains below 50% compared to initial values close to room temperature.

Application of (weak) magnetic fields was shown to decrease both sheath thickness and
dc bias voltage. This in turn influences the IEDF structure and reduces the mean ion energy.
Furthermore, the magnetic field tends to strongly reduce the discharge asymmetry. In
particular, this was observed for 2 MHz HBr discharges which became markedly more
symmetric when increasing the magnetic field. In contrast, the asymmetry changed less
dramatically for argon (especially for 2 MHz excitation). Different scaling of sheath
parameters was found to originate from different electron collision mechanisms used as
input when modeling of both gases. As a result, less electron-neutral collisions were
effectively modeled for HBr. Compared to argon, this yields a more pronounced electron
confinement during application of magnetic fields. Whereas for 60 MHz discharges mean
ion energies for all ion species generally exhibit a strong decrease for even low magnetic
fields, for 2 MHz discharges ion energies become reduced more noticably at higher
magnetic flux densities. Reduction of the electron mobility by a magnetic field was
demonstrated from calculations. Whereas electrons are well confined (perpendicular to the
magnetic field) for already low magnetic flux densities, ions are not well confined in the
weakly magnetic discharges investigated here.

The influence of different 60+2 MHz frequency mixes reveals a distinct splitting of the
bimodal structure of the different ion species for even small contributions of the 2 MHz
frequency. Increasing the contribution of 2 MHz yields a broadening of the IEDF and the
low energy peak of the saddle becomes suppressed as a result of the increased high energy
tail.

Both qualitative differences in the IEDF structure as well as quantitative differences in the
scaling of the investigated parameters appear for the different ion species in HBr. Those
deviations can be explained by a currently insufficient description of the collisional
processes for the different molecular species in HBr discharges. The incomplete
implementation of relevant cross sections is due to a lack of data for HBr relevant molecules
from the literature, limitations of the ab inito calculations to determine scattering
parameters for molecules, and neglecting non-resonant collisions.
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3.1 In situ plasma diagnostic techniques

3.1.1 Mass spectrometry for plasma flux analysis

Mass spectrometry is a well-known technique for characterization and control of vacuum-
based processes, such as dry etching and sputtering. If the process pressure exceeds about
107 Torr, differential pumping must be implemented between the reactor volume and the
quadrupole mass spectrometer. In that case, the mass spectrometer is placed in a separate
enclosure with its own vacuum pump, where connection to the reactor volume is provided
by an aperture of appropriate size, or a leak valve. Since the EQP mass spectrometer is
installed at the reactor that the ionizer is placed on a line-of-sight with the plasma, the
setup allows for detection of condensable and reactive species traversing the aperture
without colliding with any surfaces. The flux analysis technique samples only reaction
products that result from interactions in the vincinity of the extraction orifice [225].

As was reported in [144], there can be a significant contribution of the background gas
pressure which is superimposed on the beam (i.e., the line-of-sight) component. The mass
spectrometer accepts only a small solid angle of the species sampled from the aperture
between discharge reactor and mass spectrometer chamber, which constitutes the beam
component of the species entering the ionizer. For the EQP setup discussed here, this solid
angle is about 3 degrees. Any species sampled from the plasma that are not within this
solid beam angle, enter the mass spectrometer ionizer region after several collisions with
the walls of the housing and result in the background component of the signal. Here, only
species with a low sticking coefficient on the stainless steel surfaces of the mass
spectrometer housing will contribute to the background signal. For the halogen chemistries
investigated in this work, this is primarily the case for F radicals. Due to the high
recombination coefficient for O, Cl, and Br radicals on most surfaces, these species will
rapidly react at the stainless steel walls inside the mass spectrometer chamber, or
condense upon them (on stainless steel, the recombination coefficient is close to 1.0
[124,125,226,227]). Contribution of these species to the background signal is however still
possible which is primarily due to thermal pyrolysis (thermal dissociation) of neutral
molecular species on the (about 1800 K) hot electron emitting filaments in the EQP ionizer.
As a result, radicals are created that can subsequently be ionized and detected. The
different sources of background contribution can be significant and dominate the beam
number density, especially in case of non-condensable and non-reactive species.
Therefore, several stages of differential pumping are usually required to obtain high beam
to background ratios. Furthermore, beam modulation techniques are appropriate to
separate beam and background components of the measured signal [110,144,145]. Here,
a mechanical chopper is applied between aperture and mass spectrometer ionizer, and the
technique is known as modulated beam mass spectrometry (MBMS).

For the experimental setup discussed in this work, a 230 |/s Pfeiffer turbo molecular
pump is used for pumping the mass spectrometer chamber. When using a 50 um aperture,
the operating pressure in the mass spectrometer chamber remains below 5x10 ° Torr
(typically 2...8x1077 Torr) for process pressures up to 600 mTorr inside the plasma reactor.
The low pressure in the mass spectrometer chamber assures single electron collision in the
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ionizer. The ionizer of the mass spectrometer is located at a distance of 150 mm on a line-
of-sight from the sampling aperture. The signal intensity of the mass spectrometer can be
expressed by [145]

S = Bt(m/e)o(m/e)L n (3.1)

cageIeGi ionizer

with the measured signal S in counts/second, the extraction efficiency of ions from the
ionizer B, transmission efficiency of the quadrupole mass filter t(m/e), detection
coefficient of the channeltron SEM detector 6(m/e), the length of the ionizer cage Lcage,
the electron current in the ionizer I, the ionization cross section o;, and the species
number density in the ionizer n;y,i,er- The number density of species in the ionizer is the
sum of beam and background contribution

Nionizer = Mbeam * Mbackground (3.2)

where only the beam component of the number density of species in the ionizer is
proportional to the number density of species in the plasma. The incoming neutral flux
depends upon the gas temperature as expressed by the mean species velocity

_1
r= 4nv. (3.3)

However, the residence time of species is proportional to the inverse velocity of the species
and hence, the temperature influence on the beam component cancels out. Apart from the
dependency of radicals upon the wall loss coefficient, the background signal is further
influenced by the flux of species and the effective pumping speed of species in the mass
spectrometer system.

The beam-to-background ratio for the single stage of differential pumping employed in
this work is given by [144]

n (X 2
Ryp = —peam™) _ R Q (3.4)

nbackground X c’

where the beam number density is described for a distance x from the orifice with radius
R (R«x). Q is the effective pumping speed of the species due to the vacuum pump, and
C is the aperture conductance according to (2.2). Due to conductance limitations, the
effective pumping speed of a species in the vacuum system is usually lower than the rated
speed of the vacuum pump. It can be calculated from the slope of the curve that is obtained
when plotting the pressure inside the mass spectrometer chamber as a function of the
pressure of the species in the plasma reactor. Here, the pumping speed was determined
for different feed gases (O,, Ar, NF3, SiF4, SiCly) inside the plasma reactor when the
respective discharge was turned off and at a constant reactor wall temperature of 70°C.
The pumping speed plotted in Fig. 3.1 is found to scale with the inverse of the molecular
mass. The approximated pumping speed of about 170 I/s for nitrogen is also lower than the
rated speed of 230l/s which can be explained by conductance limitations of the current
setup. From equation (3.4), the beam-to-background signals are then calculated as
Rpp(05) = 0.0185, Ry,(Ar) = 0.0130, Rp,(NF3) = 0.0109, Ry,(SiF,) = 0.0078, and
Rpp(SiCl,) = 0.0061. These results indicate that slightly different beam-to-background
ratios might be obtained for different feed-gas mixtures. The calculated values are much
smaller than 1.0, which would be a desirable ratio for a good sensitivity to the beam
component. Hence, no conclusion can be drawn here about radicals sampled from the
discharge that have a high sticking coefficient on stainless steel (e.g., O, Br, Cl). Detection
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of such radicals is only possible from thermal pyrolysis of neutral molecular species on the
filaments in the EQP ionizer. A beam-to-background ratio close to 1 for a single stage setup
employed in this work could only obtained for a very short distance (about 2 cm) between
the ionizer and the aperture [144]. For the single stage setup discussed here, this
requirement can not be met due to system constraints caused by sealing flanges and
clearance for bolts to adapt the EQP tube to the reactor. However, the plasma-induced
background in axial orientation is generally reduced due to having the EQP quadrupole and
detector mounted 45 degrees of-axis from a line-of-sight. This prevents contribution of
plasma photons and metastables to the background signal [110].
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Figure 3.1: Effective pumping speed for the Hiden EQP system. The data can be fitted by a function
that is proportional to 1/m;.

Ions will not contribute to the neutral mass spectra since the degree of ionization yields
typically values in the range of 0.001%-0.01% for the discharges investigated here [13].
Beyond that, tuning for ions obtained from ionization of neutrals in the EQP ionizer yields
significantly lower energy settings than typical ion energies obtained while traversing the
sheath. Hence plasma ions will not be detected in RGA mode.

3.1.2 Appearance potential mass spectrometry

APMS (also called Threshold Ionization Mass Spectrometry - TIMS) is a well-known
technique to detect and quantitatively measure neutral species from discharges
[144,145,228-232]. APMS is based on selective ionization of radicals and utilizes the
ionization threshold difference between direct ionization of a radical X

- + - X-)X+ . . . .
X+e - X +2e at E>E (ionization potential) (3.5)

and dissociative ionization of its parent XY

- + - Xy - x* .
XY+e - X +Y+2e at E>E, (appearance potential). (3.6)

Here, E,>E; since E = E;+ E,;(X-Y), where E,(X-Y) is the X-Y bond energy. Typically, the
difference betw+een direct an+d dissociative ionization is greater than 2 eV. For electron
energies EiXHX <E< Eg(YHX , the measured signal is only due to a direct ionization of the
radical and hence the radical number density can be estimated. For E;(Y%X < E, radicals
formed through dissociative ionization of the parent will contribute to the number of
radicals formed through direct ionization. Provided the electron energy dependent
ionization cross section is known, it is possible to estimated the number density of radicals.
This can be achieved since the ionization cross section is well approximated by a linear

expression near the ionization threshold [233-236]. It is known from the cross-section
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literature [237-242] that the extraction efficiency for ions formed through direct ionization
of the radical in the ionizer of the mass spectrometer is typically higher than that for
fragment ions formed through dissociative ionization of the parent molecule. In [145], the
extraction efficiency for products formed through dissociative ionization was found to be up
to 1.5 orders of magnitude smaller than the extraction efficiency for products from direct
ionization. This was explained to result from dissociative ionization products carrying an
excess kinetic energy due to the Franck-Condon effect. Ions with an excess kinetic energy
(typically a few eV) exhibit a lower extraction and collimation efficiency as already
discussed in section 2.4.3. Fractions of ions with high kinetic energy increase with electron
energy [239] which will yield a further reduced collection efficiency for these species.

For investigations comprising different gases in this work, the electron energy was
typically scanned from 0 to 50 eV in 0.1 eV increments. The filament electron emission
current (which determines the electron flux incident onto the radical beam inside the
ionizer) was set at 10 pA in order to protect the filaments from damage due to excessive
current demands, and further to ensure the ionizer is not operated in the space-charge
regime [243,244]. The electron energy scale was calibrated using argon with the well
known ionization energy of 15.8 eV. For the different studies in this work, an energy scale
offset of 2.0-2.4 eV was found for the appearance potential. The energy spread of the
electron beam in the ionizer is specified by 0.3 eV (FWHM) [153] which enables sufficient
determination of the neutral species from the measured threshold (provided the threshold
energy is known from the literature). The electron energy discussed in this work is the
corrected electron energy obtained after proper calibration. Measured ionization and
appearance potentials for radicals and molecules from relevant gases used in this work
were compared to available publications for HBr [218,219,245-248], NF3 [218,219], O,
[75,218,219], SiF4 [218,219,249], SiCl, [218,219,245,246,250], SiBr, [218,219,251],
and SiBrF3 [252]. For illustration, a typical APMS scan performed for m/q = 79 u (Br™) in
an HBr discharge is shown in Fig. 3.2. The different curves plotted in Fig. 3.2 correspond
to different situations in the plasma reactor. The residual signal (open triangles) is
measured during base pressure conditions when there is no HBr gas flow or plasma and
results from a unknown contaminant in the mass spectrometer system. The signal during
discharge-off condition (open circles) results primarily from dissociative ionization of the
HBr feed gas molecules. The residual signal and pyrolysis of the HBr feed gas on the ionizer
filaments will further contribute to the measured signal. The discharge-on signal (full
circles) includes both contributions from a background signal and the beam signal. The
background signal is determined by Br* formed through dissociative ionization of the HBr
feed gas, the residual signal, and pyrolysis of feed gas molecules as well as other bromine-
containing products. The beam signal is due to Br radicals formed in the discharge that
were sampled without collisions on their way to the ionizer. From the discharge-off curve,
the threshold of Brt formation from dissociative ionization of HBr is measured around 17.3
eV. The low intensity measured below 17.3 eV indicates that there is either a negligible
contribution of Br created through pyrolysis of HBr on the filaments and subsequent direct
ionization, or dissociative ionization of recombined bromine. The latter is supported by a
high recombination coefficient for Br which is close to 1.0 on stainless steel surfaces [125].
From the discharge-on signal, the threshold for direct ionization of Br is observed above
12.5 eV, which is slightly above the literature value of 11.8 eV [218]. This deviation is likely
due to the low number density of radicals being detected which yields signals below the
detection limit of the mass spectrometer near the threshold. The slope discountinuity
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around 17.3 eV indicates an additional contribution of Br formed through dissociative
ionization of the HBr feed gas, as it matches the threshold determined from the discharge-
off curve. For electron energies above this second threshold, both radicals and parent
molecules are ionized in parallel. From the stronger rise of the Brt signal in the logarithmic
scale plot, in fact more Br' ions appear created through dissociative ionization of HBr (and
other Br-containing) molecules than are created through direct ionization of the monitored
Br neutral flux. Since the number of parent molecule species typically exceeds the number
of radicals by about 3-6 orders of magnitude [13], most ions are formed through
dissociative ionization of the parent molecule. Finally, at high electron energies E>E,, the
depletion of Br for the discharge-on condition explains the decrease of intensity with
respect to the situation where the discharge is turned off. For the typical RGA operation
mode where the electron energy is usually fixed at 70eV, this hints a comparably low
detection sensitivity for neutral radicals in general. The detection sensitivity of the radical/
precursor ratio is limited to about 10* for the current measurement setup, taking into
account limitations by protection of the SEM detector from excessive count rates, the
minimum signal required and energy spread of the electron beam.
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Figure 3.2: APMS scan at m/q = 79 u (Br™) in the EQP differential pumping system. Open circles
represent the signal measured when the discharge is off, full circles are the signal with the discharge
turned on. The residual signal is the signal detected at base pressure conditions due to an unknown
contaminant. From the discharge-on signal, the threshold for direct ionization of Br is observed at
above 12.5 eV which is slightly above the literature value of 11.8 eV [218]. No evidence of thermal
cracking of HBr is seen when the discharge is off since the discharge-off signal is observed to overlap
the residual signal up to about 17.3 eV. Formation of Br from dissociative ionization of HBr occurs
around 17.3 eV as can be seen from the rising discharge-off signal.

3.1.3 Quantum cascade infrared laser absorption spectroscopy
Recently, a compact quantum cascade laser measurement and control system (Q-MACS)
was developed enabling for time-resolved plasma diagnostic absorption spectroscopy,
process control and trace gas monitoring [253,254]. Based on Q-MACS, a new diagnostic
arrangement, the Q-MACS Etch system, was designed and constructed during the time of
the present work. Application of the Q-MACS Etch system as infrared absorption and
interferometer tool for on-line in situ monitoring of molecular species and etch rates in the
HART plasma etch reactor are described in detail in [165]. For the first time, concentrations
of the precursor gas NF3 and of the etch product SiF4, were measured on-line and in situ
under clean room conditions. In addition, the etch rates of SiO, layers and of the silicon
wafer were monitored including plasma etching endpoint detection. In the following, the Q-
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MACS Etch system is described in more detail. Furthermore, general spectroscopic issues,
determination of the absorption cross sections, and finally SiF; concentrations are
discussed briefly. Specifics of the experimental setup at the plasma reactor are described
in section 4.1.

The quantum cascade laser system Q-MACS Etch consists of a pulsed infrared QCL source
with the laser wavelength tuneable in the range 1027-1032 cm™!, optical components,
detectors and data acquisition cards controlled by a PC. Details of the Q-MACS Etch optical
arrangement are shown in Fig. 3.3. The laser driver used was a Q-MACS Basic [253,254].
The Q-MACS Basic provides a laser pulse width tuneable between 10 and 255 ns and a
repetition frequency between 100 Hz and 1 MHz. Depending on the experimental
requirements, the system can operate in the intra-pulse or inter-pulse mode [253]. Intra-
pulse mode means that the laser frequency is tuned over the absorption spectrum during
one relatively long single pulse, i.e using a 50-200 ns laser pulse width. In the present
experiments, the inter-pulse mode was used. The QCL was driven with a pulse width of 12
ns and a repetition rate of 500 kHz. The central frequency of the QCL is chosen by changing
the working temperature between -30°C and +30°C and the feed current of the laser in the
range of 0.5 to 15 A (peak current). In order to tune over a spectral range, an additional
voltage ramp is applied to the laser with a frequency of 1 kHz. This allows scanning of the
spectral range with a width of up to one wavenumber. Each millisecond a complete spectral
region is scanned. Under each scan 500 single laser pulses are generated. As a result, the
measured spectrum with a time resolution of 1 s is an average of a thousand spectra. One
second time resolution is sufficient for most plasma etch processes which require a time
scale typically in the range of seconds up to minutes.

4

Figure 3.3: Optical arrangement of the Q-MACS Etch system (1: laser head, 2: beam splitters,
3,5,7: detectors, 6: reference gas cell, 4: IR optical fibre).

As depicted in Fig. 3.3 and Fig. 4.4, the IR beam is split into three channels using two IR
transparent ZnSe beam splitters (BS). The main part of the beam is coupled into an IR fibre
using an off-axis paraboloid (OAP) mirror, and then collimated into the plasma reactor
using either lenses or OAPs. The second channel, operating as pulse normalisation channel,
is used to reduce the fluctuation intensities of the QCL from pulse to pulse. In order to
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calibrate the spectral region and to correct for drifts of the laser frequency due to
temperature instabilities of the laser chip, a reference spectrum of C,H,; is measured
through a reference gas cell as a third channel. For spectral calibration, a germanium etalon
with the free spectral range of 0.012 cm™! was used. A fringe spectrum was recorded and
used to correct the nonlinearity of the spectral laser tuning. Together with the known
spectra of the C5;H,4 [255], an absolute spectral calibration could be performed.

Fig. 3.4 shows a reference spectrum of C;H4 as recorded with Q-MACS Etch for an
absorption length of 15 cm, at 2.25 Torr pressure and room temperature. The reference
and the germanium etalon spectra were used for the wavelength calibration of the QCL
spectrometer. The line profiles have a Doppler contribution, for which the full width at half
maximum is given by

AWpoppler = 7.16><10*7VOJ;, (3.7)

were v, is the wavenumber of the central line, T is the temperature, M is the molar mass
of the molecule. For the lines shown in Fig. 3.4, Doppler broadening contributes to about
2.4x10> cm™t. Another broadening effect contributing to the profile is due to the influence
of different pressures. From the HITRAN (high resolution transmission molecular
absorption) database [255], pressure broadening of these lines contributes to about
3x10 F em L. Finally, the instrumental contribution to the laser lines can be obtained after
deconvolution of the absorbance profiles. The measured absorption lines show an

instrumental broadening (FWHM) of about 8x10> cm L.
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Figure 3.4: QCLAS spectrum of C,H,4 at room temperature, 2.25 Torr pressure, absorption length
of 15 cm and instrumental broadening of 0.008 cm™1.

In Fig. 3.5, two FTIR spectra are shown as recorded with a Bruker IFS 66 v/s
spectrometer. The spectra were recorded at room temperature in a gas cell of 15 cm
length. The pressure inside the cell was adjusted to 375 mTorr for SiF4, and 750 mTorr for
NF3, respectively. The approach for this work was to measure the etch product species SiFg,
with NF3 being the precursor molecule. From Fig. 3.5, the spectra of these two species show
some overlapping. Thus in order to reliably measure the etch product SiF4, minimum
overlapping has to be considered. The spectral region of 1028+0.3 cm™! was finally chosen
for the measurement of SiF,4 due to a maximum difference between the absorption cross
sections of SiF4 and NF3. Compared to NF3, the absorption cross section of SiF4 is about 90
times larger. Other IR active vibrational modes of SiF, can be found at larger wavelength
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values [256] where no QCLs are available. Hence, the choice was limited further to the
detection of the v3 fundamental band.
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Figure 3.5: FTIR spectra of SiF4 at 375 mTorr pressure and of NFs at 750 mTorr pressure. The

spectra were recorded at room temperature, at a total absorption length of 15 cm and spectral
resolution of 0.11 cm™,

The complex spectrum of SiF,4 is shown in the Fig. 3.6-a. It was recorded using Q-MACS
Etch at a gas temperature of 70°C in a gas mixture with 90% Ar content. The total pressure
was 250 mTorr. The measurement was done in the MERIE plasma reactor, where an
absorption length of 108 cm was achieved in two passes. The same spectral region was
recorded using NF3 in gas phase at 600 mTorr, the corresponding spectrum is plotted in
Fig. 3.6-b. The NF3 pattern is different to that of SiF4, however showing also an unresolved
structure.
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Figure 3.6: (a) QCLAS spectrum of 10% SiF, in mixture with Ar, measured at 70°C, 250 mTorr
total pressure, absorption length of 108 cm and instrumental broadening of 0.008 cm™L. (b) QCLAS
spectrum of NF3; measured at 70°C, 600 mTorr pressure, absorption length of 108 cm and
instrumental broadening of 0.008 cm™1.

In general, the accuracy of concentration measurements of molecules in plasmas
depends primarily on the precision of available molecular data. For this purpose, the
absorption cross sections of SiF4 and NF3 have been determined for the spectral range
1028+0.3 cm™L. Furthermore, the absorption cross section of SiF, was characterized as a
function of temperature and pressure. In Fig. 3.7, the SiF,; absorbance function of the
concentration is plotted. The gas temperature was varied between 60°C and 110°C by
electrically heating the reactor walls. Variation of the neutral gas density was furthermore
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achieved by changing the pressure from 50 to 500 mTorr. The absorption length was 6 cm.
If the absorbance

|n(17°) - ol (3.8)

is represented as function of the concentration, then the proportionality factor is the
product o, L. From Fig. 3.7 it can be seen, that the data points can be linearly fitted. This
shows that the absorption cross section is constant over the range of temperature and
pressure used in the experiment. Because relatively low pressures are relevant for all
investigations of interest here, pressure broadening effects are negligible. The main
contribution to the absorption profiles is the instrumental broadening which is about 6
times larger than Doppler broadening, AWDoppler=1.24><1073 cm b for SiF4 at room
temperature. Although the absorption cross section does not change for the range of
temperatures investigated here, no conclusion can be drawn for the influence of (several
hundred centigrades) high neutral gas temperatures during discharge operation discussed
in chapter 4. Absorption spectroscopy at such high gas temperatures is not an easy attempt
and could not be realized during this work. However since the integrated absorption
coefficient is evaluated over a large number of absorption lines of the complex spectra (cf.,
Fig. 3.6), the total partition function is generally expected to be less sensitive to changes
in temperature as in case of a single line.
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Figure 3.7: SiF, average absorbance as function of the concentration. The spectral region
measured was 1027.6 - 1028.3 cm™1, and the absorption length was about 6 cm.

The values of absorption cross sections have been obtained from both FTIR and QCLAS
spectra. The average absorption cross sections at 1028%0.3 cm™! were measured
G, (SiF,) = 7.7(x0.7)x10 "®cm®molecule ™ and o,(NF3) = 8.7(+0.8)x10 *°cm”molecule *
for SiF4 and NFs, respectively. Uncertainties are due to errors in the measurement of
pressure and further of the I, reference. With the knowledge of the IR absorption cross
sections for SiF,, absolute SiF; molecule number densities can be finally derived by
applying Lambert-Beer’s law

I
n(7)

NsiF, = A (SIF L (3.9)
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3.1.4 RF probe measurements

The rf probe installed in the matching network (cf., Fig. 3.8) can be tuned to measure rf
characteristics of the load at the individual source frequencies used, i.e. determination of
voltage, current, phase shift, and the load impedance from these values. Generally, the
load impedance is dominated by the impedance of the reactor geometry, whereas the
plasma impedance is expected to have only minor contribution. For determination of the rf
characteristics at 2 MHz, the phase shift is measured negative which corresponds to a
capacitive load (as one would expect for capacitive coupling). In contrast, rf characteristics
at 60 MHz are measured with positive phase shifts during all experiments which
corresponds to an inductive load. This is attributed to the excitation frequency of 60 MHz
being above the resonance frequency of the reactor geometry (including feedthrough,
electrostatic chuck, etc.) which is about 33 MHz for the reactor investigated here [257]. At
frequencies around the reactor resonance frequency, the phase shift turns from positive to
negative, and remains negative for excitation frequencies below the reactor resonance
frequency. The resonance frequency is mainly influenced by the rf feedthrough, the
remaining reactor geometry has only negligible impact [258,259]. Consequently at 60 MHz
excitation frequency, the total impedance is determined by the dominating inductance of
the feedthrough. This suggests a higher fraction of the delivered power is being lost
through the coaxial feedthrough at 60 MHz.
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Figure 3.8: Schematic of the rf voltage, current and phase measurement performed by a V,I probe
at the output of the matching unit.

The rf probe is mainly used to obtain the dc bias voltage from the voltage measured for
the 2 MHz frequency source by using a simple model as described below. During the
processing routine, the calculated dc bias voltage is used for compensation of a specified
constant voltage to chuck the wafer when the plasma is turned on. Therefore, rf probe
measurements used for discussion of various discharges in chapter 4 are based on the 2
MHz source. For 60 MHz single frequency discharges, no characteristics can be determined
with the given configuration. Nevertheless, data for 60 MHz rf characteristics was collected
for a few experiments as well after introducing some modifications to the initial setup. This
included tuning of the rf probe for 60 MHz, and deactivation of the chucking voltage
compensation.

For asymmetric discharges where more electrode surface area is naturally grounded than
driven, a dc bias voltage V4. will develop on the driven electrode (with respect to ground).
The dc bias voltage occurs from the fact that the dc voltage between the plasma and the
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driven electrode is larger than the dc voltage between the plasma and the grounded

electrode [20]. This very important parameter depends on the discharge properties and is

influenced by parameters like plasma chemistry, delivered power, pressure, magnetic field,
etc. For the HART plasma etch reactor, the V,. is used to compensate the chucking
voltage. Due to the insulating reactor surfaces, the V4. can not be measured directly.

Instead, it is calculated from a fit model for a correlation to the 2 MHz peak-to-peak voltage

Vpp [214], as described in the following:

(1) An impedance scan of the powered electrode/reactor is performed.

(2) A circuit analysis is done to calculate the impedance at 2 MHz.

(3) Using the impedance from (2) together with the 2 MHz voltage and current measured
by an rf probe at the output of the matching network, the Vpp seen on the wafer is
calculated using a transform model.

(4) Wafer contact HV probe measurements are performed allowing to determine the 2 MHz
waveforms for different 60+2 MHz power levels, process pressure and magnetic field
conditions. From a best fit to the plot of this data, a correlation between Vpp and V4.
is achieved.

The dc bias voltages recorded by the plasma etch hardware is based on a V4. model for a

complex HBr/NF3/0O, plasma chemistry in the 200-400 mTorr range yielding the following

correlation:

<

Vae = - 522+ 220. (3.10)

W

Calculation of the V4. from the 2 MHz Vpp measurements are described to be accurate
within 15% for the conditions described above. Larger discrepancies will occur at lower
pressures and for different plasma chemistries (like pure Ar, HBr, etc.) [214].

Since fundamental investigations performed in this work are covering a wide range of
different plasma chemistries, pressures, delivered powers and hence significantly varying
discharge properties, the dc bias voltage can not simply be calculated using equation
(3.10). Instead, wafer contact probe measurements must be performed for every single
experiment. Since these measurements could not be made available during the period of
this work, rf probe data measured at 2 MHz comprising voltage V, current I, and the phase
shift ¢ are discussed instead in chapter 4. From these data, delivered power P, reflected
power P peak-to-peak voltage V and impedance Z can be calculated by

refl 7 pp’
Pos = V-I-coso, (3.11)
P = V-I-sing, (3.12)
Vpp = 242V, (3.13)
zZ-= % (3.14)

3.2 Evaluation of etch results

3.2.1 Gravimetry (weight loss measurements)
A fully automated Metryx Mentor scale [260] with integrated mini-environment is used
to measure the weight of the 300 mm wafers. A pre and post measurement conducted
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immediately before and after the etch process are combined to measure the weight
difference and determine the weight loss obtained during etching.

The scale utilizes ambient sensors that continuously monitor ambient temperature,
pressure and relative humidity. It uses these parameters to calculate instantaneous air
density and applies this to the weight measurement to correct for changes in atmospheric
buoyancy of the substrate. The balance load cell (cf., Fig. 3.9) is an highly accurate force
meter that measures the gravitational force acting on a wafer that has been placed on the
balance pan. The principle of operation is based on a moving electromagnet acting on a
permanent magnet. The force exerted by the weight of a wafer is resisted by the current
flowing in an electromagnet. When a wafer is placed on the pan, the weighting pan sags
slightly under the additional force. The movement is amplified by a lever arrangement. It
is detected by a position sensor and the current in the coil is increased in order to restore
the pan to its original position. Once the transient has settled, the pan has been levitated
back to its original position and the extra current flowing through the coil is recorded. This
can be converted into a measure of the weight of the wafer.
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Figure 3.9: Schematic of the Metryx Mentor scale load cell.

Wafers are placed on the thermal plate before being measured on the balance in order
to stabilize the temperature of the wafer to the equilibrium temperature of the measuring
enclosure and to dissipate surface static charges present on the wafer. Wafers that arrive
directly from processing tools at an elevated temperature will require additional time to
stabilize. Also, wafers enclosed on a complete layer of an electrical isolator (e.g. silicon
dioxide) may include trapped charges behind the insulator that may be difficult or
impossible to discharge. Placing these types of wafers on the thermal plate may introduce
additional charge into the wafer by an electrophoresis effect.

From the weight difference, a mean etch rate can be calculated by applying a simple
cylinder model for an ideally uniformly etched surface by

R =Ad_ Am (3.15)

with Ad the total change in thickness resulting from etching during the time t, the
measured weight difference Am, the surface area A of the 300 mm wafer substrate, and
the density p of the material etched. For calculation of the etch rates densities of
psi = 2.33 g/cm’ and Psio, = 2:27 g/cm’ were used for bare silicon substrates and
silicon substrates covered by a CVD SiO, hard mask layer. The advantage of the applied
weight loss measurements is a direct measurement of the silicon etch rate using bare
silicon wafers. No additional polysilicon layer has to be deposited in order to determine
silicon etch rates, as required for example when applying ellipsometry. Since the results
represent a mean value obtained from integration of the total wafer area, an assessment
concerning the uniformity of etched layers can not be made by simply applying this
technique. Therefore, 49 point ellipsometry measurements were performed additionally on
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substrates with SiO, hard mask. A comparison between etch rate results from both
techniques is presented in chapter 4.

The weight of the used silicon substrates with and without additionally structured or
unstructured mask layers lies within the specified measurement range of 110 - 135 g.
Unfortunately, determination of sputter erosion rates for Y,03 wafers that were used for
some of the experiments was not possible due to the weight of 350 g resulting from the
specified density of Pv,0, = 4.90 g/cm3 for the yttria plates. The static, dynamic, and
long-term precision (1 sigma) is described to be below 80 ug (corresponding to a deviation
expressed by a mean etch rate of 0.5nm/min for a 300 mm silicon wafer). Internal tool
stability checks are performed by periodically measuring a "golden wafer" located inside
the tool.

3.2.2 Ellipsometry

Ellipsometry is used as an additional technique to determine etch rates for silicon
substrates containing additional layers and also to investigate etch rate nonuniformities
caused during etching. Ellipsometry is a very sensitive optical measurement technique
commonly used for thin film metrology. In general, this technique is applied to characterize
the film thickness for single layers or complex multilayer stacks ranging from less than a
nanometer to several micrometers with high accuracy, and to investigate dielectric
properties (complex refractive index or dielectric function) of thin films [261-263].
Ellipsometry is an extension of a reflection technique in which the change of polarization
upon reflection or transmission rather than just its intensity is measured. The nature of the
polarization change is determined by sample properties, like thickness, complex refractive
index or the dielectric function tensor. This gives access to probe fundamental physical
parameters and sample properties, including morphology, crystal quality, chemical
composition, or electrical conductivity. Although optical techniques are inherently
diffraction limited, ellipsometry exploits phase information and the polarization state of
light, and can achieve angstrom resolution. The sample must be composed of a small
number of discrete, well-defined layers that are optically homogeneous, isotropic, and non-
absorbing. More advanced variants of the technique have to be applied in cases where
these assumptions are violated and the standard ellipsometric modeling procedure is
invalidated.

For the investigation here, ellipsometry is performed in reflection mode using a KLA
Tencor ASET-F5x [264]. Ranges of operation comprise the continuous wavelength
spectrum from 190 nm to 800 nm. From the schematic of the ellipsometry setup plotted in Fig.
3.10, electromagnetic radiation is emitted by a light source (xenon lamp) and linearly
polarized by a polarizer, it can pass an optional compensator (retarder, quarter wave
plate), and falls onto the sample. After reflection, the radiation passes a compensator
(optional) and a second polarizer (called analyzer) and falls into the detector. Instead of
the compensators, some ellipsometers use a phase-modulator in the path of the incident
light beam. The incident and the reflected beam span the plane of incidence, where the
angle of incidence equals the angle of reflection. Electromagnetic waves which are polarized
parallel or perpendicular to the plane of incidence, are called p or s polarized, respectively.

For standard ellipsometry, two of the four Stokes parameters are measured -
conventionally denoted by ¥ and A. The polarization state of the light incident upon the
sample may be decomposed into an s and a p component (the s component is oscillating
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perpendicular to the plane of incidence and parallel to the sample surface, and the p
component is oscillating parallel to the plane of incidence). The amplitudes of the s and p
components, after reflection and normalized to their initial value, are denoted by rg and
Fp» respectively. Ellipsometry measures the complex reflectance ratio of rg and oo which
is described by the fundamental equation of ellipsometry:

o _ tan(‘P)eiA, (3.16)
rS

where tan (W) denotes the amplitude ratio upon reflection, and A = Ap—Ag the phase shift
(difference) of A, and A, which are the total phase changes on reflection of the parallel and
perpendicular components, respectively. Measuring the ratio (or difference) of two values
rather than absolute values makes this technique robust (to fluctuations), accurate and
reproducible. Further, no standard sample or reference beam are required.
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Figure 3.10: Schematic of the ellipsometry setup.

Ellipsometry is an indirect method, i.e. in general the measured ¥ and A can not be
converted directly into the optical constants of the sample. Normally, a model analysis must
be performed. Direct inversion of ¥ and A is only possible in very simple cases of isotropic,
homogeneous and infinitely thick films. In all other cases a layer model must be
established, which considers the optical constants (refractive index or dielectric function
tensor) and thickness parameters of all individual layers of the sample including the correct
layer sequence. Using an iterative procedure (least-squares minimization) unknown optical
constants and/or thickness parameters are varied, and ¥ and A values are calculated
using the Fresnel equations. The calculated ¥ and A values which best match the
experimental data will finally provide the optical constants and thickness parameters of the
sample.
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In the first section, a detailed description of the HART plasma reactor used for this work
is given which includes the two different designed experimental setups for conducting the
plasma analysis in a production environment. The HART system is typically used in DRAM
production for deep trench silicon etching to form capacitor structures. In subsequent
sections, effects of applied power, pressure, gas flow rate and magnetic field are
investigated for single and dual frequency discharges in Ar, HBr, NF3, HBr/NF3, and further
complex halogen chemistries. Analysis of interactions in the different discharges comprises
an extensive set of measurements, including
e neutral mass spectra (etch species, byproducts),

e precursor gas dissociation,

e appearance potential mass spectrometry,

¢ silicon and silicon dioxide etch rates (selectivity, uniformity, anisotropy),

e IVDF analysis,

e SiF4 etch product concentration measurements,

e rf probe data.

Simple Ar discharges were used for a baseline characterization to enable a comparison to
literature data, modeling calibration, to separate the pure sputter component for the more
complex reactive ion etch mechanisms, and to ensure stable conditions and reproducibility
for the various conducted measurements. Pure HBr and NF3 discharges were investigated
to develop step by step a better and more detailed insight into the complex HBr/NF3 based
process chemistries. Finally, interactions for mixed HBr/NF3 chemistries were characterized
with additions of further precursors for sidewall passivation and selective mask deposition.

4.1 Plasma reactor design and experimental setup
Centura HART system

The Applied Materials Centura HART reactor used for the experimental investigations in
this work is a MERIE reactor designed for the requirements of deep trench etching for DRAM
capacitors on 300 mm wafers. The complete Centura setup comprises a factory interface,
the loadlock system, a transfer chamber mainframe, up to four installed process reactors,
and a gas panel (Fig. 4.1). The Centura HART system is controlled via an Windows NT-
based graphical user interface.

The process wafers are contained in so-called FOUPs (Front Opening Unified Pod) and
supplied to the etch reactor via load ports at the factory interface. Each FOUP has a twenty-
five-wafer capacity and is used as a keyed base to keep and carry the wafers in a sealed
level M1 environment. The factory interface is the interface between the Centura and the
factory itself. After the FOUPs are docked to the system and unsealed, an atmospheric
robot inside the factory interface picks up the wafers after a wafer mapping. After
orientation for the wafer nodge position, the wafers are transferred to one of the two load
locks which are located between the factory interface and the Centura mainframe. Each
load lock has a dedicated rough pump to perform fast vent and pump times. The 300 mm
Centura mainframe supports the installation of a total of 4 docking process reactors. The
mainframe robot delivers the selected wafer from a load lock to the etch reactor chamber

95
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via the transfer chamber slit valve and the reactor chamber liner door. Slit valve and liner
door isolate the reactor chamber unit from the transfer chamber when processing a wafer.
A ceramic electrostatic chuck (ESC) receives and holds the wafer in the reactor
environment during its exposure to the process (Fig. 4.2). The dual zone ESC controls wafer
temperature during processing. A thermal-transfer fluid loop controls the temperature of
the driven electrode base on which the ESC is mounted. A second thermal-transfer fluid
loop regulates the temperature of the reactor liner and the reactor lid to limit the deposition
of process byproducts. The turbo pump, roughed and backed by a dry pump, maintains the
processing vacuum in the reactor. A system controller regulates the gas panel to supply
the gases required by the recipe via a showerhead in the grounded electrode (GDP - gas
distribution plate). RF generators inject rf energy through the ESC into the reactor to
produce a gas plasma through capacitive coupling.

Figure 4.1: Centura with four HART 300 mm reactors installed (view from above) [16].

The capacitively coupled plasma is produced between a passive (ground) and an rf driven
electrode in the process reactor. The ground electrode is formed by the cylindrical liner
insert (protecting the reactor body from the process) which at the top is closed by the GDP
integrated into the reactor lid assembly. The rf driven electrode (sometimes still called
cathode) of 300 mm diameter is arranged opposite of the GDP. As part of the process Kit,
a quartz shadow ring is mounted to the ESC pedestal at the powered electrode to isolate
the ESC pedestal from the chemical process and to extend the wafer surface to avoid
nonuniformities in the electric field at the wafer edge. If not stated otherwise, GDP and rf
driven electrode are separated by a gap of 1.25" (31.75 mm). The plasma is thus confined
to the volume formed by the described gap and the 54 cm diameter of the liner insert
surface. From the described geometry, the investigated discharge is asymmetric with the
ratio of ground electrode surface to powered electrode surface
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Agr B

A, 3.6. (4.1)
All inner reactor part surfaces which are in close vincinity or direct contact to the discharge
are covered by an yttria hard anodization coating of 200 pm average thickness. The hard
anodization coating is necessary to avoid enhanced degradation and particle formation due
to using an agressive halogen process chemistry with quite high ion bombardment
energies. For typical process parameters, ion energies can even exceed 150 eV at the
reactor walls (ground electrode area).
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Figure 4.2: Silicon etch HART 300 mm process reactor (exploded view) [16].

Two separate single frequency rf generators for 60 MHz and 2 MHz are interfaced to the
powered electrode using matching networks. A 60 MHz source power generator is used to
sustain the plasma and control the plasma density, allowing to apply power levels up to 3.5
kW. A 2 MHz bias power generator allows to apply up to 3 kW and is used to control the
ion energy. With the combination of a high- and low-frequency drive, nearly independent
control of plasma density (and hence ion flux) and ion energy shall be obtained, being a
main advantage in regards to conventional (13.56 MHz) RIE systems. An rf probe is
installed between the matching network and the powered electrode allowing for
measurements of voltage, current and phase. The rf match allows the complex impedance
of the rf driven electrode-ESC-plasma circuit to be tuned to the output impedance of the rf
generator (50 Q resistive), providing maximum power transfer. The L-type matching units
each comprise of a fixed coil, and two motor driven series tuning and load capacitors. The
60 MHz matching unit allows for 60 MHz power transmission to the plasma and rejection of
2 MHz signals, the 2 MHz matching network is designed to reject 60 MHz signals and
transmit 2 MHz signals to the discharge. The 60 and 2 MHz signals are summed after both
matching networks prior to connection to the driven electrode via a transmission line. For
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illustration, voltage waveforms are plotted in Fig. 1.3-c and Fig. 1.3-d, showing a
superposition of 60 MHz and 2 MHz voltages.

The ceramic electrostatic chuck clamps the wafer on the powered electrode during
processing. The ESC consists of a pedestal, an aluminum plate with an integrated network
of water cooling channels, and a ceramic (aluminum nitride) puck bonded to the surface of
the plate. Chucking is achieved by applying a high dc voltage to the mesh through the high
voltage contact located on the pedestal. The ceramic puck achieves chucking force for
clamping the wafer by employing a coulombic chucking force [265]. The chucking force
results from the high opposing electric fields formed across the gaps where the ceramic
does not touch the wafer. A constant potential difference between the electrode and the
wafer is maintained by varying the dc voltage to the ESC electrode potential using a high-
voltage module. A reference voltage (V) is input into the ESC controller from the rf
matching network. From this V, signal the appropriate ESC voltage (V) is calculated
by using a transfer function as described in section 3.1.4. The V. typically varies from
-300 V to -1500 V. The electronics adds the calculated negative V. to the setpoint and
outputs the appropriate voltage to the electrode during chucking. Because the electrode
must conduct the rf energy used to form the gas plasma, the ceramic ESC also acts as an
electrode for application of this energy. An rf choke isolates the rf from the dc chucking
voltage. The powered electrode contains two sets of helium channels (inner zone and outer
zone) for distribution of helium cooling to the ESC and the back of the wafer. Helium is used
as a cooling gas here to enhance the thermal contact and improve the heat transfer
between the wafer and the chuck. This is due to the temperature being a process parameter
which must be controlled properly, meaning heat must be removed from or added to the
wafer during processing. The cooling gas is furthermore necessary due to heat transfer in
a low pressure or vacuum environment such as that used for plasma processing being
generally poor. The cooling gas is introduced through holes in the chuck surface from a gas
passage behind the chuck surface. The two independently adjustable helium flows for inner
and outer ESC zone efficiently transfer heat from the wafer to the pedestal by conduction.
The powered electrode assembly further comprises water channels that circulate heat-
exchanger fluid to maintain the process temperature. The wafer temperature is controlled
by regulation of the fluid temperature (pedestal temperature), and by adjusting the
backside helium cooling pressure in the two zones. The required gas pressure is a function
of the heat load imposed by the discharge, the desired wafer temperature, the temperature
at which the chuck can be maintained, and heat transfer coefficients. Typically, a He
backside pressure between 5 and 30 Torr is applied. From appropriate settings and control
of fluid temperature and helium pressure, a good temperature control can be achieved. This
is necessary for example to achieve a high CD uniformity when etching structures into a
substrate.

In the pressure and temperature controlled environment of the HART process reactor, the
gas plasma produces reactive species from the used etch gas chemistry: HBr, NF3, O,
SiCly, Ar. The feedstock gas selection is given by the etch process requirements with
respect to the materials to be etched, etch rate, anisotropy and selectivity. Etch gases are
supplied from the gas panel and introduced into the reactor through the GDP in the
grounded electrode. The gas flow of the feedstock gases (typically 1-1000 sccm, depending
on feedstock gas) is controlled by standard mass flow controllers. Gas line and mass flow
controllers for SiCl, are temperature-controlled to eliminate condensation and, as a
consequence, erosion of the gas line assembly. A throttle gate valve between reactor



4.1 Plasma reactor design and experimental setup 99

volume and turbo pump provides a variable conductance, regulating the process pressure
in the reactor. The 1600 liter per second turbo pump maintains process vacuum in the
reactor. A Baratron pressure gauge is installed next to a reactor side access port and used
to determine the process pressure. The reactor is pumped to 1 mTorr before etch gases are
admitted. The process pressure can be varied in a wide window of typically about 50 to 600
mTorr (7 to 80 Pa). The effective reactor volume was determined to be 42 liters.

Four independently driven, water-cooled, electromagnet coils surround the reactor for
generation of a dc magnetic field which is imposed parallel to the surface of the rf-powered
electrode. The character of the magnetic field produced by these magnetic coils is a
function of the driving voltage waveform which can be chosen to be square or sinusoidal.
The magnet drivers supply a slowly modulated dc current to the magnets producing a
rotating magnetic field inside the reactor. Magnet shields surround each magnetic coil to
contain the static magnetic field. Independent control of the current to each coil delivers
the required phased current (tyically 90 degrees phase shifted 0.25 Hz sinusoidal voltage)
to the four coils, generating a rotating magnetic field. Each of the two magnet drivers
controls two of the four electromagnetic coils, producing a magnetic field that varies in
strength according to a sinusoidal or square wave relationship. The modulated magnetic
field of typically 0 to 150 Gauss can increase the plasma density and reduce the sheath
voltage at a fixed absorbed power [20]. As a result, a higher flux of ions with lower energy
can be obtained.

Mass resolved energy analyzer experimental setup

The experimental setup designed to facilitate measurements of ion distribution functions
and analysis of plasma species is described in the following. The Hiden EQP 500 mass and
energy analyzer is mounted in a cross beam mode at the HART reactor side access port
which is normally used as endpoint window (Fig. 4.3). The EQP sampling tube is moved
through the reactor body access port and the liner opening into the plasma reactor by a
manually driven z-shift. At the farthest point of movement, the EQP front end with the
MACOR sampling orifice plate sits flush with the inner surface of the yttria coated liner
insert which restricts the plasma. Hence, the near ideal cylinder geometry is maintained
without perturbing the plasma by insertion of the ion sampling tube. To ensure a frictionless
movement, about 1 mm are left in space between the MACOR orifice plate and the reactor
liner opening. Consequently, the MACOR ceramic orifice plate forms a third electrode inside
the liner wall ground electrode which is floating during plasma operation (see section
2.4.5). A 50 ym aperture at the center of the MACOR orifice plate allows for sampling of
neutrals and a mass resolved ion energy analysis of plasma species impinging on the
surface.

The mass spectrometer is differentially pumped by a 230 I/s (Pfeiffer) turbo molecular
pump and a base pressure of about 1x10°8 Torr is achieved in the mass spectrometer
chamber. Using a 50 pm orifice aperture plate during the experimental investigations, the
operating pressure in the mass spectrometer chamber remains below 5x10°® Torr for
process reactor pressures up to 600 mTorr. Plasma species are sampled from the aperture
which is located 27 cm from the radial center of the plasma and about 15 mm below the
surface of the GDP. The mass spectrometer ionization source is located on a line-of-sight
about 15 cm from the sampling aperture.
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Figure 4.3: CCRF discharge experimental setup with Hiden EQP.

Infrared QCLAS experimental setup

A different experimental setup was designed to facilitate measurements of SiF, etch
product concentrations and in situ wafer interferometry using infrared Quantum Cascade
Laser Absorption Spectroscopy. Details about the Q-MACS optical arrangement can be
found in section 3.1.3. For infrared beam coupling into the plasma reactor, two important
requirements had to be met: (1) no open optical path, and (2) the availability of just one
optical port access. The presented solution used for the different experiments is based on
the use of mid-infrared (MIR) fibres, and internal reflections in the reactor chamber
[266,267]. Two types of experimental setups have been utilized. Fig. 4.4-a shows a side
access configuration used for SiF, concentration measurements, whereas Fig. 4.4-b
sketches the top down access arrangement used for interferometer measurements. In both
cases the IR laser beam is guided through a 1 m long IR fibre. The fibre ends have obtained
an anti-reflection treatment for the specific laser wavelength used. The IR fibres are made
of AgCl : AgBr materials. The laser has been collimated into the plasma reactor using an
OAP for the side access and a ZnSe lens for the top down access. In case (a), the beam is
reflected back using a retro-reflector which is installed at the plasma reactor wall. For the
top down arrangement in case (b), the wafer and ESC surface is used for reflection. The
reflected beam is coupled into the same path and reaches the detector using the second
beam splitter (BS) in reflection mode. Several IR transparent SrF, windows were used to
define the optical path of the beam through the reactor.

Description of used substrates

Different 300 mm substrates were used to cover the powered electrode (ESC) during the
various experiments: (1) bare silicon wafers, (2) silicon wafers covered by an unpatterned
silicon dioxide hardmask layer, (3) DT patterned process wafers, and (4) yttria wafers. For
substrates (1)-(3), single crystalline <100> p-type silicon with resistivities of 14-22 Qcm
was used with a typical thickness of about 0.8 mm. In case of (2), an unpatterned 2 pm
thick CVD SiO, hard mask layer was deposited onto the Si substrate. Few investigations
were conducted using wafers with 512 MBit DRAM trench capacitor structures. These
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process wafers were patterned by a similar SiO, hard mask for the deep trench silicon etch
process. Furthermore, 300 mm yttria wafers were used for certain investigations. These
Y,03 substrates were specified with a thickness of about 1 mm and a surface roughness of
about 0.8 um.
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Figure 4.4: CCRF discharge experimental setup with the Q-MACS Etch system for (a) monitoring
of SiF,4 concentrations in side access mode; (b) laser interferometry in top access mode.
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Conduction of experiments

For the experiments, clean wafers were used in general. For investigations with SiO,
masked substrates, a sufficient thickness before and after the experiment was ensured by
applying ellipsometry. A standard NF3 dryclean was employed to ensure comparable
reactor conditioning prior every experiment. Contamination layers that can build up at the
electrode surfaces will be efficiently removed by the chemical and physical attack during
the NF3 clean. Etch products adsorbed at the surface of the reactor walls were found to
contribute to the measured plasma species to some extent during subsequent sequences
of plasma processes. Without the clean plasma, particles resulting from contamination
layers can be created in particular. Since particles can deposit on the wafer surface, this
can lead to micromasking. If particles reach the ESC surface, an efficient wafer chucking
will be impeded and the process aborted. In general, all reactor inner parts (liner, process
kit quartz rings) were periodically cleaned from deposited process byproducts and replaced
in case of advanced erosion.

Duration of the plasma process was fixed to 60 seconds for investigation of sputter and
etch rates, otherwise the process time was appropriately chosen to satisfy limitations set
by the sampling rate of the different plasma analysis techniques (e.g., IDF analysis, mass
spectrometry, IR absorption spectroscopy). Ranges for the individual parameters varied
during the experiments are given in Table 4.1. For some experimental configurations, the
matching network could not find a stable position, e.g. high 2 MHz (bias) power vs. low 60
MHz (source) power. In most of these cases the plasma was turned off resulting from a
high reflected power as is indicated in the discussions of the following sections. The
different parameters investigated in this work do not include a variation of the substrate



102 Experimental investigations and results

temperature. The substrate temperature can not be controlled directly, but is influenced by
the temperature of the powered electrode and the helium gas backside pressure. The
helium backside cooling works such that an efficient temperature coupling is achieved by
adjusting the backside pressure of helium gas streaming through small holes in the
electrostatic chuck to the backside of the wafer.

Table 4.1: Ranges for the individual process parameters that were varied during this work.

Parameter variation PGOMHZ PZMHZ P Q B Te| / T|id / Twall
[W] [W] [mTorr] [scem] [G] [°C]

60 MHz power 250...3500 0 150 300 (Ar, HBr, NF3) O 90/70/70
190 (SiFy)

60 + 2 MHz power 500...2500 500...2500 150 300 (Ar, HBr, NF3) 0 90/70/70
190 (SiFy)

Pressure 1500 0, 1500 50...600 300 (Ar, HBr, NF3) 0 90/70/70
190 (SiFy)

Ar gas flow rate 1500 0, 1500 150 100...800 (Ar) 0 90/70/70

HBr gas flow rate 1500 0, 1500 150 100...800 (HBr) 0 90/70/70

NF5 gas flow rate 1500 0, 1500 150 100...390 (NF3) 0 90/70/70

Magnetic field 1500 0, 1500 150,300 300 (Ar, HBr, NF3) 0...120 90/70/70

190 (SiF,)

For investigation of plasma species by application of standard mass spectrometry,
background measurements were performed prior every experiment to ensure sufficiently
low background levels caused by adsorbed byproducts and stable etch species inside the
EQP. However, this method is not sufficient to allow for a separation of the beam and
background signals as determined from MBMS [144]. Mass spectra of neutral species were
obtained by ionizing the gas effusing through the orifice into the EQP ionizer region with a
70.0+£0.3 eV electron beam prior to energy and mass selection. Differences in the mass
spectra obtained with and without discharge operation were used to estimate the degree
of the feed gas decomposition in the discharge following an approach presented in [80].

IDF analysis for particular plasma ions was conducted without changing the analyzer
settings and scan rates, in order to allow for a comparison of all signal intensities for the
same ion under different plasma conditions. Conversion dynode settings and scan rates
were adjusted for each ion in order to provide adequate ion intensities without saturating
the SEM. In the following sections, relative trends for the measured ion fluxes will hence
be discussed for each single ion species.

Depending on the situation, measured ion distribution functions are plotted with as well
as without corrections for shifts by the floating potential which is due to surface charging
around the aperture at the dielectric orifice plate. As discussed in section 2.3, low-energy
peaks are observed being attributed to charge exchange collisions in the proximity of the
extraction hood (cf., Fig. 2.7). Peak positions are hence used for determination of the
floating potential at the sampling aperture and calibration of the energy axis, which allows
for comparison of different plasma conditions. During investigation of the different types of
discharges, slight shifts in the floating potential were observed that are attributed to
changing conditions of the sampling plate surface during operation of the discharge. This
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can also be seen from the discussed low-energy peak which exhibits a more or less
smeared feature (cf., inset of Fig. 2.7).

Once the IVDFs have been calibrated for the offset in the energy axis, a transformation
to the corresponding IEDFs is performed to allow for a comparison with the calculated
IEDFs. A straightforward evaluation of the ion energy distribution function that reflects the
true distribution is not possible, except for cases where the angular variation of the
distribution function is measured by a tiltable analyzer [72,73]. It should be noted here that
computation of the IEDF from the IVDF strictly applies only for the assumption of an
isotropic velocity distribution function, where the relation

] 2Eqn . (- PEq
fe(F, Egin) = 4m /_m:;” (R =) (4.2)

applies [206]. Here, f; is the energy distribution, f, the velocity distribution, and r
represents the location of each ion. As an example in Fig. 4.5, a comparison of a measured
IVDF for Art ions and the calculated IEDF is given by assuming an isotropic velocity
distribution function. As can be seen from this example, differences remain small if the
measured IVDF does not involve a pronounced low energy part. Since most investigations
are done at intermediate to relatively high pressures, contributions from elastic scattering
and charge exchange collisions can be severe. This can finally result in lower mean energies
obtained from the measured IVDFs, as compared to those obtained from the true IEDFs.

lon energy [eV]
10 12 14 16 18 20 22 24 26 28 30

o VDF

Intensity [a.u.]

7400 7900 8400 8300 9400 9900 10400 10900 11400 11900
lon velocity [m/s]

Figure 4.5: Comparison of a measured Art IVDF and the corresponding Ar™ IEDF. Calculation of
the Ar™ IEDF from the measured forward part of the Art IVDF was performed according to [206] by
assuming an isotropic velocity distribution function.

After calibration of the IVDFS and calculation of the corresponding IEDFs (with the
assumption of an isotropic distribution), the mean ion energy can now be calculated to
allow for comparison between the different types of investigated discharges and literature
data. Furthermore, the mean ion energy remains as the parameter of choice to describe
changes in the IDF since threshold energies to initiate etching with reactive ions are usually
unknown. Such knowledge would be required to enable for a quantitative assessment on
etch rate data. The mean ion energy was determined from the calculated IEDFs (that
correspond to the measured IVDFs) by

rEi . fe(E)dE,
S — (4.3)
[ feEpde,
0
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As described in [206], calculation of the mean energy from a measured IVDF can
sometimes yield considerable differences compared to the mean energy that is obtained
from a corresponding IEDF. This is especially true when comparing low energies, as is the
case for ions incident at the passive electrode of the asymmetric discharges investigated
here. Mean ion energies determined with the described approach are influenced by the
slightly shifting floating potential (few eV at most), and further by the uncertainty in the
energy scale which is estimated to be +2.55 eV [153]. These values are however smaller
than the width of typical IVDF structures observed in this work, hence allowing for a precise
comparison of different IVDFs and determination of a nearly correct mean ion energy.

Theoretical analysis of aperture size effects on ion sampling indicates that an orifice of
comparable size to that used here may affect the trajectories, and hence collection
efficiencies, of ions with kinetic energies smaller than 5 eV [89,212]. Therefore, the relative
ion signal intensities can be expected to exhibit more uncertainty and become increasingly
less representative of the true energy distribution as the ion energy decreases below about
5 eV. Since most of the interesting structure in the distributions occurs above 5 eV, the
low-energy discrimination effects at the orifice are not relevant to the interpretations of
results presented here. Above 5 eV, the observed profiles of the kinetic-energy
distributions exhibit a high degree of reproducibility.

4.2 Argon discharges

Applying mass resolved ion energy analysis, the 3®Ar* ion was chosen to be monitored
for studying the plasma and sheath behavior for all argon discharges investigated in this
work. This second most frequent argon isotope was chosen because the main isotope *CAr*
causes excessive signal intensities, forcing the protection trip to abort the measurement in
order to protect the EQP detector. The high signal intensities prohibit to achieve proper
tuning of the ion optics section of the analyzer for minimized chromatic aberration effects
and optimized signal-to-noise ratio. From the literature it is known, that further ions like
Ar;', Art*, and ArH' (formed from residual water vapor in the reactor) can provide
important information about ion formation, plasma-sheath characteristics, and the
behavior of ions within the sheath [61,64-66,71,77,78,205]. However these ion species are
characterized by densities typically several orders of magnitude lower than Ar* [13] and it
is beyond the scope of this work to study argon discharges in more detail. Argon discharge
characteristics at a comparable 300 mm CCP reactor have been recently reported in
[268,269].

4.2.1 Neutral mass spectra

Mass spectra of neutral species in argon were obtained by ionizing the gas effusing
through the orifice in the extraction hood with a 70 eV electron beam prior to energy and
mass selection. In Fig. 4.6, a typical mass spectrum is plotted for a 60 MHz argon plasma
at 150 mTorr. Besides the known isotopes 3®Ar* and 4°Ar* (38Ar™ is not shown due to its
very low abundance), 4%Art* at m/qg = 20 u is found as well. The threshold for double
ionization is 27.6 eV which is well below the 70 eV delivered for ionization in the analyzer.
Additional peaks appearing at m/q = 18 u and m/g = 19 u are attributed to H,0" and
F*, respectively. Fluorine is believed to result from dissociative ionization of 2°HF rather
than from 38F,, which is not detected. HF is a stable molecule that was formed during
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previous plasma processes involving fluorine. 2OHF is believed to contribute to the #CAr*+
peak at m/q = 20 u as well. The mass spectrum recorded for argon gas when the
discharge was off is not plotted here since it reveals identical peak intensities.
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Figure 4.6: Mass spectrum of neutral species ionized by 70 eV electrons for Ar gas sampled from
the reactor with rf discharge (150 mTorr, 1500 W 60 MHz power, 300 sccm Ar gas flow, silicon
substrate). The spectrum for Ar gas without discharge was observed to be identical.

4.2.2 Variation of power
60 MHz single frequency discharges

For 60 MHz single frequency discharge operation, an increasing 60 MHz source power
leads to a linear increase of the rf voltage up to 1500 W (Fig. E.1-a in appendix E), the slope
starts to decrease slightly at higher power levels. The ion energy impacting on the
substrate will increase proportionally caused by the increasing self-bias of the 60 MHz
source. This is confirmed by 3®Ar* IDFs which shift towards higher energies (Fig. 4.7-a).
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Figure 4.7: (a) 3°Ar* IVDFs for power variation in 60 MHz argon discharges (150 mTorr, 300 sccm
Ar gas flow rate, no magnetic field, silicon substrate); (b) corresponding mean ion energies; (c)
relative ion flux (solid squares) and floating potentials at the extraction aperture (open squares) as
determined from the position of the lowest energy peak. The IVDFs are plotted without applying
corrections for the offset in the energy scale.

The IVDFs are plotted without applying corrections for the offset in the energy scale
which is caused by a floating potential at the insulating orifice plate. The floating potential
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will change for different plasma conditions. The mean ion energies calculated after applying
corrections for the offset in the energy scale of the IVDF and further transforming the
corrected IVDF into the corresponding IEDF (assuming an isotropic distribution function)
are plotted in Fig. 4.7-b. Mean ion energies are found to increase slightly by rising the 60
MHz power as a result of the increasing self-bias of the 60 MHz frequency. As indicated by
the measured rf current (cf., Fig. E.1-b), the electron density will increase when increasing
the 60 MHz plasma excitation which causes the ion density to equally increase [214]. This
is again supported by an increasing ion flux which is obtained from integration of the ion
distribution functions, as shown in Fig. 4.7-c. For applied 60 MHz powers slightly above
1500 W, the ions impacting on the substrate appear to gain sufficient energy to overcome
the threshold of the silicon binding energy which is about 44 eV, estimated from equations
(1.65-1.67). This can be seen from the silicon sputter rate that starts to rise (Fig. 4.8-a).
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Figure 4.8: Sputter rates for 60 MHz power variation (150 mTorr, 300 sccm Ar gas flow rate, no
magnetic field) for (a) silicon from gravimetry and (b) SiO, from gravimetry (full squares) and 49
point ellipsometry measurements (open squares).

Once sputtering is initiated, the effect of increasing ion flux and ion energy on the sputter
rate can not strictly be separated anymore. As indicated by rf probe measurements from
Fig. E.1-a and Fig. E.1-b and examination of the distribution functions, both ion energy and
ion flux are rising less steeply for higher power levels which also explains the decreasing
slope of the silicon sputter rate. That could indicate for example that the actual power
dissipation in the plasma proceeds less linear compared to the applied power level, e.g.,
resulting from a decreasing power coupling efficiency at high power levels [258]. Other
explanations could be the influence of argon incorporation and/or enhanced native oxide
growth at a partially amorphous silicon substrate after exposing the substrate to
atmosphere again, as discussed further below. Using a silicon substrate completely covered
by an unpatterned SiO, hard mask layer yields slightly different results regarding the
progression of the silicon dioxide sputter rate (Fig. 4.8-b). Neglecting the hump at 2000 W,
a linear increase is observed from the mean values of the 49 point ellipsometry
measurements (open squares) and the sputter rate already starts to rise from 250 W. The
standard deviation increases as well reflecting the fact of an observed sputtering
nonuniformity across the wafer where sputtering occurs predominantly at the wafer edge
area. This can be explained by the skin effect becoming significant at 60 MHz high
frequency plasma excitation which influences the local power dissipation in the plasma
volume. Furthermore, edge effects in the gap region between wafer edge and focus ring
can yield nonuniform distributions that can strongly deviate from the homogeneous electric
field between powered (ESC) and opposite grounded electrode (GDP) area with peaks in
the field strength at this region. Also, the plasma could penetrate into the gap [270,271].
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As well, the temperature gradient between the wafer and the focus ring could be of some
importance. From reactor simulations, spatial variations of the discharge pressure in the
reactor remain negligible, and hence do not constitute to the observed sputter rate
nonuniformity. The SiO, sputter rate as calculated from the integral weight loss
measurements is plotted as well in Fig. 4.8-b (full squares). It shows large fluctuations
which are attributed to an unefficient discharging of the SiO, layer corresponding to an
experimental artefact of the gravimetry technique, as described in section 3.2.1.

From experimental data, the threshold for physical sputtering SiO, by Art ions is
calculated to about 49 eV, which is also supported by the literature [9,272-274] (cf., Fig.
4.9). This threshold is further found to be very close to the 44 eV sputtering threshold
calculated for silicon. According to these values, silicon is sputtered at slightly lower
energies than those needed to initiate sputtering of silicon dioxide. As can be seen from
Fig. 4.7-b, at 250 W applied power the mean ion energy is already about 13.5 eV at the
reactor wall. From typical values for the scaling exponent 1.1 <g<2.6 that describes the
discharge anisotropy according to equation (1.6), ions accelerated in the sheath in front of
the powered electrode can gain sufficient energy to exceed the threshold for sputtering at
even very low power applied to the plasma. From comparison with results obtained for
HPSM simulations of Ar discharges, mean ion energies calculated from the measured IDF
would for example correspond well to an effective rf peak voltage between 100 V and 300
V for plasma densities in the 5x10°...1x101% ¢cm™3 range (cf., Fig. C.1-j in appendix C),
provided the other plasma parameters used as input for the HPSM simulator apply as well.
Then, the mean energy for ions at the powered electrode would be around 50 eV, which is
slightly above the 44 eV threshold calculated for silicon physical sputtering. The observed
differences between the sputter rates discussed above are attributed to an incorporation of
argon projectiles into the silicon lattice, leading to negative values for the weight loss
measurements [275]. At low power levels, the energy of these projectiles (Art ions and
fast neutrals) is not high enough to cause significant damage at the surface of the
crystalline lattice, i.e. amorphization is negligible. Thus, the projectiles can travel a
considerable distance below the surface by pronounced channeling. Also, the energy at this
point may not be high enough to release silicon atoms through cascading in a certain depth,
or a higher extent of Ar projectiles is incorporated into the substrate than silicon atoms are
released. For a certain amount of energy, amorphization of the surface will become
significant, inhibiting channeling effects. Also, incident projectiles will deposit a higher
amount of energy at higher power levels. The sputter yield is increasing as a result of both
an increasing Ar* ion energy and Ar* ion flux with rising 60 MHz power. Studies comprising
interactions of Art ions with silicon surfaces using molecular dynamics simulations [276]
suggests a dynamic balance between ion-induced damage and recrystallization. According
to that work, a near-surface amorphous layer created through Ar* ion bombardment was
calculated, ranging from about 1 A at 10 eV to 15 A at 200 eV. Besides the discussed
incorporation of Ar into the substrate, amorphization and recrystallization effects, and the
increasing sputter yield, native oxide growth is expected to further influence Ar sputter
rates on silicon substrates to a certain extent [275]. Native oxide growth can occur when
substrates are removed from the reactor and exposed to ambient atmosphere after a
sputtering process. Oxide growth will be more efficient in cases of high surface
amorphization after high plasma induced damage. In contrast to the silicon sputter rate,
silicon dioxide is obviously sputtered at even very low power applied to the plasma. Unlike
silicon, the silicon dioxide layer is initially amorphous and hence no channeling will occur.
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The energy of Ar projectiles is deposited efficiently to sputter off substrate atoms even at
the lowest 60 MHz power applied. To compensate for the observed differences between
initial sputter rates for silicon and SiO,, the required amount of argon deposited into the
substrate surface would even exceed 1000 monolayers. This indicates that oxide growth of
a few nanometers on the silicon surface appears to be the dominant mechanism to explain
the observed differences.
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Figure 4.9: Ar sputter yield on SiO, from literature [9,272-274] and data obtained in this work.

Even at a quite high pressure of 150 mTorr, contribution due to collisions is observed to
be minimal for the IDFs for 36Ar+ plasma ions in Fig. 4.7-a. By increasing the 60 MHz
power, the rf voltage is observed to rise as well (Fig. E.1-a in appendix E) further leading
to higher sheath voltages. However, a separation of the IDF double peak structure
predicted from equation (1.64) is not observed and the double peak structure remains
unresolved, forming a single peak structure. This is due to the ion inertia for the relatively
high mass ions investigated here. For the 60 MHz high frequency, the sheath is oscillating
very fast making it impossible for the ions to follow. Hence, Art ions respond only to the
average of the time-varying sheath potential. As discussed in section 2.5, this
interpretation of the measured IDFs differs slightly from HPSM calculation where IDFs are
influenced by an average sheath electric field of the oscillating sheath only, and an
influence by the rf phase is neglected. From Fig. 4.7-a, an increased contribution due to
collisions to the IDF structure is not observed by rising the power. This can be explained by
an increasing plasma density when rising the 60 MHz power (cf., Fig. 4.7-c), inducing the
sheath width to decrease. The ion transit time across the sheath is very short and the
probability of collisions in the sheath decreases. The low probability of sheath collisions also
explains the very low intensity of the low-energy peak (not shown here) which is attributed
to charge exchange collisions in the sheath in the vincinity of the extraction aperture. The
peak can additionally appear smeared due to a varying floating potential of the dielectric
orifice plate. The position of the discussed charge exchange peak is observed to increase
slightly between +1 and +4 eV which can be explained by positive charge accumulation
from Art ions bombardment of the orifice plate surface.

60+2 MHz dual frequency discharges

For 60+2 MHz dual frequency discharge operation, the rf mean voltage measured for the
60 MHz source power component is hardly affected by a superposition of the 2 MHz bias
power component (Fig. E.1-a). However, the 2 MHz rf voltage is observed to be significantly
influenced by the 60 MHz component (Fig. E.2-a). Increasing the applied 60 MHz source
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power yields drastically reduced rf voltages measured for 2 MHz, disproving an initial
assumption of a simple superposition of the 60 MHz and the 2 MHz self bias here. This
observed behaviour is transferred to the ion energy being mainly controlled by the 2 MHz
bias power. In Fig. 4.10-a to Fig. 4.10-c, measured IVDFs for 3®Ar* ions sampled from the
discharges are shown for a variation of 60 MHz power at fixed 2 MHz power of 500 W (Fig.
4.10-a), 1500 W (Fig. 4.10-b), and 2500 W (Fig. 4.10-c). The wide peak separation caused
by the low frequency sheath modulation is clearly visible, as is predicted from the inverse
scaling of the peak separation with frequency according to (1.64). At low 60 MHz plasma
excitation, the 2 MHz frequency determines the sheath modulation and the peak separation
becomes very broad and maximum ion energies are observed. This is caused by a high
sheath voltage from the dominating contribution of the 2 MHz frequency. The highest mean
ion energies in Fig. 4.10-d are observed for lowest 60 MHz power, provided the 2 MHz
power exceeds the 60 MHz power. For intermediate to high 60 MHz power applied to the
discharges, only small differences are observed despite applying very different 2 MHz
power levels. A lower mean ion energy at the ground electrode was observed from the
HPSM simulations of 60+2 MHz mixed argon discharges (cf., Fig. C.6-h), whereas the
energy for ions incident at the powered electrode was found to increase at the same time
(Fig. C.6-i). The reduced ion energy at the ground electrode described here could yield a
reduction in the ion energy gain, as would be expected when increasing the delivered
power. As the 60 MHz power is increased, the density increases as well (Fig. 4.10-e) which
causes the sheath width to become drastically thinner as can be seen from the reduced ion
energies. Measured rf voltages appear sloped as described for 60 MHz single frequency
operation. The slope is by far more decreasing for the 2 MHz rf voltages, also indicating a
saturation for high 2 MHz bias power values. Increasing the 2 MHz bias power further from
intermediate or high values will accordingly yield only a small further gain in the ion energy,
meaning the 50 eV maximum ion energy observed in Fig. 4.10-c will not continue to
increase as steeply by applying 2 MHz power levels higher than 2.5 kW. The increase
observed for the 60 MHz rf mean current (Fig. E.1-b) agrees quite well with the increasing
ion flux in Fig. 4.10-e. Again, the electron density will increase for increasing 60 MHz
plasma excitation and cause the ion density to equally increase [214].

The lower energy peak of the bimodal structure appears to be preferred which can be
attributed to the non-sinusoidal nature of the sheath voltage. The minimum of the sheath
potential will be slower varying than the maximum, allowing more ions to enter the sheath
during this phase which will contribute to the low-energy peak of the saddle-shaped
structure [7,8]. As in the single frequency case, contributions due to collisions are almost
negligible for the IDFs in dual frequency discharges operated at 150 mTorr. An increased
contribution due to collisions to the IDF structure is not observed for the sheath in front of
the passive electrode, even at maximum sheath widths for high 2 MHz powers applied. The
sheath width will decrease when rising the 60 MHz power and the probability of collisions
will decrease further. From Fig. 4.10-e, the low-energy peak for charge exchange in the
sheath near the orifice appears to be affected little by both frequencies and is found to vary
between +1 and +4 eV which is comparable to the results from single frequency argon
discharges.

Addition of 500 W of 2 MHz bias power will yield a silicon sputter rate for even very low
60 MHz plasma exciation which is easily explained by supplying sufficient ion energy by the
2 MHz frequency drive to initiate efficient sputtering. A threshold for 2 MHz, similar to the
investigations done for 60 MHz single frequency operation, was not studied in detail here.
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All experiments including 2 MHz bias power were observed to yield sufficiently high ion
energies to induce sputtering of both silicon and SiO,. The silicon sputter rates are
observed to increase for increasing 2 MHz bias power applied with near linear slopes (Fig.
4.11-a). For dual frequency plasma operation, the increasing silicon sputter rate caused by
an increasing 60 MHz power is attributed to an increasing ion flux. The decreasing slope
found for the measured ion flux is also observed in the sputter rate when increasing the 60
MHz power at fixed 2 MHz power. As explained above, the ion energy will drop slightly with
increasing 60 MHz power, but still remains well above the threshold for silicon sputtering
here. The increase of the silicon sputter rate due to an increasing 2 MHz bias power is
affected by both an increasing ion flux and ion energy. When the applied 2 MHz power
finally exceeds the 60 MHz power, the ion density is efficiently reduced by further
increasing the 2 MHz power. The continuously rising sputter rate is then determined by a
higher ion energy which in turn also starts to compensate for the decreasing ion flux. Unlike
the decreasing slopes seen for the ion energy from Fig. 4.10-d, the silicon sputter rate does
not tend to saturate. However, mean values of the SiO, sputter rate determined from 49
point ellipsometry (Fig. 4.11-b) indeed appear to saturate according to the above
discussion.
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Figure 4.10: 3°Art IVDFs for 60 MHz power variation in 60+2 MHz dual frequency argon
discharges shown for fixed 2 MHz power of (a) 500 W, (b) 1500 W, (c¢) 2500 W (150 mTorr, 300 sccm
Ar gas flow rate, no magnetic field, silicon substrate); (d) corresponding mean ion energies; (e)
relative ion flux (solid squares) and floating potentials at the extraction aperture (open squares) as
determined from the position of the lowest energy peak. The IVDFs are plotted without applying
corrections for the offset in the energy scale.
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Compared to the experiments using silicon substrates, rf probe voltages measured at 2
MHz for SiO5 have a slope which is less steep (Fig. E.2-d), and are about 10-20 % lower at
2.5 kW applied 2 MHz power. This indicates a reduced ion energy compared to experiments
using silicon substrates. For the measured current, the situation appears to be mirrored.
Starting at comparable values at low 2 MHz power, the current is measured to be about
10-20 % higher at maximum 2 MHz bias power (Fig. E.2-e) for SiO,. The difference can be
explained by either an increased plasma density due to a higher ion-impact secondary
electron emission coefficient [277] for Art ions impacting at SiO,, differences in the power
coupling for different substrate materials, and/or a slightly different plasma chemistry
(e.g., caused by released oxygen) leading to a different plasma impedance. The lower ion
energy observed for SiO5 in the intermediate and high dual frequency power regime seems
to be responsible for the lower SiO, sputter rate, as observed from Fig. 4.11-b. The higher
ion flux concluded from a higher current can only partly compensate the sputter rate loss
due to a reduced ion energy. The standard deviation resulting from the 49 point
ellipsometry thickness measurements are indicated only for the lowest and highest 60 MHz
source power investigated here, reflecting the minimum and maximum nonuniformities
measured for the different discharge conditions. As for the single frequency case,
increasing the 60 MHz source power yields a sputtering nonuniformity across the wafer with
a high argon sputter rate at the wafer edge area. This is again attributed to a pronounced
skin effect at high 60 MHz source power levels, spatial distortions of the electric field
distribution between the wafer edge and focus ring, plasma penetration into the gap
between wafer and focus ring, and/or a temperature gradient between wafer and quartz
focus ring. SiO, sputter rates extracted from gravimetry were not plotted here since these
results were comparable to ellipsometry data shown in Fig. 4.11-b.
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Figure 4.11: Sputter rates for 60+2 MHz power variation (150 mTorr, 300 sccm Ar gas flow rate,
no magnetic field) for (a) silicon from gravimetry and (b) SiO, from 49 point ellipsometry
measurements.

4.2.3 Variation of pressure
60 MHz single frequency discharges

In Fig. 4.12-a, IDFs for 3®Ar* plasma ions are plotted for a variation of the discharge
pressure from 50 mTorr to 600 mTorr where the 60 MHz power is held constant. The IVDF
structures remain singly peaked at the time-averaged sheath potential due to the ions at
60 MHz being able to respond only to the time-averaged sheath electric field. At 50 mTorr,
sheath collisions will be almost negligible [20]. Ions enter the sheath directly from the bulk
plasma and become accelerated through the entire sheath potential. A transition from 50
mTorr to 100 mTorr is observed resulting in significantly reduced ion energies at higher
pressures. This transition is most likely due to changes in the plasma confinement and an
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expansion of the plasma volume from 50 to 100 mTorr, causing the average sheath
thickness to become thinner (cf., Fig. C.2-a in appendix C). Since the effective electrode
area ratio changes only slightly (about 3% reduction of the scaling coefficent g from Fig.
C.2-e), the average energy of ions incident on the powered electrode should be effected
similarly. The approximately 25% decrease for the measured mean ion energy is however
higher than the 10% reduction obtained from HPSM calculations (for the corresponding 50
mTorr to 100 mTorr transition), assuming parameters like electron energy, electron
temperture, electron density, rf peak voltage, neutral gas temperature, etc. remain
constant. In reality, the discharge presumably stabilizes at a new operating point where
those parameters have changed to a certain extent, leading to the observed stronger
decrease of the mean ion energy. This might in particular be caused by changes in the EEDF
and the mean electron energy that accompany a discharge transition. Two different types
of discharge transitions involving such changes have been reported. When increasing the
gas discharge pressure, a transition from collisionless (or non-Ohmic) to collisional (or
Ohmic) electron heating can occur [278]. The collisionless heating mechanism in low
pressure discharges is understood as stochastic heating. The other type of transition is
known to occur from the low-voltage (or o) to the high-voltage (or y) mode with increasing
discharge current density [4,5]. While at low rf discharge voltages the ionization is is
maintained by the bulk plasma electrons, the ionization at high voltages is provided by
secondary electron emission from the electrodes due to ion bombardment.
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determined from the position of the lowest energy peak. The IVDFs are plotted without applying
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At higher pressures, the sheath becomes more collisional and ions traversing the sheath
will experience more collisions with mainly the background neutral gas. This results in both
momentum and energy transfer leading to a distribution broadening and moving the IDFs
towards lower energies. The structure of the measured distribution functions remains
comparable up to quite high pressures of 250 mTorr, and contributions due to sheath
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collisions appear to remain quite small. At higher pressures, the mean ion energy is moving
to lower values which is attributed to the influence of an increasing collisionality. Ions will
be created in the sheath through enhanced resonant charge exchange collisions not
experiencing the entire sheath potential anymore. The decreasing mean ion energy for an
increasing pressure can be seen from Fig. 4.12-b. There is reasonable agreement to the
mean ion energy at the ground electrode from HPSM simulations performed for a pressure
variation of the same 50-600 mTorr range in 60 MHz argon discharges (cf., Fig. C.2-j).
Parameters like rf voltage, electron temperature, electron density, gas temperature can
however change during the experiment which could explain the deviations between
experiment and simulation (where these parameters where hold constant for the HPSM
calculations). However, comparing mean energies at 50 mTorr minimum pressure and 600
mTorr maximum pressure yields about 24 eV and 11-12 eV, respectively, for both cases.

The floating potential determined from the position of the lowest energy is found to
increase from about -2 eV to +6 eV (Fig. 4.12-c). At low pressures, the number of species
is reduced and a decreased ion density is expected. However, the Art ion flux (cf., Fig.
4.12-c) surprisingly decreases continously when rising the pressure. This could indicate
either an increased charge carrier loss, e.g., through enhanced ion-electron neutralization
collisions, or a less efficient ionization in the plasma at higher pressures. Further
investigations comprising etch rate and rf probe measurements have not been performed
here, but will be discussed for 60+2 MHz discharges below.

60+2 MHz dual frequency discharges

Results of rf probe measurements for a pressure variation in dual frequency Ar discharges
(where both 60 MHz and 2 MHz power were held constant) are plotted in Fig. E.3 (in
appendix E). For decreasing as well as increasing process pressures, the rf probe voltage
is observed to increase exponentially showing a distinct minimum at 250 mTorr for silicon
and 150 mTorr for SiO, (cf., Fig. E.3-a). At low pressures, the number of species is reduced
and a decreased ion density is expected. This assumption is confirmed by the measured
current which constantly decreases when the pressure is reduced (Fig. E.3-b). At low
pressures, the sheath thickness will increase according to a power law (cf., Fig. C.2-a), and
from the increased ion mean free path less collisions are expected.

In Fig. 4.13-a, 3%Ar* IDFs are plotted for a variation of the discharge pressure. As seen
for the single and dual frequency power variation in section 4.2.2, the Ar* ions will almost
perfectly respond to the 2 MHz frequency, whereas at 60 MHz they will only respond to the
time-averaged sheath voltage. For the dual frequency discharges investigated at different
pressures, a generally broad bimodal IDF structure is observed. The preferred lower energy
peak is possibly caused by a slower varying minimum sheath potential. As observed for
single frequency argon discharges, the IDF shift to lower energies when rising the pressure
above 50 mTorr as can be seen from Fig. 4.13-b. The reduction in ion energy is again
attributed to an increased number of sheath collisions at higher pressures. Again, there is
reasonable agreement between experiments and 2 MHz argon discharge simulations (cf.,
Fig. C.2-j). Slightly lower energies were found from experiments. This could be attributed
to the influence of 60 MHz power superimposed on the 2 MHz power, which was found to
yield reduced ion energies from both experiments (e.g., Fig. 4.10-d) and simulations (Fig.
C.6-h). Deviations can further be caused by a varying electron temperature, rf voltage,
electron density and gas temperature during the experiments, as discussed above for 60
MHz single frequency operation. Again, the EEDF might change considerably as a result of
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stochastic-Ohmic heating [278] and/or o -y mode discharge transitions [5,6]. Surprisingly,
the mean ion energy is found to increase for pressures above 400 mTorr. This is caused by
the considerable broadening of the IDFs to higher energies at 500 and 600 mTorr, which
could be reproduced through several measurements. The higher energy values might be
unexpected at first sight, following the expectation that at higher pressures the ions are
subject to more collisions, hence resulting in lower energies. However, the higher pressure
gives rise to a smaller sheath thickness (cf., Fig. C.2-a) which reduces the total humber of
collisions in the sheath and yields higher ion energies. Furthermore, the modified IDFs
might result from a change of the different discharge parameters for a new stable operating
point of the discharge. The floating potential plotted in Fig. 4.13-c is found to develop quite
similar to the pressure variation in 60 MHz Ar discharges. The 3®Ar* ion flux (cf., Fig. 4.13-
c) is found to increase between 50 mTorr and 200 mTorr due to more ions created from
the increased number of argon neutral gas in the plasma bulk. For pressures exceeding 200
mTorr, the ion flux now decreases, similarly to what was observed for the complete
pressure variation from single frequency Ar discharges. These findings are however not
supported by measurements of the current with the rf probe plotted in Fig. E.3-b. The
current being proportional to the electron and hence ion density continously rises, e.g., as
one would expect for the case where the ionization is limited by the total number of neutral
species in the discharge.
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Figure 4.13: (a) 36Ar+ IVDFs for pressure variation in 6042 MHz argon discharges (1500+1500 W
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An increasing ion energy at decreasing pressure seems to mainly determine the progress
observed for the silicon and SiO, sputter rates (Fig. 4.14-a and Fig. 4.14-b). For an
increasing pressure, the sheath thickness decreases and ion energies will decrease as well
due to an enhanced probability of sheath collisions. From HPSM calculations, the effect of
a decreasing sheath thickness is more pronounced at the powered electrode indicating that
the discharge becomes more symmetric at high pressures (Fig. C.2). These findings
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strongly support results of the sputter rates on substrates at the powered electrode.
According to rf probe measurements, the ion energy is furthermore observed to be the
main factor dictating the pressure dependent sputter rate. An appearantly increasing ion
flux at intermediate pressures can obviously not compensate for the energy loss. From Fig.
4.14-b, the SiO, sputter rate shows large nonuniformities where the highest sputter rate
is measured at the wafer edge area. This can again be attributed to a combination of skin
effect, and edge effects in the gap region between wafer edge and focus ring due to
potential and/or temperature gradients, as described in the sections before. The
differences between integral weight loss measurements and mean values of the optical
thickness measurements are attributed to measurement artefacts of the gravimetry
technique, where charging of the SiO, layer is believed to inhibit correct balancing of the
substrates after the sputter processes.
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Figure 4.14: Sputter rates for pressure variation (1500+1500 W 60+2 MHz, 300 sccm Ar gas flow
rate, no magnetic field) for (a) silicon and (b) SiO, from gravimetry (full squares) and 49 point
ellipsometry measurements (open squares).

4.2.4 Variation of gas flow rate
60 MHz single frequency discharges

In Fig. 4.15-a, IDFs for 3®Ar* plasma ions are plotted for a variation of the argon gas flow
rate from 100 sccm to 900 sccm where the 60 MHz power and pressure were held constant.
Generally, a high flow rate is expected to reduce the residence time of plasma species only.
Surprisingly, the mean ion energy appears to slightly increase by 1.4 eV when increasing
the argon gas flow rate (Fig. 4.15-b), and further the Ar" flux is observed to dramatically
increase for reduced residence times (Fig. 4.15-c). Both phenomena could be caused by
strong changes of the background gas temperature. The Ar gas is assumed to be thermal
and uniformly distributed, and for discharge-off conditions the gas temperature should
finally equilibrate to the temperature of the surrounding reactor walls. As will be shown
from calibration of SiF, concentrations later, the gas temperature in the plasma can
however rise to fairly high values (several hundred kelvin above room temperature), and
also be influenced by the temperature of the powered electrode surface [13]. In the case
of considerably high gas flows as investigated here, the background gas is not uniformly
distributed anymore. Nonuniform distributions can yield locally varying gas densities which
will also affect collisions in the sheath region. The effect of different gas temperatures was
investigated in detail from HPSM simulations (cf., section 2.5.1 and Fig. C.3 in appendix C).
Variation of the neutral gas temperature results in changes of the neutral gas density since
the reactor pressure is hold constant. The increasing ion flux at high gas flow rates might
be due to an increasing plasma density for reduced gas temperatures which is supported
by discharge simulations. From the slight changes of the mean ion energy for the argon
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gas flow rate ranging from 100 sccm to 900 sccm it could be concluded, that the gas
temperature changes by roughly 100-200 K (cf., Fig. C.3-j), which in detail depends upon
the exact mean neutral gas temperature. However, the mean Ar™ ion energy increases
slightly which would require the neutral gas temperature to increase with Ar flow. Since this
does not appear consistent, changes of further discharge parameters must
overcompensate a decreasing mean Art ion energy from reduced gas temperatures in
reality.
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Variation of the gas flow is not expected to have a major effect on the sputter rate since
no chemical reaction is involved. Surprisingly for 60 MHz single frequency discharge
conditions, the silicon sputter rate is however observed to show a quite pronounced
dependency on the gas flow rate (Fig. 4.16-a and Fig. 4.16-b). Highest sputter rates are
measured at low flow rates, or high residence times, respectively. The Ar gas seems to be
ionized more efficiently for longer residence times as a result of a predominantly indirect
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ionization of argon atoms via metastables, yielding a larger ion flux that increases the etch
rate up to a certain extent. These findings are however in contrast to the findings from the
IDF measurements. One explanation could be explained by a change of the ArT ion
uniformity distribution where the maximum in the Ar* ion flux could shift from the reactor/
wafer center towards the reactor walls (where ion fluxes are measured) when increasing
the Ar gas flow. A clear picture of the mechanisms remains however unknown at this point
and should be subject to further investigations. Aside, sputter rates on SiO, were not
investigated here, and hence no uniformity data is available that could support the idea of
a change in the Ar? ion flux distribution. From reactor simulations, spatial variations of the
discharge pressure in the reactor are observed to be negligible (below 0.1%) and do not
constitute to the observed changes in the IDF and sputter rates.

60+2 MHz dual frequency discharges

Increasing the argon gas flow rate in dual frequency argon discharges at constant power
level and pressure yields similar effects as observed for 60 MHz single frequency
discharges. Again, mean ion energies are found to slightly increase (Fig. 4.17-b), 3®Ar*
IDFs plotted in Fig. 4.17-a however do not exhibit the drastic changes in intensity (cf., Fig.
4.17-c) as measured for the single frequency cases (cf., Fig. 4.15-c).
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4.2.5 Variation of magnetic field
60 MHz single frequency discharges

According to Lieberman [20], the sheath heating dynamics can considerably change
during application of magnetic fields. For weak magnetic fields, the sheath motion is not
assumed to be considerably influenced, but particle interactions are modified due to
multiple correlated collisions of electrons with the moving sheath. The magnetic field is
described to have two major effects on the discharge equilibrium: At low pressures,
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stochastic heating can increase when the magnetic field is increased, and further a
significant fraction of the total rf discharge voltage can be dropped across the plasma bulk
at high magnetic fields. By increasing the magnetic field, the ion energy is expected to drop
due to the reduced sheath voltages. The ion flux should increase through an enhanced
ionization rate as a result from forcing the electrons to helical trajectories between
collisions and reducing the effective loss area of the discharge. In Fig. 4.18-a and further
in Fig. E.4-a to Fig. E.4-d in appendix E, ion distribution functions for 3®Ar* ions sampled
from the discharge are plotted for different magnetic fields of 0, 20, 50, 80, 110, and 140
G for constant 60 MHz power (1500 W) and discharge pressure (150 mTorr). To eliminate
fluctuations in the recorded intensities from the influence of the rotating magnetic fields
and enable an analysis of additional magnetic fields, the magnetic field was hold stationary
during the time of the measurements. Ion distributions were recorded for each of the four
different configurations (I)-(IV), as indicated by the schematic contained in Fig. 4.18-a.
Here, each configuration corresponds to an operation mode of the pairwise driven
electromagnet coils. From simulations of the magnetic field distribution inside the reactor
[214], magnetic field densities close to the powered coils can typically be up to a factor of
3 higher compared to the wafer center. Close to the idle coil positions, magnetic fields reach
about 50-70% of the value in the wafer center. For operating modes (II) and (III), one of
the two driven coils is surrounding the EQP tube. This means that for those two operating
modes the plasma density should peak towards the EQP orifice region, whereas for modes
(I) and (1V) the region of higher plasma density should be opposite of the EQP mounting
region. So far it remains unclear to what extent ion trajectories inside the EQP might be
affected by the presence of magnetic fields. Parts of the IDF might become damped or even
suppressed as a result of a magnetic deflection of sampled ions. This in turn would lead to
distortions of the measured ion flux.
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IVDFs are plotted without applying corrections for the offset in the energy scale, IVDFs measured for
50 G, 80 G, 110 G and 140 G can be found Fig. E.4 in appendix E.

The Ar* ion mean energy and flux plotted in Fig. 4.18-b and Fig. 4.18-c are obtained after
averaging over the four distributions obtained for the respective magnetic field applied.
What can be readily seen is that the ion flux is significantly increased in the presence of a
magnetic field, as is predicted by the theory. A maximum in the ion flux is observed in the
50 to 80 G range. When comparing IDFs with applied magnetic fields to the reference curve
at zero Gauss, mean ion energies are found to increase when a magnetic field is applied
(cf., Fig. 4.18-b). From expectations, increasing the magnetic field should result in a
reduction of the sheath thickness as a result of an increased density. From the reduced
sheath thickness, the IDFs should shift to lower energies, as was also confirmed by HSPM
simulations (cf., section 2.5, Fig. C.5-j in appendix C). A possible explanation for this
discrepancy could result from the stationary magnetic field apparantly yielding a locally
strongly inhomogeneous plasma and sheath distribution. Field distortions could result in
higher ion energies measured at the reactor wall. A strongly inhomogeneous sheath
distribution might deviate from rotating magnetic fields usually applied during processing.
From uniformity measurements, the sputter rate nonuniformity for argon on the wafer did
not change for additional magnetic fields. However, this sensitively depends also on other
discharge parameters and the chemistry. In case of pure HBr for example, etch rate
distributions became more uniform when applying high magnetic fields. Further
considerable deviations are expected in both magnitude and geometry from the
homogeneous magnetic field applied for the HPSM calculations. Ion trajectories of sampled
ions might be affected to some extent, which can also cause distortions of the measured
IDFs.

60+2 MHz dual frequency discharges

In Fig. 4.19-a and further in Fig. E.5-a to Fig. E.5-d in appendix E, ion distribution
functions for 3Ar* plasma ions are plotted for different magnetic fields of 0, 20, 50, 80,
110, and 140 G for constant 60 and 2 MHz power (1500 W each) as well as constant
discharge pressure (150 mTorr). The four different magnet coil pair operation modes (I)-
(IV) that were used to create the stationary magnetic fields are indicated by the schematic
in Fig. 4.19-a. The corresponding Ar* ion mean energy and flux are plotted in Fig. 4.19-b
and Fig. 4.19-c, after averaging again over the four distributions that were obtained for the
respective magnetic field setting. As in the 60 MHz single frequency discharges, the ion flux
is again significantly increased in the presence of the magnetic fields. A maximum ion flux
is recorded at 110 G. Besides a varying plasma density, the stationary magnetic field seems
to yield locally varying and strongly inhomogeneous sheath thickness distributions which
are attributed to the observed peak broadening when increasing the magnetic field. The
broadening above 80 G occurs with the high energy peak of the saddle structure being
shifted to higher energies, which yields the pronounced increase in the mean ion energy
shown in Fig. 4.19-b. From corresponding HPSM simulations, the ion energy is slightly
increasing by about 1 eV from 0 G to 150 G in pure 2 MHz argon discharges (Fig. C.5-j in
appendix C). In contrast, for pure 60 MHz a distinct drop in the ion energy was observed
and sheath properties appear considerably more influenced for 60 MHz. As stated for 60
MHz argon discharges, inhomogeneities in plasma density and sheath thickness from the
influence of the stationary magnetic fields could occur also for the dual frequency
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discharges, thus potentially causing the discrepancy in the scaling of the ion energy at the
reactor wall. At this point it is just noted, the complex sheath dynamics for the 60+2 MHz
dual frequency discharges in the presence of a magnetic field prohibit to draw simple
conclusions of the plasma and sheath behaviour. Furthermore, the experiments do not
appear to be suited for comparison to the HPSM simulation performed, nor to draw
conclusion about the influence of a rotating magnetic field that is applied during processing.
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Figure 4.19: 3%Ar* IVDFs for variation of the magnetic field in 60+2 MHz dual frequency argon
discharges shown for different configurations of the stationary magnetic field from the four-coil
configuration as indicated in (a) for 20 G (1500+1500 W 60+2 MHz power, 150 mTorr, 300 sccm Ar
gas flow rate, silicon substrate); (b) corresponding mean ion energies; (c) relative ion flux (solid
squares) and floating potentials at the extraction aperture (open squares) as determined from the
position of the lowest energy peak. The IVDFs are plotted without applying corrections for the offset
in the energy scale, IVDFs measured for 50 G, 80 G, 110 G and 140 G can be found Fig. E.5 in
appendix E.

Whereas IDFs were measured for stationary magnetic fields, rf probe and sputter rate
measurements were conducted for rotating magnetic fields by applying a 0.25 Hz
sinusoidal voltage to the magnet coils. From these experiments, the rf probe voltage
measured with silicon substrates at the powered electrode decreases slightly to a minium
at 50 Gauss (Fig. E.6-a) and rises again for higher magnetic fields. For SiO, the voltage is
observed to strongly increase above 20 G, saturating at high magnetic flux densities (>90
G). This scaling does not reflect that observed for sheath parameters from HPSM
calculations of corresponding argon discharges (cf., Fig. C.5). The discrepancy might be
due to the fact that measured rf voltages should not easily be attributed to sheath voltages
since a significant fraction of the total rf discharge voltage can be dropped across the
plasma bulk at higher magnetic fields [20]. From ion flux measurements, the ion density
was observed to increase when increasing the magnetic field. This is supported by current
measurements with the rf probe where the current is found to drastically increase with
magnetic field (Fig. E.6-b). For substrates with SiO, hardmask, the current increase is
found to be similar to changes in the ion flux determined from IDF measurements. For
silicon substrates, the current increase is less than for the ion flux. From Fig. 4.20-a and
Fig. 4.20-b, silicon and silicon dioxide sputter rates are observed to slightly increase at high
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magnetic fields. This is attributed to the observed increase in ion density, and hence ion
flux to the substrates. The SiO, sputter rate determined from ellipsometry (plotted with
open squares in Fig. 4.20-b) shows known nonuniformities for the chosen combination of
parameters (pressure, power), where a higher sputter rate is measured at the wafer edge
area. Fluctuations observed from weight loss measurements for SiO, (plotted with full
squares in Fig. 4.20-b) are attributed again to artefacts caused by an insufficient
discharging of the oxide layer.
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Figure 4.20: Sputter rates for variation of the magnetic field (1500+1500 W 60+2 MHz, 300 sccm
Ar gas flow rate, 150 mTorr) for (a) silicon from gravimetry, (b) SiO, from gravimetry (full squares)
and 49 point ellipsometry measurements (open squares).

4.2.6 Summary

Ar discharges were investigated for an initial baseline characterization, to enable a
comparison to literature data and allow for HPSM modeling calibrations. Experiments with
ionized argon noble gas were also intended to obtain results for purely physical sputtering
since the physical etch component can initiate and enhance reactive ion etching in
molecular halogen discharges.

From investigations of 60 MHz single and 60+2 MHz dual frequency discharge operation,
the concept of separate control of ion energy and ion flux by the two frequencies appears
to work well. The 60 MHz high frequency component mainly determines the ion flux,
whereas ion energies are strongly influenced by the 2 MHz low frequency component. The
ion flux is subject to minor changes from the influence of 2 MHz addition. The Art IDF
structure is very different for the hf and If component where the shape of the distributions
transforms from an unresolved double-peak structure in 60 MHz discharges to a saddle-
shaped structure with a wide peak separation when adding the 2 MHz frequency. Maximum
Ar* ion energies become considerably higher for an additional 2 MHz excitation. Despite
the fact that ion energies are mainly determined by the low frequency component,
comparably low ion energies are obtained in the ground electrode sheath (where the IDF
measurements are conducted) which is due to the asymmetric discharge geometry. This
yields the 60 MHz high frequency component non-negligibly impacting ion energies as well
where ion energies in 60 MHz single frequency discharges appear to be sufficient to exceed
the thresholds for sputtering silicon and SiO, at even very low 60 MHz power levels. This
is believed to result from effective gas heating (as will be demonstrated later from more
detailed investigations in NF3) which influences the neutral gas density and hence changes
plasma density and sheath thickness. Compared to 60 MHz discharges, mean ion energies
appear somewhat higher in 60+2 MHz discharges which is attributed to slight asymmetries
in the double peak structures, as well as varying peak intensities as a result of non-
sinusoidal sheath voltages. Similar to the ion flux being slightly affected by the 2 MHz
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frequency, ion energies are subject to small variations for different 60 MHz power levels.
Deviations from an ideally separated control of ion flux and energy are caused by
interactions between the two frequencies since the rf power sources are coupled to each
other in the current setup.

An optimized high ion flux as well as high ion energies are generally favoured to maintain
high etch rates during etching high aspect ratio features. Since sputtering is a rather
unselective process that comparably affects mask erosion, it appears natural that the
physical sputter component should hence be optimized. High 60+2 MHz power levels are
required to obtain high plasma densities and high rf peak voltages in the driven electrode
sheath, hence resulting in high ion fluxes to the substrate (from contribution of 60 MHz)
comprising highly energetic ions (from contribution of 2 MHz). According to argon sputter
rates for Si and SiO,, an initially higher contribution appeared from ion energy, as
compared to the ion flux. However, contribution of the ion flux increased slightly with ion
energy (for silicon), indicating a limitation of the sputter rate by both ion flux and ion
energy. Linear correlations between applied power levels and ion flux/energy were not
assumed since the efficiency of power coupling and dissipation in the plasma was found to
decrease for intermediate to high power levels [258]. Factors like rf matching limits and
temperature drift effects were assumed as root cause. From a quite high linearity of the
sputter rates, the argon sputter yield does not appear to saturate but rather increases
further within the range of discharge settings investigated in this work. Besides efficiently
increasing sputter rates with 60 MHz and 2 MHz power, a further distinct gain could be
achieved through reducing the discharge pressure below 250 mTorr - and more importantly
below 100 mTorr. This is likely due to changes in the EEDF and mean electron energy that
accompany a discharge transition from stochastic (collisionless) to ohmic (collisional)
electron heating and/or from the low-voltage (or o) to the high-voltage (or y) mode
through an increasing discharge current density. Decreasing the discharge pressure
reduced the number of collisions (ES, CX) and off-axis scattering in the sheath. The
pressure reduction gives also rise to an increased sheath width. As a result, the ion angular
distribution becomes more anisotropic in forward direction, and ions will gain more energy
on their way through the sheath region. This will finally result in a higher fraction of ion
projectiles that experience less collisions with the sidewalls in high aspect ratio structures.
In order to keep the fraction of low-energy ions small, reduction of the pressure down to a
certain minimum should further be an attractive option. At higher pressures, both Art ion
energies and Ar" ion flux were found to decrease. A decreasing flux could either result from
an increased charge carrier loss, e.g., through enhanced ion-electron neutralization
collisions and/or less efficient ionization in the plasma. It should be noted that mask erosion
can considerably increase as well when rising power levels and reducing discharge
pressure.

Some minor gains in sputter rate can be obtained from application of (weak) magnetic
fields (through an enhanced ion flux), and less importantly, also for reduced gas flow rates
(i.e., longer residence time) through changes of the neutral gas temperature and hence the
neutral gas density, which in turn will affect discharge properties (like plasma density, Art
ion energy and uniformity) to some extent. The impact of an increasing ion flux with
magnetic field appears to dominate generally decreasing ion energies from a decrease of
sheath thickness and dc bias voltage here. Strong changes of the argon feed gas flow
appear to change the background gas temperature and hence the neutral gas density,
which in turn will affect discharge properties (like plasma density, Art ion uniformity) to
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some extent. In contrast to Si, sputter rates for SiO, appeared to be somewhat lower and
slightly less influenced by 2 MHz power and magnetic fields. This indicates an Si-to-SiO,
etch selectivity between 1:1 and 2:1 can be reached. This result is somehow surprising for
purely physical sputtering. The differences from a selectivity of 1 for physical sputtering
could be explained by either an increased plasma density (and hence ion flux) due to a
higher ion-impact secondary electron emission coefficient [277] for Ar* ions impacting at
silicon surfaces, differences in the power coupling for the different substrates, and/or a
slightly different plasma chemistry (e.g., caused by released oxygen) leading to a different
plasma impedance. Furthermore, low sputter rates can be influenced by an argon
incorporation into the substrate, and more importantly by native oxide growth at
amorphous (through the impact of ion bombardment) silicon surfaces when the wafers are
exposed to atmosphere again. From ellipsometry, a markedly higher sputter rate was
generally observed close to the wafer edge. This could be explained by skin effects at high
60 MHz source power levels influencing the local power dissipation in the plasma volume,
spatial distortions of the electric field distribution between the wafer edge and focus ring,
plasma penetration into the gap between wafer and focus ring [270,271], and/or
temperature gradients between wafer and quartz focus ring. From reactor simulations,
spatial variations of the discharge pressure in the reactor are observed to be negligible and
do not constitute to the observed sputter rate nonuniformity.

From experimental data, the threshold for physical sputtering of SiO, by Art ions was
calculated to about 49 eV, which confirms values obtained from different publications
[9,272-274]. From the 44 eV sputtering threshold calculated for silicon, silicon is sputtered
at slightly lower energies than those needed to initiate sputtering of silicon dioxide. From
different experiments, the energy of Ar projectiles appeared to be efficiently deposited to
exceed the threshold for sputtering and sputter off substrate atoms even at the lowest (250
W) 60 MHz power applied. Besides a general sputter yield dependency, silicon sputter rates
can become influenced significantly by amorphization and recrystallization effects as well
as native oxide growth at the substrate surface when being exposed to atmosphere again
[275], and less importantly also by an incorporation of argon projectiles into the silicon
lattice (where effective sputter rates can appear even negative). In particular, these
influences would explain the low silicon sputter rates measured at low (60+2 MHz) power
levels which are in contrast to higher sputter rates measured for SiO,. Despite slight
differences discussed above, the range of sputter rates for Si and SiO, from all experiments
conducted here is found to be comparable (cf., Fig. 4.21).
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Figure 4.21: Sputter rates collected from all argon discharge experiments discussed in this chapter
and plotted as a function of 2 MHz bias power for (a) silicon, and (b) silicon dioxide.
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4.3 Hydrogen bromide discharges
160, +

For application of mass resolved ion energy analysis, °Br* as well as ZHZ and Br,
plasma ions were chosen to be monitored for studying the plasma and sheath behavior for
the different HBr discharge conditions examined in this work. Bromine ions are believed to
play a major role in the reactive ion etching of silicon deep trench structures where a high
degree of anisotropy is required. Molecular hydrogen and bromine ions where chosen due
to their high abundance resulting from an efficient fragmentation decomposition of the
hydrogen bromide feed gas. Due to their very different mass numbers they are expected
to allow for a more detailed analysis of the sheath behavior. As can be seen from neutral
mass spectra, a wide spectrum of different species covering a wide mass range can be
expected for silicon etching in HBr discharges. The relatively high complexity complicates
a more detailed study significantly.

4.3.1 Neutral mass spectra and degree of dissociation

In Fig. 4.22-a, a typical mass spectrum is shown for neutral species ionized by 70 eV
electrons from HBr when the discharge is off. The spectrum agrees (to within the known
uncertainties) with a “'standard’ HBr mass spectrum obtained at an electron-impact energy
of 70 eV [219]. The two peaks identified with HBr* ions arise from the natural abundance
of bromine isotopes (798r ~50.7% and °'Br = 49.3% ) and contribute the highest
intensities, along with Br* which is created through dissociative ionization of HBr. The
triplet structure identified with Br;r is attributed to traces of molecular bromine that results
from recombination of bromine radicals, created through wall collisions in the reactor and/
or in the ionizer region. Indications of molecular hydrogen H; which could be created
similarly from recombined hydrogen atoms are not found here. Atomic hydrogen can not
be detected either since the used mass spectrometer is not able to reliably measure the
m/q = 1 u peak in the mass spectrum. The absence of molecular hydrogen can be
explained by an detection of quite large amounts of HF ™. Together with further observed
SiFgL peaks, HF" is attributed to fluorine contamination inside the ionizing region of the
measurement system as a result of a preceding NF3 reactor clean plasma. The hydrogen
released from HBr through dissociative ionization will be very reactive and readily bond to
reactive fluorine radicals. Further, the HBr feed gas contains quite significant amounts of
water. The Art peak results from small additions of argon feed gas to HBr.

The mass spectrum corresponding to the situation when the discharge is turned on is
shown in Fig. 4.22-b. The spectrum applies to a 60 MHz single frequency discharge at 1500
W applied power and 150 mTorr. HBr" and Brt peaks are still observed, and significant
amounts of molecular hydrogen H;’ and bromine Br}L have appeared now. Again, these
species can be either created through dissociative ionization of the parent molecule HBr, or
through direct ionization of the respective molecule inside the EQP. Molecular bromine and
hydrogen are observed for all HBr discharges investigated and may result from dissociation
of HBr

HBr+e — H+ Br+e (4.4)

and formation of molecules from neutral radical dissociation fragments or recombination of
ionic dissociation fragments at the reactor walls. Fluorine containing molecules (HF+ and
SiF;) are still observed and can be associated with discharge-generated decomposition
and product species (HF, SiF,) that are sputtered off the plasma reactor walls. Further
observed SiBr: molecules are attributed to etch products formed through chemically
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etching the silicon substrate. As discussed in the following sections, the self-bias for the 60
MHz plasma applied here is already sufficiently high to yield ion-induced chemical etching
of silicon.

S0E+04
8.0E+D4 HBr 70e¥ electron energy

discharge-off

TOE+D4 4
B.0E+D4

50E+04 1 .
(a) 40E+04 "

3.0E+04

20E+04 4 not SiF5"

T0E+04 | X l o
00E400 il bl WML

0 20 40 80 80 100 120 140 160 180 200 220 240 260 280 300 320 340 380

9.0E+04

BOE+04 1 HEr 706V electron energy
7 0E+04 4 discharge-on

6.0E+04
50E+04 "
10Ev04 | ar

30E+04 4 Br;
20E+04 1| nor

(b)

Intensity [c/s]

\HF*

4 SiF, S

TOE+04 i" i "3 ige SiBry siBr,"
0.0E+00 il oo L o i 4 4+ o e/ r——
0 20 40 50 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

4 0E+04 v
3 0E+04 Br thi.eV electron ene.rgy
(discharge -on) - {discharge -off)
20E+04
Br+
1.0E+04 A A HBr"
siBr
(c) 0.0E+00 A +j,‘ N
-1.0E+04 A
2 0E+04
-3.0E+04 -
B e L e o L o B L o e s o mmma
0 20 40 50 20 100 120 140 160 180 200 220 240 260 280 300 320 340 360
miz [u]

siBry* siBrg*
ahda

SiF;*

Figure 4.22: Mass spectrum of neutral species ionized by 70 eV electrons for (a) HBr (+Ar) gas
sampled from the reactor without discharge; (b) HBr (+Ar) gas sampled from the reactor with rf
discharge (150 mTorr, 1500 W 60 MHz power, 300 sccm HBr + 16 sccm Ar gas flow rate, silicon
substrate); (c) difference of mass spectra b-a (negative values indicate a loss when the discharge is
on).

In Fig. 4.22-c, the difference mass spectrum is plotted as is obtained by subtracting the
mass spectrum recorded for plasma-on condition on from the mass spectrum recorded
when the plasma was turned off (for the same mass-spectrometer settings). Negative
values indicate a loss when the plasma is on. According to the difference spectrum, the
fluorine containing species HF and SiF, are efficiently removed from the reactor after
ignition of the HBr discharge.

Due to a high recombination coefficient close to 1.0 for Br radicals on stainless steel
surfaces [125], bromine will rapidly react at the walls inside the mass spectrometer
chamber, or condense upon them. Hence, no conclusion can be drawn here about Br
radicals sampled from the discharge. For that reason, it was not possible to reliably
estimate the degree of an HBr decomposition in the discharge (from differences in the mass
spectra obtained with and without discharge operation). The recorded Br* intensity
appeared to change only slightly (by a few percent) for a wide range of 60 MHz power levels
applied. The bromine recorded in the mass spectra will be created primarily through
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thermal pyrolysis of neutral molecular species (HBr, Bry, SiBry) on the hot filaments in the
EQP ionizer. From recent publication [279], HBr dissociation fractions where measured in
a 300 mm LAM ICP etch reactor (13.56 MHz) with in situ diode laser absorption
spectroscopy. HBr dissociation fractions where mainly influenced by the applied ICP power
and HBr gas flow rates, ranging from 25%-60% for the investigated range of parameters.
Furthermore, different surface conditions of the quartz focus ring where found to have a
great influence on the measured feed gas dissociation.

4.3.2 Variation of power
60 MHz single frequency discharges

Increasing 60 MHz source power leads to a monotonic increase of the rf probe voltage,
where the slope decreases slightly at higher power levels (Fig. F.1-a in appendix F). The
ion energy for ions impacting on the substrate will increase proportionally due to (slightly)
rising sheath voltages caused by the increasing self-bias of the 60 MHz source. This is
confirmed by IDFs for 7°Br, ZH;’ as well as 1605r; plasma ions that are observed to shift
to higher energies (Fig. 4.23-a to Fig. 4.23-c). Measured distributions are observed to start
at negative energies which is attributed to a negative floating potential that develops from
negative surface charging around the aperture at the MACOR dielectric orifice plate (cf.,
Fig. 4.23-e). Generally, the EQP probe changes its reference potential according to the
floating potential at the sampling aperture. Correcting for the offset and transformation to
the corresponding IEDFs (as described in section 4.1) will yield the mean ion energies
plotted in Fig. 4.23-d. Compared to 3%Ar* ion energies measured in corresponding argon
discharges, the different ions in HBr discharges exhibit up to 30% higher energies at high
60 MHz power levels. This is less than differences between calculated ion energies for Ar
and HBr at the ground electrode, as obtained from HPSM simulations. For equal model input
parameters but different electron temperatures (2.58 eV for Ar and 6.32 eV for HBr, as
obtained from a best fit model [215]), almost doubled ion energies were found for HBr (cf.,
Fig. D.1-k1 to Fig. D.1-k4 in appendix D) compared to typical ion energies calculated for
argon (Fig. C.1-j in appendix C). Differences in the HPSM calculations for HBr will be less
pronounced at lower electron temperatures (cf., Fig. D.4-k). A 30% difference observed for
the measurements would require the electron temperature in HBr discharges to be lower
than 6 eV, and/or a lower rf peak voltage for HBr, and furthermore the influence of a lower
neutral gas temperature in HBr discharges could play a non-negligible role when comparing
calculated and measured Art and Br* mean energies. Despite the obvious quantitative
deviations, higher ion energies in HBr discharges are certainly caused by a higher sheath
thickness in HBr discharges, as discussed in section 2.5. Due to an assumed higher electron
temperature, HBr discharges are found to be slightly more symmetric than argon
discharges which can result in slightly lower mean ion energies at the powered electrode
(and hence, the substrate) for HBr compared to argon (cf., Fig. D.1-I1 to Fig. D.1-14 and
Fig. C.1-k).

From the measured rf probe current in Fig. F.1-b (as for electropositive argon discharges,
the conduction current in weakly electronegative HBr discharges is carried mainly by
electrons), the electron density is expected to rise for increasing 60 MHz plasma excitation
which should cause the ion density to increase as well. This assumption is only partly
supported by the measured ion flux as obtained from integration of the ion distribution
functions (Fig. 4.23-e). Reasons for the differences might be explained by a changing
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negative floating potential which could influence sampling of plasma ions. Furthermore,
results of the rf probe measurement may not be useful to draw conclusions about ion
densities in electronegative discharges. For electropositive argon discharges, the situation
is rather simple since electrons contribute the only negative charge carriers, and from the
plasma charge neutrality condition an equal amount of positive Ar" ions will be present in
the plasma bulk. In contrast, for electronegative gases like HBr negative ions like Br  or
HBr  will be formed through electron attachment processes. For the investigated type of
discharges, negative ions are typically confined to the core of the plasma bulk. From the
equilibrium that holds in the bulk plasma

n,=n_+ng. (4.5)

+

Thus, electron densities observed for electronegative gases are generally lower than
positive ion densities. For strongly electronegative gases (like NF3) it was reported that ion
densities can be up to 2-3 orders of magnitude higher than the electron density [36,37].
In general, for increasing electronegativities the electron density is expected to decrease.
This is supported by the measured rf probe current that is found to decrease when
comparing results of argon, hydrogen bromide and nitrogentrifluorine discharges. From the
above considerations, the discrepancy between a constantly rising rf current and, e.g., a
saturating Brt ion flux remains. This could indicate either a (slightly) changing negative to
positive ion ratio as a function of 60 MHz power, and/or limitations of the IDF
measurements which are in general closely related to the vincinity of the sampling
aperture. The decrease observed for the Br; ion flux might result from severe surface
conditioning effects during discharge operation. From changes of reactor surfaces by the
HBr chemistry, the probability of bromine radical recombination might decrease. Unknown
sources for the ion flux dependency should be subject to more detailed further
investigations.

Compared to argon, contributions due to collisions at 150 mTorr are observed to be more
significant for HBr related ion distributions in Fig. 4.23-a to Fig. 4.23-c. This is attributed
to a usually wider sheath thickness for hydrogen bromide, as compared to the sheath
thickness in typical argon discharges. Whereas from the unresolved double peak the heavy
atomic and molecular bromine can only respond to the average of the time-varying sheath
potential, the IDFs measured for the light hydrogen ions reveal a clear separation of the
double peak structure. However, the peaks rapidly disappear by increasing the 60 MHz
power and a separation is not observed to scale according to equation (1.64). This could
be explained by a decreasing sheath width due to higher densities at higher power levels,
as observed from HPSM simulations for HBr (discussed in section 2.5.2). However, the
sheath thickness is not believed to change much since no significant changes are observed
for the low energy part of the distribution functions where sheath collisions influence the
IDF structure. An explanation for the apparent discrepancy could be that the double peak
structure for hydrogen ions is very sensitive to even very small changes in the sheath
thickness, which from the low energy part of the measured IDFs for ZH; can however not
be resolved anymore. This appears plausible from a comparably low probability of sheath
collisions as concluded from the low-energy part of IDFs for 2H; ions, in contrast to those
for 7°Br* and 16OBr;. The low probability of sheath collisions also explains the very low
intensity of the low-energy peak from charge exchange collisions near the orifice which
could not be detected for all cases. As discussed above, the peak position is observed at
negative energies due to the negative floating potential which builds up at the orifice plate.
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Figure 4.23: (a) 7?Br*, (b) ZHE’ , (©) 160Br;r ion distribution functions for power variation in 60 MHz

HBr discharges (150 mTorr, 300 sccm HBr gas flow rate, no magnetic field, silicon substrate); (d)
corresponding mean ion energies; (e) relative ion flux (solid squares, logarithmic scale) and floating
potentials at the extraction aperture (open squares) as determined from the position of the lowest
energy peak. The IVDFs are plotted without applying corrections for the offset in the energy scale.

For etching silicon in HBr discharges, the role of ions is to physically induce and support
chemical reactions at the substrate surface which can finally yield volatile etch products
(like SiBrg). A chemical reaction will involve also reactive bromine atoms created from
dissociation of the HBr feed gas molecules. The degree of HBr dissociation will depend upon
the power dissipated in the plasma. For applied 60 MHz power levels exceeding 500 W, ions
impacting the substrate gain sufficient energy to initiate chemical etching, as can be
observed for the etch rate in Fig. 4.24-a that starts to rise above zero. At the lowest power
applied (250 W), the weight loss measurement yields a negative value of about -1 nm/min.
This is similar to the phenomenon observed for silicon sputter rates in argon discharges
when using comparable discharge parameters. At such low power processes, bromine may
to some extent be incorporated into the silicon surface leading to formation of a
halogenated surface layer which can grow to a few monolayer thickness [116]. As
discussed for argon discharges, native oxide growth under atmospheric pressure after
removal from the etch reactor could also influence silicon sputter rates. Once ion-assisted
etching is initiated, the complex interactions in the plasma and at the surface of the
substrate prohibit to assign clear contributions to changes in the etch rate for the separate
components like ion flux, ion energy, dissociation of HBr and formation of reactive bromine
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atoms, etc. Recorded intensities of molecular species attributed to SiBr, were generally
found to correlate very well to the silicon etch rate.
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Figure 4.24: Etch rates for 60 MHz power variation (150 mTorr, 300 sccm HBr gas flow rate, no
magnetic field) for (a) silicon from gravimetry, and (b) SiO, from gravimetry (full squares) and 49
point ellipsometry measurements (open squares).

From Fig. 4.24-b, the mean oxide etch rate determined from ellipsometry is increasing
almost linearly for 60 MHz power, but remains below 10 nm/min for a power level of 3500
W (compared to 350 nm/min for silicon). A threshold of 750 W indicates that the ion energy
may equal the binding energy of the amorphous SiO, layer to either start sputtering off
target atoms, or initiate a chemical reaction and assist a formation of etch products.
Negative etch rates observed at low 60 MHz source power indicate a significant
incorporation of etch species into the amorphous silicon dioxide layer which can also result
in formation of a halogenated surface layer, as described above for silicon substrates. The
selectivity remains very high for purely 60 MHz discharges, even at very high power levels
(at 3500 W, the selectivity is close to 50). A high standard deviation of the oxide etch rate
determined from 49 point ellipsometry measurements is attributed to a pronounced etch
nonuniformity across the wafer, where the highest etch rates were measured close to the
wafer edge region. The SiO, sputter rate as calculated from the integral weight loss
measurements shows large fluctuations which are attributed to experimental artefacts (as
discussed in section 3.2.1).

60+2 MHz dual frequency discharges

For 60+2 MHz dual frequency discharge operation, the rf mean voltage measured for 60
MHz frequency is hardly affected by superposition of the 2 MHz frequency (Fig. F.1-a).
Compared to experiments with bare silicon substrates (Fig. F.2-a), the 2 MHz rf voltage is
more affected by the 60 MHz frequency for substrates with an SiO, hard mask layer (Fig.
F.2-d). For argon, rf voltages were influenced stronger by 60 MHz power when silicon
substrates were involved. This could indicate differences in the dynamic range of the rf
matching unit for both types of discharges (since the load impedance will be influenced
when using different substrates). Increasing the 60 MHz power level yields reduced rf
voltages measured for fixed 2 MHz power, where for SiO, a more pronounced scaling is
observed compared to silicon. This behaviour is attributed to the ion energy being mainly
controlled by the 2 MHz power. In Fig. 4.25-a to Fig. 4.25-c, IDFs measured for 79Br*
plasma ions are shown for a variation of 60 MHz power at fixed 2 MHz power levels of 500
W, 1500 W, and 2500 W, respectively. The wide peak separation caused by the low
frequency sheath modulation is considerably more pronounced compared to IDFs
measured in dual frequency argon discharges. This may be explained by a higher sheath
thickness as a result of an (assumed) higher electron temperature, as observed from HPSM
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simulations of HBr discharges (see section 2.5.2). At low 60 MHz plasma excitation, the 2
MHz frequency determines the sheath modulation yielding a very broad peak separation
and maximum ion energies. This is again a result of the high sheath voltage caused by the
dominating contribution of the 2 MHz frequency. Increasing the 60 MHz power yields an
increased ion flux (Fig. 4.25-e) which causes the sheath width to become clearly thinner,
as is supported also by the reduced mean ion energies (Fig. 4.25-d). The difference
between mean ion energies for different 2 MHz power levels becomes smaller in the high
60 MHz power regime, but remains non-negligible as compared to argon. Comparable to
argon, a lower mean ion energy at the ground electrode was observed from the HPSM
simulations of 60+2 MHz mixed HBr discharges (cf., Fig. D.6-i), whereas the energy for ions
incident at the powered electrode was found to increase slightly (Fig. D.6-j). From the
lowest energy charge exchange peak, the floating potential at the extraction aperture is
observed to develop non-monotonically between -5 eV and +7 eV (cf., Fig. 4.25-f), with a
dip observed at medium 60 MHz power. The current measured for 60 and 2 MHz
frequencies (Fig. F.1-b, Fig. F.2-b and Fig. F.2-e in appendix F) is observed to increase for
rising 60 MHz power levels. However as already discussed for single frequency operation,
this must not necessarily agree with changes in the ion density.
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Figure 4.25: 7°Br* IVDFs for 60 MHz power variation in 60+2 MHz dual frequency HBr discharges
shown for fixed 2 MHz power of (a) 500 W, (b) 1500 W, (c) 2500 W (150 mTorr, 300 sccm HBr gas
flow rate, no magnetic field, silicon substrate); (d) corresponding mean Br™ ion energies (including
mean ion energies for H;' and Br;r ); (e) relative Brt ion flux; (f) floating potentials at the extraction
aperture (open squares) as determined from the position of the lowest energy peak. The IVDFs are
plotted without applying corrections for the offset in the energy scale.
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Whereas from Fig. 4.27-a to Fig. 4.27-c the IDFs measured for 1608r; are very similar
to those for 79Br*, distributions measured for ZHZ (Fig. 4.26-a to Fig. 4.26-c) yield very
complex structures. Compared to the initially saddle-shaped structure measured for 60
MHz frequency discharges, the peak separation has become quite broad due to the
influence of the 2 MHz frequency. Also, a low-energy and a high-energy shoulder become
visible. As the 2 MHz power is increased further, ions respond to the time varying
oscillations of both 2 MHz and 60 MHz. The two main peaks in the bimodal structure of the
IDF begin to split and up to four well-defined maxima can be distinguished in the
distributions. The first of the main peaks at the lowest energy is caused by ions entering
the sheath at the minimum sheath potential. The next peak is possibly due to a maximum
of the 60 MHz voltage around the 2 MHz voltage minimum. The two high energy peaks
correspond to ions entering the sheath at extrema of the 60 MHz voltage around the 2 MHz
voltage maximum. From literature, similar findings were obtained for hydrogen molecules
in 1.94+427.12 MHz dual frequency hydrogen CCRF discharges [11,12]. By increasing the
60 MHz power, the distribution shifts to lower energies which is attributed to a decreased
sheath voltage at higher plasma densities. Increasing the 2 MHz power causes the
separation of the center of the low and high energy peaks to increase as well, since this
separation is determined by the 2 MHz voltage. The two inner peaks of the IDF structure
are eventually found to be more pronounced which is due to more ions being able to enter
the sheath at these potentials.
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Figure 4.26: ZH; IVDFs for 60 MHz power variation in 60+2 MHz dual frequency HBr discharges
shown for fixed 2 MHz power of (a) 500 W, (b) 1500 W, (c) 2500 W (150 mTorr, 300 sccm HBr gas
flow rate, no magnetic field, silicon substrate); (d) corresponding relative H; ion flux. The IVDFs are
plotted without applying corrections for the offset in the energy scale, corresponding floating
potentials are plotted in Fig. 4.25-f.

When increasing the 60 MHz power, ion fluxes plotted in Fig. 4.25-e, Fig. 4.26-d and Fig.
4.27-d are observed to increase by a power law for additional high 2 MHz power. This might
indicate that the 2 MHz frequency has significant influence on generation and
recombination of ions here. The low-energy peak in the IDFs which corresponds to charge
exchange collisions in the sheath near the sampling orifice yields comparable results for the



132 Experimental investigations and results

different ion species. This proves again that determination of the floating potential at the
sampling aperture from the low energy peak is a valid approach. Minor variations of the
peak position were observed when repeating experiments. This can be explained by
changing surface conditioning effects from slight differences in the effectiveness of plasma
surface cleaning between the experiments, causing in turn the observed variations of the
floating potential at the orifice plate.
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Figure 4.27: 160Br;r IVDFs for 60 MHz power variation in 60+2 MHz dual frequency HBr discharges
shown for fixed 2 MHz power of (a) 500 W, (b) 1500 W, (c) 2500 W (150 mTorr, 300 sccm HBr gas
flow rate, no magnetic field, silicon substrate); (d) corresponding relative Br;r ion flux. The IVDFs
are plotted without applying corrections for the offset in the energy scale, corresponding floating
potentials are plotted in Fig. 4.25-f.

The silicon etch rate for dual frequency HBr discharges is shown in Fig. 4.28-a. The etch
rate increases continuously by increasing the 2 MHz power. The highest gain is achieved
from addition of 500 W bias power (compared to pure 60 MHz frequency discharges), which
is the lowest 2 MHz power level applied here. The low energy range of the 2 MHz power
was not investigated in detail in this work. At high 2 MHz power levels, the etch rate starts
to saturate, and the gain in etch rate decreases. Rising the 60 MHz power level is also
suitable to increase the etch rate. This yields a near linear dependency that has already
been observed for variation of the power for 60 MHz single frequency operation. At constant
60 MHz power, the etch rate clearly indicates a limitation by either the ion flux and/or
formation of radical species from dissociation of the feed gas molecules. The ion energy
which is predominantly determined by the 2 MHz frequency can not compensate the
chemical component of the etch process. From investigations of argon discharges, purely
physical sputtering was observed to yield solely very low rates. The excess energy from the
ions will cause a significant heating of the substrate, which in turn might affect the neutral
gas density resulting in a lower neutral densities at high temperatures (the pressure is held
constant). Also, at higher power values, the degree of coupling the power to the plasma is
likely to be decreasing due to increasing power losses in the feedthrough [258]. From the
discussion it has become obvious, that (once initiated by a sufficient amount of ion energy)
the silicon etch rate is chemically driven. The oxide etch rate examined from Fig. 4.28-b
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appears to increase with a near linear slope as a function of 2 MHz power, whereas an
influence of 60 MHz power is hardly visible. These findings strongly support a pronounced
physical sputtering component for etching of silicon dioxide. From comparison of the slopes
of the etch rates it can be seen that the Si-to-SiO, selectivity disproportionately decreases
when rising the 2 MHz power. In Fig. 4.28-b, a typical standard deviation of the SiO, etch
rate as obtained from applying 49 point ellipsometry is demonstrated for medium 60 MHz
power (1500 W). Deviations are caused by an etch pattern nonuniformity across the wafer
where a higher etch rate is observed at the wafer edge region. SiO, etch rate data as
calculated from the integral weight loss measurements are not shown since they yield
comparable results.
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Figure 4.28: Etch rates for 60+2 MHz power variation (150 mTorr, 300 sccm HBr gas flow rate, no
magnetic field) for (a) silicon and (b) SiO,, as determined from gravimetry.

4.3.3 Variation of pressure
60 MHz single frequency discharges

In Fig. 4.29-a, 7?Br™ ion distributions are plotted for a variation of the discharge pressure
from 50 mTorr to 600 mTorr where the 60 MHz power was held constant. The structures
remain singly peaked at the time-averaged sheath potential. Unlike observed for argon, the
sheath is already collisional at 50 mTorr as can be seen from the pronounced low energy
part of the distribution (notice that all intensities have been divided by a factor of four for
50 mTorr). Most ions that enter the sheath become accelerated through the entire sheath
potential. Similar to argon, a transition from 50 mTorr to 100 mTorr is observed resulting
in significantly reduced ion energies at higher pressures (cf., Fig. 4.29-d). As discussed for
a variation of the pressure in argon, this might indicate a stochastic-Ohmic heating [278]
and/or an o-y mode discharge transition [5]. At higher pressures, the sheath becomes
more collisional and ions traversing the sheath region will experience a further enhanced
probability of collisions with mainly the background neutral gas. This results in both
momentum and energy transfer leading to peak-broadening and moving the IDFs towards
lower energies. The low energy part of the IDFs appears to become more pronounced at
higher pressures which is due to enhanced sheath collisions. From results of sheath
simulations for HBr discharges, these findings are confirmed in general (see section 2.5.2).
However, there is rather poor agreement between measured ion energies and those
obtained from HPSM simulations (cf., Fig. D.2-k). This is attributed to deviations between
the chosen constant input parameters (like rf voltage, electron temperature, electron
density, gas temperature) and reality. Further, the mentioned insufficient collisional
parameters in the HPSM code for the implemented molecular species HBr™, H; and Br;
lead to ion energies at the ground electrode which are not as severely affected by the
neutral gas pressure as observed for Br* ions (cf., Fig. D.2-k). At pressures exceeding 300
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mTorr, measured IDFs eventually become completely suppressed. This can be seen from
the sharp drop (by several orders of magnitude) in the calculated ion flux in Fig. 4.29-e.
The comparably high sheath thickness observed in HBr discharges will lead to an enhanced
loss of ions through inelastic collisions at high pressures, until finally at very high pressures
almost no ion is able to transit the sheath without experiencing inelastic collisions anymore.
The IDFs for ZHZ and 1605r; ions plotted in Fig. 4.29-b and Fig. 4.29-c support these
findings, all ion species investigated are found to be suppressed below the detection limit
at high pressures. Note that IDF intensities for zHg and 160Br;r have also been divided by
a factor of four at 50 mTorr pressure. The bimodal peak structure observed for ZHZ ions
(which is due to the light ions being able to follow the 60 MHz frequency) finally becomes
suppressed at high pressures. The low-energy peak indicating charge exchange near the
sampling aperture is not influenced by the discharge pressure.
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lowest energy peak. The IVDFs are plotted without applying corrections for the offset in the energy
scale.

60+2 MHz dual frequency discharges

In Fig. F.3-a the 2 MHz rf probe voltage is plotted for a variation of the discharge pressure
from 50 mTorr to 600 mTorr and different substrates, where both 60 MHz and 2 MHz power
were hold constant during the experiments. When decreasing the process pressure, the rf
probe voltage is observed to increase by a power law during dual frequency operation.
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From these findings the ion energy is expected to increase as well at lower pressures.
However, from the IDFs for 7°Br* plasma ions plotted in Fig. 4.30-a, these conclusions are
not supported after applying corrections for the floating potential that builds up at the
orifice plate (Fig. 4.30-e). Mean ion energies are observed to increase slightly for Br* and
more strongly for H; while increasing the pressure. This behavior does not agree with
sheath simulations for a pressure variation in HBr discharges (see section 2.5.2 and Fig.
D.2-k in appendix D). Differences are believed to be due to deviations from the assumed
electron temperature, rf voltage, electron density and gas temperature during the
experiments, which are sensitive parameters influencing the complex sheath dynamics for
the 60+2 MHz dual frequency discharges. The increasing mean ion energies observed when
rising the pressure are further in contrast to results obtained from comparable argon
discharges (cf., Fig. 4.13-b). The low energy shoulder occuring at 100 mTorr is attributed
to a decreased ion mean free path due to an enhanced probability of collisions in the sheath
(cf., Fig. 4.30-a). As the pressure increases further, the high energy contribution in the IDF
is reduced and the low energy contribution in the IDF becomes more prominent. At higher
pressures, elastic scattering starts to dominate over charge exchange collisions and washes
out the IED peaks.
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Figure 4.30: (a) ’°Br™, (b) ZH; , (©) 160Br;r ion distribution functions for pressure variation in 60+2
MHz dual frequency HBr discharges (1500+1500 W 60+2 MHz power, 300 sccm HBr gas flow rate,
no magnetic field, silicon substrate); (d) corresponding mean ion energies; (e) relative ion fluxes
(solid squares, logarithmic scale) and floating potentials at the extraction aperture (open squares) as
determined from the position of the lowest energy peak; (f) scaling of double peak separation with
ion mass. The IVDFs are plotted without applying corrections for the offset in the energy scale.
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These findings are in agreement with the development of the 160Br;r IDF structures from
Fig. 4.30-c. The IDFs obtained for ZH; are observed to exhibit the characteristic four peak
structures at low pressures which is attributed to the ions responding to both the 60 and
the 2 MHz frequency. By increasing the pressure this structure is efficiently damped, and
further the low energy contribution in the IDF becomes more prominent. Note that for
reasons of better illustration ion distributions obtained for 50 mTorr have been scaled down
accordingly (cf., Fig. 4.30-a to Fig. 4.30-c). In Fig. 4.30-f, the peak separation of the
characteristic double peak is demonstrated to scale with the inverse square root of the ion
mass, according to (1.64). Results for 100 mTorr pressure were chosen for this
demonstration since secondary peak structures from the dual frequency sheath modulation
as well as charge exchange collisions in the sheath start to dominate the saddle structure
at higher pressures, and therefore do not allow for a precise determination of the peak
separation of the bimodal structure.

From Fig. F.3-b (in appendix F), the current is observed to increase when increasing the
pressure. This supports the idea of an increased number of collisions in the plasma,
resulting in a higher electron density. When rising the discharge pressure, the current is
found to increase strongly for SiO,, whereas only slight changes are observed for bare
silicon substrates. Ion fluxes at the reactor wall plotted in Fig. 4.30-e are found to exhibit
a rapid decrease when increasing the pressure. These findings are attributed to a significant
loss of these ions due to an increasing number of collisions in the sheath, or enhanced
recombination effects in the plasma bulk.
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Figure 4.31: Etch rates for variation of the pressure in 60+2 MHz HBr discharges (1500+1500 W
60+2 MHz, 300 sccm HBr gas flow rate, no magnetic field) for (a) silicon from gravimetry, and (b)
SiO, from gravimetry (full squares) and 49 point ellipsometry measurements (open squares).

The ion-assisted chemical etch rates for silicon as a function of the applied discharge
pressure for constant 60+2 MHz power levels (1500 W each) are plotted in Fig. 4.31-a. A
significant gain in the etch rate is observed while increasing the pressure, until at
intermediate pressures of 250-300 mTorr the highest etch rate of about 650 nm/min is
measured. Increasing the pressure further yields a sharp drop in the etch rate, until a
saturation occurs above 450 mTorr. From the investigations above, the etch process might
be enhanced by the higher ion energies measured at higher pressures. Additionally, at high
pressure a higher number of HBr molecules is provided which can be dissociated into
hydrogen and bromine atoms. These species subsequently form etch products (like SiBr,)
during chemical reactions at the silicon surface. The ion flux which strongly supports the
etch process, was found to decrease strongly at higher pressure. This behavior could
explain the silicon etch rate which is found to drop at pressures exceeding 300 mTorr.
Additional limitations by a decreasing mean ion energy (due to enhanced collisions in the
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sheath) are not supported by IDF measurements. SiO, etch rates plotted as a function of
process pressure develop quite similar to those measured for silicon (cf., Fig. 4.31-b).
Again, a reduced ion flux at high pressures is believed to mainly limit the etch rate at higher
pressures. From comparison of Si and SiO, etch rates, the selectivity will increase slightly
at higher pressures which is attributed to the continuously dropping SiO, etch rate while
the silicon etch rate finally saturates at high pressures. The high standard deviation of the
oxide etch rate in the intermediate pressure regime determined from ellipsometry (open
squares) is attributed to a markedly higher etch rate at the wafer edge region, resulting in
a considerably nonuniform etch rate distribution across the wafer. From comparison in Fig.
4.31-b, this can cause stronger deviations from an integral gravimetry technique (full
squares).

4.3.4 Variation of gas flow rate
60 MHz single frequency discharges

For the experiments conducted here, a variation of the HBr gas flow rate was performed
in the range of 100 sccm to 900 sccm, 60 MHz power and reactor pressure were held
constant at 1500 W and 150 mTorr, respectively. The following discussion of gas flow
effects is based on an IDF analysis for 7°Br* only, and silicon etch rates. A high flow rate
will generally result in a lower residence time for plasma species inside the reactor, but is
initially not assumed to affect ion energies. However, the gas flow dependency of the IDFs
for 7°Br* plotted in Fig. 4.32-a reveals a distinct influence on the ion energy. After
corrections applied to the offset IDF scale, mean ion energies are found to decrease from
21.7 eV for the lowest gas flow rate (100 sccm) to 14.6 eV for 900 sccm. The decrease of
the mean ion energy appears comparable with the decrease observed when rising the
pressure above 50 mTorr (cf., Fig. 4.29-d) and therefore hints a correlation to the gas
density. As discussed for argon, spatial variations of the discharge pressure from reactor
simulations however remain negligible and can not explain the observed changes. Here,
the decreasing ion energies are further in contrast to the slightly increased ion energies
observed for comparable gas flow experiments in 60 MHz argon discharges (cf., section
4.2.4). Floating potentials determined as a reference to correct for the energy scale offset
(Fig. 4.32-c) are not found to deviate much besides a slightly lower value detected for 100
sccm gas flow rate. Deviating floating potentials however can not correct for the large
differences of the shifted IDFs at different HBr gas flow rates. The ion flux plotted in Fig.
4.32-c exhibits a maximum at 500 sccm HBr gas flow rate. As discussed for argon
discharges, the observed phenomena could be caused by changes in the neutral gas
temperature of the nonuniformly distributed background gas (and/or changes in the Brt
ion uniformity distribution), which in turn can be due to distinct turbulences at high gas
flow rates and heating induced by surface processes at the powered electrode [13]. As
observed from HPSM simulations for a variation of the neutral gas temperature in HBr
discharges, a decreased mean ion energy could result from a decreasing gas temperature
at high gas flow rates (cf., Fig. D.3-k). However, an impact of the gas temperature alone
would require changes of several hundred centigrades, to cause a shift of about 7 eV. It is
more likely that other discharge parameters like electron temperature, plasma density, etc.
change as well, yielding the observed changes of the ion energies. Since the plasma density
depends on the electronegativity of the discharge chemistry, this might also be a reason
for the observed differences between the different types of discharges investigated in this
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work. The question whether the Br* jon uniformity distribution differes from that of an Ar*
distribution in argon discharges (due to differences in the ratio of dissociative/direct Br*
ionization and an indirect ArT ionization and the respective residence time inside the
reactor) can not be answered at this point and should be subject of further analysis.
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Figure 4.32: (a) 7°Br* ion distribution functions for variation of the HBr gas flow rate in 60 MHz
frequency HBr discharges (1500 W, 150 mTorr, no magnetic field, silicon substrate); (b)
corresponding mean ion energies; (c) relative ion flux (solid squares) and floating potentials at the
extraction aperture (open squares) as determined from the position of the lowest energy peak. The
IVDFs are plotted without applying corrections for the offset in the energy scale.
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Figure 4.33: Silicon etch rates (as determined from gravimetry) for variation of the HBr gas flow
rate and different 60 MHz powers displayed as a function of (a) gas flow rate and (b) corresponding
residence time (150 mTorr, no magnetic field).

Besides influencing ion energy distributions, changing the gas flow is expected to affect
etch rates since chemical reactions are involved. For 60 MHz single frequency discharges,
the silicon etch rate is found to considerably increase when increasing the gas flow rate, or
decreasing the residence time, respectively (Fig. 4.33-a and Fig. 4.33-b). The
enhancement in the silicon etch rate will additionally depend on the 60 MHz power level.
These findings support both a chemical as well as a physical etch component that
determine the silicon etching process in HBr discharges. Increasing the 60 MHz power
yields an enhanced HBr dissociation, and hence creation of more bromine radicals. A high
HBr flow will probably result in a lower degree of dissociated HBr, but also reduce the
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concentration of reaction products in the gas phase. A more efficient desorption and
removal of etch products on the silicon surface can occur from a decreased residence time.
In addition, increasing 60 MHz power also yields somewhat higher ion energies due to the
increasing self-bias. Moreover, increasing the 60 MHz power will also give rise to the ion
flux, as discussed earlier. The different mechanisms will all contribute to the observed etch
rate dependency. From comparison to 60 MHz power and NF5 gas flow rate variations in
NF53 discharges discussed in section 4.4.4, the offset at the lowest gas flow rate for HBr
indicates a more pronounced physical etch component.

60+2 MHz dual frequency discharges

Increasing the HBr gas flow rate for constant 60+2 MHz power (1500+1500 W) and
pressure (150 mTorr) in dual frequency HBr discharges yields even more severe changes
to the structure and energies of measured ion distributions, compared to those obtained
from single frequency discharges. Here, investigations of gas flow effects in dual frequency
HBr discharges are limited to the discussion of an IDF analysis for 7°Br* only.
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Figure 4.34: (a) 7°Br™ ion distribution functions for variation of the HBr gas flow rate in 60+2 MHz
dual frequency HBr discharges (1500+1500 W 60+2 MHz power, 150 mTorr, no magnetic field, silicon
substrate); (b) corresponding mean ion energies; (c) relative ion flux (solid squares) and floating
potentials at the extraction aperture (open squares) as determined from the position of the lowest
energy peak. The IVDFs are plotted without applying corrections for the offset in the energy scale.

The peak splitting of the double peak structures is determined by the 2 MHz frequency
(cf., Fig. 4.34-a). Contributions of the 60 MHz are not visible which is due to the heavy
bromine ions being unable to respond to the 60 MHz frequency sheath modulation. The
peak splitting becomes broader when increasing the gas flow rate. Interestingly, the lower
energy peak of the saddle-shaped structure remains at about 35 eV after applying
corrections to the shifted distributions by using the low-energy peak position from Fig.
4.34-c. Due to the broadening, the maximum energies observed are 58/69/74/79/82 eV
for corresponding gas flow rates of 100/300/500/700/900 sccm, corresponding mean
energies plotted in Fig. 4.34-b are found to increase from about 41 eV at 100 sccm to 57
eV at 900 sccm HBr gas flow rate. Interestingly, the increase of the mean ion energy
appears comparable with that observed from Fig. 4.30-d when rising the discharge
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pressure (although the pressure is hold constant for the gas flow rate variation) which
indicates again a correlation to the neutral gas density. The floating potential at the non-
conducting sampling orifice plate is decreasing considerably, as can be seen from Fig. 4.34-
c. Further, the ion flux will exhibit a drastic decrease by increasing the gas flow rate from
100 to 300 sccm, further increasing the gas flow rate yields an ion flux that starts to rise
again.

From comparison to 60 MHz HBr discharges, both 7?Br™* ion flux and energies appear to
scale inversely here. Also, ion energies exhibit a stronger incline in HBr dual frequency
discharges (Fig. 4.34-b) compared to the decline observed for HBr single frequency
discharge operation (Fig. 4.32-b). The increase of ion energies at the reactor wall is
generally comparable to argon discharges, despite the distinct higher absolute changes for
79Br* ijon energies. Variations of the neutral gas temperature alone can not explain the
strong scaling for 7°Br* ion energies, nor the non-monotonical development of the
measured ion flux here. It appears to be more likely that the discharge operation point is
subject to strong deviations when changing the gas flow rate (from changes of the different
plasma parameters discussed before). More satisfying explanations can not be given here
and should be subject to further investigations.

4.3.5 Variation of magnetic field
60 MHz single frequency discharges

From an IDF analysis for 7°Br* plasma ions for different stationary magnetic fields in the
0-140 G range at constant 60 MHz power (1500 W) and discharge pressure (150 mTorr),
ion flux and mean ion energy were obtained again after averaging over the four
distributions corresponding to the operating modes (I)-(IV) of the pairwise driven
electromagnetic coils (cf., Fig. F.5-a to Fig. F.5-g in appendix F). The ion flux in Fig. F.5-g
increases considerably in the presence of a magnetic field, following the predictions from a
higher degree of ionization through increased electron collision rates. Unexpectedly, ion
energies measured at the reactor wall increase with magnetic flux density (Fig. F.5-f).
Comparing experimental results with HPSM calculations in Fig. D.5-k (appendix D) does not
confirm the strong changes observed from simulations. This is again believed to be due to
strongly inhomogeneous sheath distribution that can considerably deviate in both
magnitude and geometry from the homogeneous magnetic field applied for the HPSM
calculations. As discussed for argon, the experimental setup may not be representative for
a time-averaged sheath thickness occuring during a constant rotation of the magnetic field.

60+2 MHz dual frequency discharges

In Fig. F.6-a to Fig. F.6-e (appendix F), ion distribution functions for 7°Br* are plotted for
different magnetic fields up to 140 G during 60+2 MHz frequency discharge operation for
constant pressure and power. The characteristic bimodal IDF structure can become
considerably distorted as a result of a highly nonuniform plasma which in turn influences
the sheath dynamics, as discussed earlier. Sheath distortions from the stationary magnetic
field might explain the higher ion energies observed for ions incident at the reactor wall, as
compared to discharges without the presence of a magnetic field (cf., Fig. F.6-f). The
averaged Br ion flux is plotted as a function of the magnetic field in Fig. F.6-g. Again, the
ion flux is found to increase when a magnetic field is present. A maximum ion flux is
recorded at 110 G which also yielded the highest ion flux in 60+2 MHz argon discharges.
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From examination of the measured IDFs, the complex sheath dynamics for the dual
frequency discharges now additionally influenced by the presence of a magnetic field
complicate a more precise description of the detailed processes that occur. Generally, IDF
measurements performed during application of a stationary magnetic field appear not
suited to simulate typical MERIE discharge conditions, and a gain in knowledge about
discharge behavior and interactions influencing etch results remains limited.

In contrast to the IDF measurements, rf probe and etch rates measurements were
conducted while simulating a rotating magnetic field from application of a 0.25 Hz
sinusoidal voltage to the magnet coils. From these experiments, the rf probe voltage is
found to strongly decrease for both silicon and SiO,/Si substrates (cf., Fig. F.4-a in
appendix F). This supports a sheath voltage that decreases (as a result of higher plasma
densities) to a higher extent than a somehow increased voltage across the plasma bulk.
The change in the measured voltage is however smaller than that observed for the power
variation. Scaling of the rf voltage was found to agree to some extent to the scaling of
sheath thickness and dc bias voltage from HPSM calculations for 60 MHz Ar discharges (cf.,
Fig. C.5-a and Fig. C.5-d in appendix C) and 60 MHz HBr discharges (cf., Fig. D.5-a and
Fig. D.5-e in appendix D). From rf voltage measurements, an onset of saturation is
indicated for high magnetic fields when using bare silicon substrates, and around 70 G
when silicon substrates with an about 2 pm thick SiO, top layer were used. In principle,
scaling of the sheath thickness appears to be predominantly determined by the 60 MHz
frequency for the dual frequency discharges investigated here. As described above,
measured ion energies are not found to decrease according to the decline of measured rf
voltages. Nevertheless, mean ion energies calculated from measured IDFs appear to be
roughly comparable to results from HPSM simulations for HBr (Fig. D.5-k) with regards to
absolute values. Scaling of ion energies might change when applying rotating magnetic
fields, and ion energies are expected to decrease according to the decline observed for the
measured rf voltage. The rf current plotted in Fig. F.4-b increases which implies an
increased electron density from enhanced collisions in the plasma bulk.
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Figure 4.35: Etch rates for variation of the magnetic field (1500+1500 W 60+2 MHz, 150 mTorr,
300 sccm HBr gas flow rate) for (a) silicon from gravimetry, and (b) SiO, from gravimetry (full
squares) and 49 point ellipsometry measurements (open squares).

From Fig. 4.35-a, the silicon etch rate is observed to continuously increase by about 20%
from 10 G to the maximum of 120 G applied here. The enhanced silicon etch rate is
expected to be mainly due to a higher density of bromine atoms. This can occur from
enhanced collisions of electrons with the neutral gas in the plasma bulk which will yield an
enhanced dissociation of HBr. Furthermore, an increased ion flux supporting a chemical
reaction at the silicon surface will contribute as well, whereas purely physical sputtering is
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believed to play only a minor role here. The influence of the weak magnetic field on the
silicon dioxide etch rate in Fig. 4.35-b reveals a different picture. The higher mean etch rate
calculated from 49 point ellipsometry measurements (plotted with open squares) for
magnetic fields in the range of 20 to 80 G is caused by a more nonuniform etch rate pattern
with strongly pronounced etching at the wafer edge area. Results from weight loss
measurements (plotted with full squares) are comparable to ellipsometry results from the
wafer center, where the etch rate remains constant up to the wafer edge region. From
results of weight loss measurements, the Si-to-SiO, selectivity appears to remain
essentially constant with respect to the magnetic field.

4.3.6 Summary

Similar to argon, separate control of ion energy and ion flux by the dual frequency
operation can be achieved as well in HBr discharges. In contrast to argon discharges, the
60 MHz frequency determines both ion flux and radical formation from dissociation of the
HBr molecular feed gas. Bromine plasma ions were usually monitored since they are most
relevant determining the etch process. To allow for more detailed investigations of the
sheath dynamics, light molecular hydrogen ions as well as heavy molecular bromine ions
were monitored additionally from HBr discharges. As expected, the IDF peak splitting
increases with rf voltage and decreased with rf frequency and ion mass. Light hydrogen
ions respond best to the time dependence of the sheath potential and measured IDFs reveal
a clear separation of the double peak structure even for 60 MHz frequency operation. Ion
energies of low mass hydrogen molecules usually appear evenly distributed over a broad
range which is due to the light ions being able to respond to temporal variations of the
sheath potential caused by the low and high frequency component. At high 60 MHz power
levels, effects from the high frequency dynamics become obvious where the saddle shaped
structure splitted into four peaks. For the heavy atomic and molecular bromine ions
species, high frequency oscillations could not be resolved. Consequently, IDFs are mainly
controlled by the dynamics of the low frequency component. This reflects the fact that
control over the energy of light ions in molecular discharges can not be achieved to a
comparably high extent observed for heavy ion species. In practice, these light molecular
ions may however only play a minor role during etching.

Interactions between the two frequencies are observed as well. By increasing the 60 MHz
power, the distribution shifts to lower energies which is attributed to a decreased sheath
voltage at higher plasma densities. In contrast to argon, contribution of sheath collisions
to the low energy part of ion distributions is generally higher in HBr compared to Ar
discharges. Unlike observed for argon, the sheath in HBr discharges appears already more
collisional at 50 mTorr. This supports the idea of a generally higher sheath thickness for
hydrogen bromide as compared to typical argon discharges, which is very likely due to a
higher mean electron temperature in HBr discharges [215]. These findings are further
supported from considerably wider peak separations of (mainly 2 MHz frequency)
modulated Br* , Br; and H; IDFs in dual frequency HBr discharges (Fig. 4.25), compared
to Art IDFs measured in dual frequency argon discharges (Fig. 4.10). Due to pronounced
sheath collisions for the relatively high pressures applied, mean ion energies will be
typically lower than the time averaged sheath potential. Compared to argon, the higher
collisionality for HBr is also due to formation of radicals from HBr dissociation caused by
the 60 MHz rf source. The high frequency thus allows to control the ion flux but also
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influences the mean ion energy more notably by formation of radicals that yield more
pronounced scattering in the sheath than in the argon case.

Investigations of HBr discharges strongly indicate that silicon is chemically etched and
etch reactions are induced and strongly supported by ion energy, whereas SiO, appears to
be predominantly physically sputtered. Comparing mass spectra for HBr discharges with
Si0, and bare silicon substrates supports these findings. SiBr, species (SiBrt, SiBr,*,
SiBr3*, SiBrs*) indicate the main etch products of the chemical reaction involved in the
etch process. From application of APMS, SiBr,* (x=1...3) products result from dissociative
ionization of SiBr, molecules inside the ionizer of the EQP. The etch process can hence be
characterized by the reaction

Si+4Br — SiBr, (4.6)

forming volatile SiBr, which is required to leave the surface in order to proceed etching.
SiBr4 etch products were only detected when exposing silicon surfaces to the plasma. The
absence of SiBr, products in case of etching SiO, supports the major role of physical
sputtering by bromine ions. However, SiBry etch products may also be efficiently
dissociated in the plasma and partially redeposited after formation of SiBr,O, if oxygen is
present in the discharge. Remaining low SiBr4 concentrations in the plasma may prohibit
detection by the mass spectrometer.

Etch rates were observed to rise almost linearly with 60 MHz power. Significantly
enhanced contribution is found from increasing the 2 MHz power level. At high 2 MHz power
levels, the etch rate finally starts to saturate. Once initiated by a sufficient amount of ion
energy, silicon etch rates are chemically driven whereas pronounced physical sputtering is
effective for etching silicon dioxide with HBr. Maximum silicon etch rates were found at
intermediate pressures, where a balance of high ion energies, ion fluxes and radical
densities determine the etch process. A reduced ion flux at high pressures is believed to
mainly limit etch rates at high pressures. From studies of the influence of HBr gas flow rates
it was found that rising gas flows can yield higher silicon etch rates. High HBr gas flows
might result in a lower degree of dissociated HBr (due to a lower residence time of species
in the reactor), but more importantly reduce the concentration of reaction products in the
gas phase through a more efficient desorption and removal of etch products on the silicon
surface. The presence of magnetic fields can further enhance silicon etch rates. This is
expected to be mainly caused by a higher density of bromine atoms as a result of enhanced
electrons-neutral collisions in the plasma bulk enabling an enhanced dissociation of HBr.
Furthermore, an increased ion flux (which supports chemical reactions at the silicon
surface) will contribute as well, whereas purely physical sputtering is believed to play only
a minor role here.

Besides significant contribution from ion flux and ion energy, maximum etch rates appear
limited by radicals densities and an efficient removal of etch products from the substrate
surface. This indicates requirements for a certain discharge pressure, feed gas flow rates
and application of additional magnetic fields. At medium discharge pressures, ion
distribution functions will predominantly consist of low and medium ion energies where the
high pressure tail is supressed due to sheath collisions. Also, off-axis scattering in the
sheath becomes more severe which expresses the need of an appropriate sidewall
protection when etching high aspect ratio features.

Due to a strong physical enhancement of the silicon etch process with HBr and an almost
purely physical sputtering of SiO,, changes in the Si-to-SiO, selectivity are primarily
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caused by changes of the chemical etch component during silicon etching (cf., Fig. 4.36-a
and Fig. 4.36-b). The selectivity was found to remain above 5:1, where from investigated
discharge parameter settings minimum selectivities occured at low discharge pressures.
The chemical etch component must be fairly low but still play a non-negligible role, when
comparing results from HBr discharges to purely physical sputtering in argon discharges
(were selectivities generally ranged between 1:1 and 2:1). The etch selectivity increases
with pressure and magnetic field which indicates enhanced chemical etching on bare silicon
substrates. Besides pressure and magnetic field, the chemical etch component can be
influenced by 60 MHz power which determines dissociation of the feed gas molecules and
hence radical formation. It should be noted here, that 60 MHz power will also yield a certain
physical etch contribution through influencing the plasma density (yielding a higher ion flux
to the substrate) and ion energy (due to self-bias effects and assumed higher neutral gas
temperatures during discharge operation).
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Figure 4.36: Etch rates collected from all hydrogen bromide discharge experiments discussed in
this chapter and plotted as a function of (a) 60 MHz source power for silicon; (b) 2 MHz bias power
for silicon dioxide.

Halogen molecules like SiBryF, (x=0...3, y=4-x) indicate sputtering and chemical etching
of adsorbed layers or byproducts from former NF3 plasma clean processes. However from
etch rate studies, this was not found to noticably influence etch processes at the substrate
surface. The reactor walls can contain significant amounts of fluorine being incorporated
during NF3 plasma clean processes. The fluorine is efficiently removed during HBr discharge
operation which is likely to occur through plasma activation and formation of HF [258].

4.4 Nitrogentrifluoride discharges

For application of mass resolved ion energy analysis, 1°F* ions were chosen to be
monitored to study the plasma and sheath behavior for different NF3 discharge conditions
examined in this work. Fluorine is known to play a major role in chemically etching silicon
and SiO5 [110], and hence should strongly contribute to the etch rate during RIE of silicon
high aspect ratio structures. Impact of the fluorine chemistry on the Si-to-SiO, selectivity
is of major importance, since for example a high degree of anisotropy has to be ensured to
allow for proper profile control during HAR (High Aspect Ratio) etching, the top CD of HAR
structures has to be maintained to ensure maximum supply of reactants with minimum ion
scattering, and consumption of the SiO, hard mask must be minimized to achieve the
required etch depth.
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4.4.1 Neutral mass spectra and degree of dissociation

In Fig. 4.37-a, a typical mass spectrum is shown for NF3 from the reactor when the
discharge is off. The spectrum is also found to agree (to within the known uncertainties)
with a “standard” NF3 mass spectrum that is obtained at 70 eV nominal electron-impact
energy [219]. Traces of HBr and relatively large amounts of humidity are found as well
resulting from contamination of the EQP system due to monitoring hydrogen bromide
discharges. The peak identified with HF" is believed to result from either dissociative
ionization of HBr and/or H,0 and fluorine containing molecules inside the EQP ionizer, or
direct ionization of stable HF formed inside the plasma reactor during preceding plasma

processes. The Art peak results from small additions of argon feed gas to NFs.
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Figure 4.37: Mass spectrum of neutral species ionized by 70 eV electrons for (a) NF3 (+Ar) gas
sampled from the reactor without discharge; (b) NF3 (+Ar) gas sampled from the reactor with rf
discharge (150 mTorr, 1500 W 60 MHz power, 300 sccm NF3 + 16 sccm Ar gas flow rate, silicon
substrate); (c) difference of mass spectra b-a (negative values indicate a loss when the discharge is
on).

The mass spectrum for the discharge-on case is shown in Fig. 4.37-b. The recorded
spectrum exhibits a reduction in the relative intensities of ions derived from NF3, such as
NF%L, NFEL and NF+, and the appearance of ions such as HF+, N;, O;, N20+/Si0+,
SiF+, SiF;r and SiF:{ that are associated with discharge-generated decomposition and
reaction products like HF, N,, O,, and SiF,. SiF, molecules are mainly formed from
chemical etch processes at the surface of the silicon substrate. Etch products from erosion
of the quartz ring that is mounted to the electrostatic chuck and from silicon deposits inside
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the reactor will contribute to the total amount of SiF, as well. The mass peak at
m/q = 44 u is attributed to both N20+ and SiO" . These ions result from N>O (or NyOy)
and SiO [280,281] which are both volatile products that can effuse into the EQP (formation
of Si0™ from SiO, is excluded here since SiO, is not a volatile product). The ratios of the
m/q = 85 u mass peak to the further observed mass peaks at m/qg = 86 u and
m/q = 87 u are consistent with the known relative abundance for the isotopes of SiF3
(which is mainly influenced by the relative abundance for the isotopes of silicon).

Fig. 4.37-c shows the difference mass spectrum which is obtained after subtracting the
mass spectrum recorded when the discharge was on from the mass spectrum recorded for
the same mass-spectrometer settings when the discharge was off. Notice the decrease of
the Ar™ peak which indicates dilution effects due to creation of large amounts of SiF, etch
products, reducing the partial pressure of the feed gas components (gas flow rates of both
feed gases as well as the discharge pressure remain constant during the process). The
difference mass spectrum enables to estimate upper and lower limits for the dissociation
of NF3 in the discharge. Estimates described in the following are based on a methodology
described in [80] and applied here to the recorded intensities of NF;,r for plasma-on
Srf(NFT;) and plasma-off SO(NF;) conditions. The NF;r ion was chosen because it results
from direct electron impact ionization of the parent NF3 molecule. As confimed by APMS,
further ions such as NF;r and NF' are predominantly created through dissociative
ionization of NF3 feed gas molecules.

Unkown effects caused by elevated gas pressure and temperature due to feed gas
dissociation and discharge heating only allow to estimate limits of the dissociation fraction.
The pumping system maintains both a constant input gas flow rate and pressure,
regardless of whether the discharge is on or off (i.e., independent of the degree of
dissociation that occurs during operation of the discharge). For an increasing number
density of molecular species or fragments caused by dissociation, the turbo pump throttle
valve opens to maintain a constant pressure. In the extreme case where it is assumed that
the total gas number density does not increase with dissociation, an upper limit on the
dissociation fraction can be obtained

_ So(NF3)— S (NF3)

D, !
So(NF3)

(4.7)

In contrast, for the assumptions that two products are formed through dissociation of every
NF3; molecule and that a resulting pressure increase is compensated by the throttling
action, a lower limit for the dissociation fraction can be calculated

. So(NF3)— S ¢(NF3)

Dy m =—. (4.8)
So(NF3)+S¢(NF3)
As some of the dissociation products might recombine through processes such as
NF,+F+M—>NF3+M, (4.9)

the true value for the dissociation fraction can be expected between the limits D, and D,.
The degree of an NF3 dissociation calculated from equations (4.7) and (4.8) as a function
of 60 MHz power and gas pressure is shown in Fig. 4.38-a and Fig. 4.38-b, respectively.
D, and D, are found to increase when rising the 60 MHz power, finally approaching 100%
for power levels exceeding 2500 W. From these results it becomes obvious that
undissociated NF3 molecules comprise less than half of the gas in the plasma reactor.



4.4 Nitrogentrifluoride discharges 147

Different substrates where used to study the 60 MHz power dependency of the NF3
dissociation. Compared to standard silicon substrates, yttria wafers were found to yield a
slightly higher dissociation of the NF3 feed gas. This observation could be explained by
either more efficient power coupling for the yttria substrates (yielding slightly higher power
densities in the plasma with a slightly modified EEDF), and/or a higher secondary electron
emission (leading to an increased dissociation through a higher electron density). From
investigation of a pressure dependency (Fig. 4.38-b) for fixed 1500 W 60 MHz power, the
NF3 dissociation was found to remain constant within the investigated range of 50-500
mTorr. All results shown in Fig. 4.38 were obtained at a constant gas flow rate of 300 sccm
(2.23><1074 mol/s). It is anticipated that the dissociation fraction will also increase with
decreasing flow rates.
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Figure 4.38: Fractional degree of NF53 dissociation (dotted of striped area) with lower and upper
limits determined from equations (4.7) and (4.8) applied to the mass spectral data for (a) NF3
discharges at 150 mTorr with different 60 MHz power levels applied for silicon (dotted area) and yttria
substrates (striped area) covering the electrostatic chuck surface; (b) NF3 discharges with 1500 W
60 MHz power applied at different pressures using a silicon substrate to cover the surface of the
electrostatic chuck. For all discharge conditions, a constant NF3 gas flow rate of 300 sccm
(2.23><1074 mol/s ) was used.

4.4.2 Variation of power
60 MHz single frequency discharges

Ion distribution functions measured for 1°F* plasma ions sampled from 60 MHz frequency
NF3 discharges at constant pressure and gas flow rate are shown in Fig. 4.39-a for a
variation of 60 MHz power. Similar to investigations in HBr discharges, IDFs start to evolve
from negative energies which indicates that the orifice plate is floating at negative
potentials. When comparing mean ion energies for different 60 MHz power levels (Fig.
4.39-b) after applying corrections for the energy scale offset caused by the floating
potential (plotted in Fig. 4.39-c), F* ions are found to exhibit the highest energies
compared to corresponding 60 MHz discharges for argon (Fig. 4.7-b) and HBr (Fig. 4.23-
d). This might be due to a different sheath structure occuring in highly electronegative NF3
discharges. The strongly increasing F* ion flux from Fig. 4.39-c is apparantly due to a
pronounced generation of fluorine ions from a highly efficient dissociation of the NF3 feed
gas, as described in the previous section. Reasons for the sharp drop at power levels
exceeding 2000 W are currently unclear and should be subject of further investigations.

From Fig. 4.40, both silicon and SiO, etch rates are found to substancially increase when
rising the 60 MHz power. For power levels between 1000 W and 1500 W, etch rates remain
constant which is believed to be due to a constant NF3 dissociation in that range. At higher
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input power, a deeper NF3 dissociation can occur creating higher concentrations of free
fluorine. An efficient NF5 dissociation yielding values between 60% and 100% for silicon
substrates will lead to a formation of fluorine radicals which through chemical reactions at
the substrate surface finally form SiF,4 etch products. The final SiF4 etch product is observed
to be very stable and will not contribute much to the etch rate after its formation. From
comparison to etch rates in SiF4 discharges (cf., Fig. 1.3 in appendix I), contribution from
SiF4 will not exceed 5% for silicon substrates, and remain less than 15% for SiO,
substrates. From ellipsometry measurements, the etch rate uniformity is observed to
decrease for higher 60 MHz power levels, where a higher etch rate is again measured at
the wafer edge region.
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Figure 4.40: Etch rates for 60 MHz power variation (150 mTorr, 300 sccm NF3 gas flow rate, no
magnetic field) for (a) silicon from gravimetry, and (b) SiO, from gravimetry (full squares) and 49
point ellipsometry measurements (open squares).

60 MHz frequency NF5 discharges were chosen also for a quantitative assessment of SiF,4
etch product concentrations, in order to allow for a calibration of the QCLAS technique. For
this purpose, results of the different diagnostics as well as weight loss measurements were
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combined as described in the following. Experiments conducted for this approach were
carefully performed in order to minimize secondary effects, like influences of background
contribution and detector degradation while performing mass spectrometry, and further
degradation of the SrF, optical windows from deposition of thin surface layers which can
cause shifts of the measured intensity for the infrared laser beam of the QCLAS system.

When applying mass spectrometry, background spectra were monitored before each
measurement for correction of measured spectra for the cases when the discharge is turned
on. Additionally, the detector voltage was scanned routinely to avoid influences of an
enhanced degradation on measured intensities. To receive more stable results for peaks
with even very low intensities, integration was performed for the peaks at m/qg ratios of
interest.

After performing mass spectrometry analysis, all isotopes relevant for detected SiF:(r
species (associated with SiF4 etch products) were added after applying corrections for the
mass ratio dependent decrease of the intensity caused by the EQP analyzer (see section
2.4.4). In detail, this can be expressed by

49 475u 485u 495u

ZX=47 SiFt = (47 u)j46 . (q) +(48 u)j47 - (’;7) 1 (49 u)j48 N (Cg_) (4.10)
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where S is the intensity measured by the mass spectrometer in [counts/s], and m/q is
the mass-to-charge ratio in atomic mass units [u]. The SiF,4 partial pressure could then be
obtained from the ratio of the integrated SiF, intensity and the total integrated intensity of
the complete mass spectrum
249 XSiF++Z68 *SiFs +Z *SiFy +Z

x=47 xX=6 2 x=85

104
PsiF, = 512 u = p (4.14)

f,, 4@

where p is the process pressure in the plasma reactor.

Alternatively, calculation of the SiF, partial pressure from weight loss measurements was
performed by the following procedure: First, the molar number of silicon etch species per
time was calculated from

Nsi _ Ams;

(4.15)

with the weight difference of the silicon substrate Amg; determined before and after
etching, the silicon molar mass Mg; = 28.09 g/mol, and the time for etching t. This
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approach assumes negligible contribution of incorporated or deposited materials or layers
at the substrate. Further, an average SiF, flow in [particle per time] can be estimated by
applying the relation

Q _Nsi (4.16)
SiX t A .

which strictly applies for the behavior of an ideal gas. From (4.16), the gas flow rate Q is

calculated in [sccm] from the molar volume V , = 22414 cm>mol™! and the Avogadro

constant N, = 6.022x10>>mol 1. The partial pressure for the etch products can then be
determined from

Py = s

Qfeed t Usix

which assumes all of the silicon etched has been oxidized into stable SiX etch products
containing one silicon atom, further neglecting subsequent dissociation of SiX and
contribution of dissociated products to the etch process.

Now, calculation of SiF4; concentrations measured by QCLAS was performed after
applying corrections for intensity losses caused by a degradation of the SrF, optical
windows. Concentrations were calculated by using equation (3.9), and initially assuming
gas temperatures of 343 K corresponding to the wall and lid temperature that were hold
constant throughout the experiments. Further corrections include accounting for a loss of
SiF,4 due to dissociation in the discharge. For the NF3 discharges investigated here, an
average SiF,4 dissociation of 6% - as determined for pure 60 MHz frequency SiF,4 discharges
(cf., Fig. I.2 in appendix I) - was assumed to apply also for the situation here.

Results for the SiF, partial pressures calculated from weight loss measurements (solid
triangles) and mass spectrometry (solid circles) are plotted in Fig. 4.41-a. Taking into
account uncertainties of the applied methods yields an acceptable correlation for
comparison of the partial pressures. SiF4; concentrations measured with QCLAS are
included in Fig. 4.41-a as well, where a comparison of data is shown after applying
corrections for an SiF, dissociation (solid squares) as well as uncompensated data (open
squares) as a reference. The SiF4 concentrations are found to decrease. This is mainly
attributed to the initial assumption of a constant neutral gas temperature of 343 K which
is obviously not fulfilled for the discharges investigated here, and strictly applies only for
cases when the discharge is off. From these results a knowledge of neutral gas
temperatures for different discharge conditions appears necessary to allow for calculation
of SiF4 concentrations from intensities measured with QCLAS. Through a combined
application of the different diagnostic techniques, temperatures of the SiF4 neutral gas can
be roughly estimated by application of the ideal gas law

(4.17)

_ PsiF,
TsiF, Nar Ko (4.18)
with the SiF, partial pressure pg;, as determined from weight loss measurements or mass
spectrometry, the SiF4 concentration ng;z - as measured by QCLAS, and kg the Boltzmann
constant, and further assuming a uniform density profile (which however is only valid if no
significant gas heating occurs). Calculated temperatures can be used as a rough estimation
of the real mean neutral gas temperature for the investigated 60 MHz NF3 discharges.
Neutral gas temperatures calculated from combined application of weight loss

measurements and QCLAS (solid triangles) as well as mass spectrometry and QCLAS (solid
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circles) are plotted in Fig. 4.41-b. SiF, neutral gas temperatures are found to rise from
about 350°C for a 60 MHz power level of 500 W to above 1000°C for 3500 W. These values
are slightly higher than those obtained from applying a similar procedure for 60 MHz SiF,4
discharges, where SiF4 neutral gas temperatures were calculated to about 230°C at 500 W
and 850°C at 3500 W (cf., Fig. I.4 in appendix I).
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Figure 4.41: Combined application of mass spectrometry, gravimetry and QCLAS for 60 MHz power
variation in NF3 discharges (150 mTorr, 300 sccm NF3 gas flow rate, no magnetic field): (a) SiF4
partial pressure calculated from weight loss measurements (solid triangles) and mass spectrometry
(solid circles), SiF4 etch product concentrations measured with QCLAS uncompensated for variations
of the neutral gas temperature (open squares: data obtained when neglecting an SiF, dissociation,
solid squares: data after applying corrections for an SiF4 dissociation); (b) SiF4 neutral gas
temperatures calculated from combined application of weight loss measurements and QCLAS (solid
triangles) as well as mass spectrometry and QCLAS (solid circles).

For the same plasma reactor used in this work, neutral gas temperatures have been
calculated from Doppler broadening of H, and HB emission lines by application of high
resolution OES in HBr and N,/H, discharges [282]. During these experiments, the pressure
remained constant at 250 mTorr. Whereas neutral gas temperatures for N,/H, discharges
have been measured to increase from 1200 K to 1600 K, the temperature in HBr discharges
dropped from 1700 K to 1400 K when increasing the 60 MHz power level from 1000 W to
4000 W. Compared to these results, SiF4 neutral gas temperatures calculated in this work
are not too far away. From results of forming gas discharges, also the trend of a rising
temperature while increasing the 60 MHz power level is confirmed. For the decrease in case
of HBr it has been speculated that discharge conditions as well as interactions between
reaction products and feed gas species might change when rising the 60 MHz power.
However, this was not observed in this work from mass-resolved ion energy analysis for
the main species constituting the HBr plasma. Although it could not be detected with the
current EQP setup, atomic hydrogen is not belived to be a significant species in HBr
discharges since it will easily recombine to H,, or form HF with the fluorine released from
the reactor walls. Since hydrogen is much lighter than the major species in HBr discharges
(e.g., Br, HBr, Bry, SiBrs), the temperature extracted in [282] may also not represent the
mean neutral gas temperature in such discharges. Comparable high neutral gas
temperatures were furthermore observed in Cl,/BCl; CCP discharges [283], where
temperatures were also found to rise with power and pressure.

60+2 MHz dual frequency discharges

In Fig. 4.42-a to Fig. 4.42-c, IDFs for 19F* are shown for a variation of 60 MHz power at
fixed 2 MHz power of 500 W, 1500 W, and 2500 W, respectively. Compared to IDFs
measured for argon and HBr discharges for similar conditions, the broadest peak separation
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caused by the low frequency sheath modulation at 2 MHz is found for F* ions investigated
here. For NF3, the sheath thickness is expected to be somehow comparable to that for HBr
(from HPSM simulation, section 2.5.2). The comparably light fluorine ions will easily
respond to the 2 MHz frequency, and gain high kinetic energies from acceleration in the
sheath. The fluorine mass is however still too high to respond to the 60 MHz frequency
modulation, as was observed for molecular hydrogen ions in 60+2 MHz dual frequency HBr
discharges. For low 60 MHz plasma excitation, the 2 MHz frequency determines the sheath
modulation where from the high sheath voltage the broadest peak separation and
maximum ion energies are measured. An increasing 60 MHz power leads to the known
reduction of peak broadening which is attributed to thinner sheaths at higher densities. The
lower energy peak of the bimodal structure appears to be preferred which can be attributed
to the non-sinusoidal nature of the sheath voltage. Again, this can cause the minimum of
the sheath potential to be slower varying than the maximum which allows more ions to
enter the sheath during this phase, and hence contributing to the low-energy peak of the
saddle-shaped structure. The floating potential at the orifice aperture determined from the
lowest energy peak is observed to become more negative when increasing the 60 MHz
power level for fixed 2 MHz power (cf., Fig. 4.42-e). These findings agree with those
observed for 60 MHz NF3 discharges.
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Figure 4.42: 19F* IVDFs for 60 MHz power variation in 60+2 MHz dual frequency NF3 discharges
shown for fixed 2 MHz power of (a) 500 W, (b) 1500 W, (c) 2500 W (150 mTorr, 200 sccm NF3 gas
flow rate, no magnetic field, silicon substrate); (d) corresponding mean ion energies; (e) relative ion
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from the position of the lowest energy peak. The IVDFs are plotted without applying corrections for
the offset in the energy scale.
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As illustrated in Fig. 4.43-a, the silicon etch rate increases monotonically when rising the
2 MHz power where the decreasing slope indicates saturation at high power levels. The
influence of 60 MHz source power yields a significant contribution to increase etch rates
further through enhanced dissociation of NF3 and an increasing (fluorine) ion density. This
is a clear demonstration of the well-known mechanism of spontaneous chemical etching of
silicon and SiO, in fluorine chemistry [110], where etch rates can be markedly enhanced
through the impact of ion bombardment energy and ion flux. According to equations (3.15),
(4.15) and (4.16), a maximum possible etch rate of 1715 nm/min could be achieved
assuming a complete conversion of 300 sccm NF3 to SiF4 product molecules as well as N,
byproducts. Etch rates saturate below 85% conversion of NF; feed gas to SiF4 products
(and N, byproducts) which indicates a quite efficient conversion of the feed gas. A limitation
by surface reactions could contribute as well to the observed saturation. From rf probe
measurements it is observed that an increase of the 60 MHz power level yields reduced
voltages (Fig. G.1-a in appendix G), and hence lower ion energies which for medium and
high 2 MHz power levels agrees with the 1°F* mean ion energies plotted in Fig. 4.42-d.
Rising currents (cf., Fig. G.1-b) may indicate higher electron densities in the plasma. Since
NF5 is the most negative of the discharges investigated, negative ions in the plasma bulk
will contribute the major part of negative species. At this point, the degree of
electronegativity (negative ion density to electron density ratio) is estimated to exhibit
about two orders of magnitude, according to [36,37]. This indicates that the ion density
may scale very differently to the electron density. The 1°F* ion flux sampled at the reactor
wall is affected by the 60 MHz power by several ten percent, yielding a maximum around
2000 W (Fig. 4.42-e). Variations observed from different 2 MHz power levels may be
caused by different loss mechanisms in the sheath since the sheath thickness is mainly
controlled by the 2 MHz frequency. Etch rates appear limited by the 60 MHz power which
emphasizes the importance of both chemical etch component and ion flux. For high 60 MHz
power levels, NF3 feed gas molecules are efficiently dissociated where formation of free
radicals is further enhanced through an increasing dissociation of NF3 related fragment
molecules. The chemical etch component is strongly supported by the sputter component
which for 60 MHz is mainly determined by the ion flux (as long as the ion energy remains
sufficiently high), and for 2 MHz is due to a considerable gain in ion energy. The ion flux
denotes an energy supply that enables and/or supports the chemical reactions taking place.
As observed from the F* mean ion energies in Fig. 4.42-d, increasing the 60 MHz power
can result in decreased ion energies (from a decreasing sheath thickness) which would
imply a lower physical etch component provided for initiating/supporting the etch process.
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Figure 4.43: Etch rates for 60+2 MHz power variation (150 mTorr, 300 sccm NF3 gas flow rate, no
magnetic field) for (a) silicon from gravimetry, and (b) SiO, from ellipsometry.
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From comparison of the slopes of the silicon and silicon dioxide etch rates (Fig. 4.43), the
Si-to-SiO, selectivity is found to decrease for both a rising 60 MHz source power as well as
2 MHz bias power. This emphasizes again, that the etch process is chemically driven for
both silicon as well as SiO, surfaces, and a strong enhancement is achieved from physical
ion energy impact. The standard deviation of ellipsometry measurements for determination
of the oxide etch rate increases slightly from initially very uniform etch rates when
increasing the 60 MHz power level, causing again higher etch rates at the wafer edge
region. In contrast, a higher etch rate is observed in the wafer center for 2 MHz dominated
plasmas. This could indicate that skin effects dominate over additional effects here, like
electric field distribution between wafer edge and focus ring, plasma penetration into the
gap between wafer and focus ring, and temperature gradients between wafer and quartz
focus ring. SiO, etch rates calculated from weight loss measurements are not shown here
since they were comparable to the plotted ellipsometry data.

4.4.3 Variation of pressure
60 MHz single frequency discharges

During this series of experiments, the pressure was varied between 100 and 600 mTorr
for constant 60 MHz power (1500 W) and gas flow rate (300 sccm NF3). For 50 mTorr
pressure, the plasma could not be stabilized within the range controlled by the matching
unit. Ion distribution functions for °F* plasma ions measured through the insulating
extraction hood fitted to the reactor side wall are plotted in Fig. 4.44-a to Fig. 4.44-c. IDFs
are offset by a floating potential that was examined from the low-energy charge exchange
peak, as given in Fig. 4.44c. The IDF structure is found to exhibit an unresolved double
peak resulting from the inertia of fluorine ions to respond to the oscillations of the 60 MHz
dictated sheath potential. Instead, the ions will experience an average sheath potential
which is described by the position of the unresolved peak. Increasing the pressure yields a
continuous shift of the IDFs to lower energies where mean ion energies are remarkably
reduced (cf., Fig. 4.44-b). The strongly pronounced low energy shoulder indicates a distinct
number of ions experiencing collisions in the sheath. This appears to be due to a high
sheath thickness similar to that calculated for typical HBr discharges. Secondary peak
structures are observed at medium pressures which result from charge exchange collisions
in the sheath. Due to a low probability of elastic collisions, charge exchange collisions
should generally be visible most likely for 60 MHz frequency operation and low pressures.
The reason why charge exchange collisions from the IDFs in Ar and HBr were hardly or not
visible at all could be explained by a high argon gas temperature resulting in a generally
lower neutral density, or the presence of too many different species that suppress the
fraction of resonant collisions in case of HBr. From the extensive dissociation observed for
NF3, a high amount of fluorine radicals is created which apparently yields to situations
where resonant collisions dominate over non-resonant collisions.

While increasing the pressure, the number of collisions with the background gas will
increase as well and elastic scattering starts dominating over charge exchange collisions.
From the measured IDFs for 1°F™ this transition is indicated at around 200 mTorr. From the
multiple peaks at low energies, distributions for 100 and 150 mTorr pressure are clearly
influenced by symmetric charge exchange collisions. Fast fluorine ions collide with the
background gas producing slow F' ions and fast neutrals. The new F* thermal ions are
accelerated towards the electrode by the sheath electric field. Since these ions do not
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experience the full potential drop of the sheath, they appear as structures in the IDF low
energy tail below the time-averaged potential. The energies of the secondary peaks depend
on the sheath position at which the slow ions are formed [7,8]. The number of peaks in the
distribution corresponds to the number of rf cycles it takes the ions to cross the sheath. For
IDFs measured for 100 and 150 mTorr pressure, about 6 secondary peaks are observed
where the peak at the lowest energy (from charge exchange in the proximity of the orifice)
is included. At high pressure, secondary peaks are diminished due to the dominating
contribution of elastic scattering. From the number of charge exchange collisions, a mean
sheath thickness at the ground electrode can be estimated according to equation (1.61)
that describes the collisionless sheath case. The mean sheath voltage at ground can be
extracted from the mean ion energy in Fig. 4.44-b which finally results in a mean sheath
thickness at ground of about 600 um for fluorine at 60 MHz frequency. Since this estimation
is valid only for collisionless sheaths, the real mean sheath thickness must exceed 600 pm
for the collisional case investigated here. Nevertheless, the calculated thickness for the
ground electrode appears to be reasonable.
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Figure 4.44: (a) '°F* ion distribution functions for pressure variation in 60 MHz NF3 discharges
(1500 W, 200 sccm NF3 gas flow rate, no magnetic field, silicon substrate); (b) corresponding mean
ion energies; (c) relative ion flux (solid squares, logarithmic scale) and floating potentials at the
extraction aperture (open squares) as determined from the position of the lowest energy peak. The
IVDFs are plotted without applying corrections for the offset in the energy scale.

From Fig. 4.44-c it can be seen that the F' ion flux at the reactor wall drops sharply, until
at high pressures exceeding 400 mTorr ions from the plasma can not be detected anymore.
This is believed to result from an enhanced negative-positive ion recombination (having a
large rate constant in electronegative discharges [20]) at high pressures, and/or a
decreasing ion generation at high pressures. Besides IDF analysis for F* ions, no further
investigations where performed here but will be subject for dual frequency NF5 discharges
discussed next.

60+2 MHz dual frequency discharges

During these investigations, the discharge pressure was changed from 50 mTorr to 600
mTorr. Both 60 MHz and 2 MHz power were held constant during the experiments, as was
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the NF5 gas flow rate. Ion distribution for F* were obtained at different pressures as shown
in Fig. 4.45-a, without applying corrections for the offset in the energy scale yet. After
correcting for the energy scale offset (cf., Fig. 4.45-c), increasing the pressure from 50
mTorr to 100 mTorr is found to cause a broadening of the pronounced double peak
structure. Further increasing the pressure does not affect the peak separation anymore.
Similar to results from rising the pressure in 60 MHz NF3 discharges, the F* mean ion
energy at the passive electrode is found to drop (cf., Fig. 4.45-b). The ion flux incident at
the reactor wall decreases exponentially (cf., Fig. 4.45-c), until finally for pressures
exceeding 350-400 mTorr no ions can be detected anymore.
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Figure 4.45: (a) 19F* ion distribution functions for pressure variation in 60+2 MHz dual frequency
NF3 discharges (1500+1500 W 60+2 MHz power, 200 sccm NF3 gas flow rate, no magnetic field,
silicon substrate); (b) corresponding mean ion energies; (c) relative ion flux (solid squares,
logarithmic scale) and floating potentials at the extraction aperture (open squares) as determined
from the position of the lowest energy peak. The IVDFs are plotted without applying corrections for
the offset in the energy scale.

From rf probe measurements, the voltage increases strongly when decreasing the
process pressure (Fig. G.2-a in appendix G). Conclusion on the ion energy would lead to
the assumption, that ion energies should increase similarly. However, from the measured
IDFs this was not found to be the case for ions incident on the reactor wall. At this point it
is assumed that a nonlinear scaling can occur for the thickness and voltages of both sheaths
that develop in front of the passive and active electrodes. From HPSM simulations for a
pressure variation in HBr discharges, the scaling exponent that characterizes the discharge
asymmetry (by relating the sheath voltage ratio to the ratio of the electrode areas) was
found to decrease only slightly. Since both the sheath thickness at the ground as well as
the powered electrode were found to decrease by increasing the pressure (when all other
parameters are held constant) it is concluded that other discharge paramters will likely
change simultaneously, until a new working point for discharge operation is reached.

When reducing the discharge pressures, the number of feed gas molecules decreases and
therefore a reduction of the radical density is expected. Although both a higher ion energy
(due to a higher sheath thickness at low pressures) and a reduced number of atoms



4.4 Nitrogentrifluoride discharges 157

required for chemical etching can yield a compensation, the ion-assisted chemical etch rate
for both silicon and SiO, is observed to decrease when reducing the process pressure (cf.,
Fig. 4.46). This is indicative for a limitation by a reduced radical density which confirms that
the etch rate is chemically driven for NF3. The etch rates for both silicon and SiO, are
observed to saturate in the high pressure regime which can be explained by surface
reaction limitations. From the point of saturation, the etch rate could be increased further
by increasing the gas flow rate, as will be shown in the next section. Tuning the two
parameters pressure and gas flow can yield a maximum etch rate for a given power level.
This is achieved by increasing the number of provided fluorine radicals for a chemical
reaction and reducing the residence time of etch species locally hindering the etch rate to
be enhanced.
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Figure 4.46: Etch rates for variation of the pressure (1500+1500 W 60+2 MHz, 300 sccm NF3 gas
flow rate, no magnetic field) for (a) silicon from gravimetry, and (b) SiO, from gravimetry (full
squares) and 49 point ellipsometry measurements (open squares).

From 49 point ellipsometry measurements (open squares in Fig. 4.46-b), the etch rate
distribution is observed to flip from a center fast etch at low pressures to an edge fast etch
process at high pressures. The highest uniformity is achieved at 250 mTorr for the chosen
parameters applied here. At the comparatively high etch rates observed in discharges,
result from gravimetry (full squares in Fig. 4.46-b) agree very well to those obtained from
ellipsometry. According to the chemically driven etch process, the selectivity increases
slightly when increasing the pressure, and hence providing more fluorine radicals for
chemical etching.

4.4.4 Variation of gas flow rate
60 MHz single frequency discharges

In contrast to MFCs used for HBr and Ar which allow for very high gas flow rates, variation
of the NF3 gas flow rate was limited to 200 and 400 sccm, respectively, due to the size of
the installed MFC. The influence of different NF3 gas flows in 60 MHz frequency NF;
discharges was investigated by applying mass resolved ion energy analysis without
changing pressure and 60 MHz power. From Fig. 4.47-a, recorded ion distributions for 1°F*
plasma ions were not found to be subject to changes in ion energies, as was observed for
36Ar* jons in argon discharges and 7°Br* ions in HBr discharges. The F* mean ion energy
at the passive electrode remained constant at about 27 eV for the different NF3 gas flow
rates. From Fig. 4.47-b, the floating potential did not change either by applying different
gas flow rates, however the ion flux increased considerably for high NF3 gas flow rates. As
discussed for Ar and HBr, this is attributed to an increasing plasma density due to a
reduction of the gas temperature. From the ratio of the time constant for ionization and



158 Experimental investigations and results

residence time in the reactor, the F* ion uniformity distribution can be also subject to
changes when increasing the NF3 gas flow. From an unchanged mean ion energy,
temperature deviations might be small compared to changes observed for Ar and HBr
(since the maximum flow rate is only about half of the argon or HBr gas flow), and
compensation by other discharge parameters might contribute as well.
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Figure 4.47: (a) '°F* ion distribution functions for variation of the NF3 gas flow rate in 60 MHz
frequency NF3 discharges (1500 W, 150 mTorr, no magnetic field, silicon substrate); (b)
corresponding relative ion flux (solid squares) and floating potentials at the extraction aperture (open
squares) as determined from the position of the lowest energy peak. The IVDFs are plotted without
applying corrections for the offset in the energy scale.

Influences of 60 MHz power and NF3 gas flow rate on the silicon etch rate was studied as
well (Fig. 4.48-a to Fig. 4.48-c). From these investigations, the following conclusions can
be drawn: As described in the previous sections, the silicon etch rate is driven by the radical
concentration in the gas phase. Increasing the 60 MHz source power yields a higher degree
of the NF3 dissociation and hence creation of higher amounts of free fluorine. A high NF3
flow will probably result in a lower degree of dissociated NF3 but also reduce the
concentration of reaction products in the gas phase, as described before. A more efficient
desorption and removal of etch products occurs due to a decreased residence time. The
number of etch species adsorbed on the sidewall is efficiently reduced, offering a larger
surface area for enhanced etching. At high 60 MHz power and NF3 gas flow combinations,
the silicon etch rate starts to saturate due to surface reaction processes becoming rate
limiting.

Similar but less pronounced effects were found for SiO, (Fig. 4.48-d to Fig. 4.48-f). As
observed for a variation of process pressure, the selectivity drops slightly for an increased
residence time which is due to the silicon etch rate that changes drastically for a variation
of the gas flow rate. Nonuniformities in the etch rate distribution pattern across the wafer
yield high values for the standard deviation at high 60 MHz source power where a further
increase is found for high gas flow rates. The hat-shaped etch rate pattern measured from
49 point ellipsometry is observed to flip when increasing the 60 MHz source power: At low
source power, high etch rates occur in the center and at the wafer edge area (low etch rates
inbetween both regions), whereas at high 60 MHz power low etch rates are measured in
the center and at the wafer edge region (high etch rates inbetween both regions). The
pattern is not noticably influenced by the gas flow rate.
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Figure 4.48: Silicon etch rates (as determined from gravimetry) for variation of the NF3 gas flow
rate and different 60 MHz powers displayed as a function of (a) gas flow rate, (b) corresponding
residence time, and (c) the product of gas flow rate and source power; silicon dioxide etch rates (as
determined from ellipsometry) for variation of the NF3 gas flow rate and different 60 MHz powers
displayed as a function of (d) gas flow rate, (e) corresponding residence time, and (f) the product of
gas flow rate and source power (150 mTorr, no magnetic field).

60+2 MHz dual frequency discharges

The influence of different NF3 gas flow rates in 60+2 MHz dual frequency NF5 discharges
was investigated from recorded 1°F* ion distributions. From Fig. 4.49-a and Fig. 4.49-b,
IDF structures and ion energies are affected slightly for different NF5 gas flow rates. The
fluorine ion flux in Fig. 4.49-c was found to strongly increase for high gas flow rates, which
is in agreement with findings for 60 MHz frequency NF3 discharges. Again, this can be
explained by a higher plasma density due to a reduced gas temperature and/or influences
of an F* ion uniformity distribution. As observed for Art and Br* ions in dual frequency Ar
and HBr discharges, respectively, F* ion energies rise with NF3 gas flow rates which can
not be explained by variations of the neutral gas temperature alone. As suggested for flow
variations in argon and HBr, more detailed investigations should be addressed in future
analysis.
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Figure 4.49: (a) °F* ion distribution functions for variation of the NF3 gas flow rate in 60+2 MHz
dual frequency NF5 discharges (1500+1500 W 60+2 MHz power, 150 mTorr, no magnetic field, silicon
substrate); (b) corresponding mean ion energies; (c) relative ion flux (solid squares) and floating
potentials at the extraction aperture (open squares) as determined from the position of the lowest
energy peak. The IVDFs are plotted without applying corrections for the offset in the energy scale.

4.4.5 Variation of magnetic field
60 MHz single frequency discharges

IDF measurements for 1°F* jons were conducted for stationary magnetic fields up to 140
G for constant 60 MHz power (1500 W) and discharge pressure (150 mTorr). Measured F*
ion distributions look similar to those already discussed for typical discharge settings
applied before (Fig. G.4-a to Fig. G.4-e in appendix G) where secondary peak structures
from charge exchange collisions in the sheath can be even more pronounced under certain
conditions (cf., Fig. G.4-d). For some situations, distributions are distorted further which
can be due to a strongly nonuniform plasma density distribution causing a locally varying
sheath thickness and/or influence sheath oscillations. Furthermore, distortions of the
measured IDFs could also result from the magnetic field affecting trajectories of sampled
ions. Corresponding mean ion energies (calculated by averaging over the four distributions
for each of the different magnetic fields settings) decrease from about 31 eV without
magnetic field to about 21 eV for 140 G (Fig. G.4-f). The corresponding F* ion flux
illustrated in Fig. G.4-g is found to develop non-monotonically where maximum values are
found for discharge conditions without magnetic field, and further at 110 G. As discussed
earlier, experimental conditions may not be representative for discharge dynamics that
occur during constant rotation of the applied magnetic field, although the applied rotation
frequency of 0.25 Hz may still be considered quasistationary. Also, mass resolved ion
energy analysis appears to require further modifications to the measurement setup to allow
for more meaningful studies when magnetic fields are present.

60+2 MHz dual frequency discharges

The influence of magnetic fields on 60+2 MHz dual frequency NF5 discharges was
investigated for 150 mTorr constant pressure, and 1500+1500 W 60+2 MHz power.
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Experiments include IDF measurements for F* plasma ions for stationary magnetic fields,
as well as rf probe an etch rate measurement for slowly rotating magnetic fields. IDF
analysis comprises variation of magnetic fields up to 80 G, since the discharge could not be
stabilized for magnetic flux densities exceeding 80 G. In Fig. G.5-a to Fig. G.5-c, ion
distribution functions for 1°F* jons are plotted for the different magnetic fields
configurations as indicated in Fig. G.5-a. Floating potentials at the surface of the MACOR
orifice plate are found to vary between -5 eV and -18 eV, as is illustrated in Fig. G.5-e.
Distortions of the typical saddle-shaped IDFs for Ft ions appear at high magnetic fields.
This again indicates local distortions of the sheath dynamics, and trajectories of sampled
fluorine ions might be affected as well. Increasing the magnetic field leads also to an
increased broadening of the double peak structure. Calculation of mean ion energies after
transformation of corrected IDFs to the corresponding IEDFs results in an increase from
about 55 eV without magnetic field to 88 eV for 80 G (cf., Fig. G.5-d). This increase in the
ion energy is in contrast to the findings for NF3 single frequency operation, but resembles
to findings for application of magnetic fields in 60+2 MHz HBr discharges. Possible root
causes were discussed before, the complex sheath dynamics for dual frequency operation
can be severely distorted from the strongly nonuniform magnetic field distribution. The
averaged F* ion flux plotted in Fig. G.5-e does not change much at low magnetic fields and
is subject to a sudden increase at 80 G. This might be caused from an increasingly instable
discharge.

Experiments to investigate the influence of magnetic fields on silicon and SiO- etch rates
where conducted by applying a 0.25 Hz sinusoidal voltage to the magnet coils. While
increasing the magnetic flux density, rf probe voltages strongly decrease when using silicon
substrate, whereas only slight changes are observed for substrates with a 2 pm thick SiO,
surface layer (cf., Fig. G.3-a). However, changes of the measured voltage are observed to
be smaller than those observed for the power variation conducted in 60+2 MHz NF3
discharges. From rf voltage measurements, an onset of saturation is indicated at about 100
G when using bare silicon substrates, and around 40 G when silicon substrates with a thick
SiO, top layer were used. For the latter case, scaling of the rf voltage is found to agree
pretty well to the scaling of sheath parameters from HPSM calculations for 60 MHz HBr
discharges (cf., Fig. D.5-a and Fig. D.5-e in appendix D). As discussed above, measured
ion energies are not found to decrease according to the decline of measured rf voltages.
Similar to results from variation of the magnetic field in 60+2 MHz HBr discharges, mean
ion energies calculated from measured IDFs appear again roughly comparable to results
from HPSM simulations for HBr (Fig. D.5-k) with regards to absolute values. Scaling of ion
energies might change when applying rotating magnetic fields, and ion energies are
expected to decrease according to the decline observed for the measured rf voltage. For an
increasing magnetic field, the plasma density is expected to increase as well to some extent
which is supported from increasing currents (Fig. G.3-b). From Fig. 4.50, silicon and SiO,
etch rates are found to increase up to 50 G which could be explained by an enhanced
dissociation from an enhanced interaction path of electrons with the background neutral
gas. Further, an increasing ion flux will also contribute to some extent to the etch rates.
Consequences for the influence of an additional magnetic field supports the role of chemical
reactions during etching silicon and silicon dioxide in NF3 discharges. At higher magnetic
fields silicon and SiO, etch rates finally saturate, resulting in an essentially constant
selectivity for the SiO, hard mask. High standard deviations of the oxide etch rate are
caused by a highly nonuniform etch rate pattern, as determined from ellipsometry (open
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squares in Fig. 4.50-b). Low etch rates are observed at the wafer extreme edge region
where a high gradient occurs towards high etch rates measured in the wafer center.
Further, the etch rate at the wafer edge region remains unchanged from the magnetic field,
whereas the center etch rate increases when increasing the magnetic field.
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Figure 4.50: Etch rates for variation of the magnetic field (1500+1500 W 60+2 MHz, 150 mTorr,

300 sccm NF3 gas flow rate) for (a) silicon from gravimetry, and (b) SiO, from gravimetry (full

squares) and 49 point ellipsometry measurements (open squares).

4.4.6 Summary

As was discussed for argon and HBr, the concept of separate control of ion energy and
ion flux by the dual frequency operation is generally valid also in NF3 discharges. Besides
ion fluxes, the 60 MHz frequency mainly determines formation of radicals from a very
effective dissociation of the NF3 molecular feed gas. Fluorine plasma ions were usually
monitored since they are most relevant determining the etch process. From the IDFs of
comparably low mass fluorine plasma ions, high frequency oscillations could not be
resolved and ion distributions are mainly controlled by the dynamics of the low frequency
component. F* jons were generally found to exhibit highest energies from the influence of
both 60 MHz and 2 MHz frequency, being comparable to or even exceeding those observed
for species from corresponding HBr discharges. This is likely due to a wide sheath thickness
as a result of a low electron density for the highly electronegative NF3 discharges. Due to
a generally high probability of elastic scattering for ions in the sheath caused by high radical
densities, mean ion energies determined by the 2 MHz frequency are hardly reduced from
additional 60 MHz application in 60+2 MHz discharges.

From studies of the NF3 feed gas dissociation it was found that undissociated NF;
molecules comprise less than half of the gas in the plasma reactor where NF3 appears
completely dissociated for 60 MHz power levels of 2.5 kW and above. For high 60 MHz
power, deeper NF3 dissociation can occur yielding higher concentrations of free fluorine.
From mass spectra for NF5 discharges, SiF, species (SiF*, SiF,*, SiF3*, SiF,*) indicate the
main etch products which are created through chemical reactions at the substrate surface
involving fluorine radicals. Application of APMS reveals that SiF,™ (x=1...3) products are
formed through dissociative ionization of SiF; molecules inside the ionizer of the EQP.
Hence, the etch process can be characterized by the reaction

Si(s) + 4F — SiF,(g) (4.19)

forming highly volatile SiF, etch products. Final SiF,4 etch products are very stable - from
maximum dissociation of about 16% and 20% at the highest 60 MHz power level applied
in this work, contribution to silicon and SiO, etch rates remains comparably low.

Both silicon and SiO, etch rates were found to substancially increase when rising 60 MHz
and 2 MHz power, where a saturation is indicated at high 2 MHz power levels. Etch rates
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can be increased further by 60 MHz power through an enhanced dissociation of NF3, hence
creating higher fluorine radical densities and increasing ion fluxes. Ion-assisted chemical
etch rates for both silicon and SiO, decreased when reducing the discharge pressure which
indicates a limitation due to reduced radical densities. Obviously, increasing ion energies
can not compensate for the reduced radical density at low pressures. In the high pressure
regime, silicon and SiO, etch rates finally saturate due to surface reactions becoming rate-
limiting. From the point of saturation, the etch rate could be increased further by increasing
the NF3 gas flow rate. Tuning the two parameters pressure and gas flow can yield a
maximum etch rate for a given power level. This is achieved by increasing the fluorine
radical density as well as reducing the residence time of etch products locally hindering the
etch process to proceed. The number of etch species adsorbed on the sidewall is efficiently
reduced, offering a larger surface area for enhanced etching. At high NF3 feed gas flows,
etch rates can start to saturate again due to surface reaction processes becoming rate
limiting. Silicon and SiO, etch rates were found to increase slightly when medium magnetic
fields were applied. This is again due to an enhanced dissociation from enhanced electron-
neutral interactions with further support by an increased ion flux. The influence of
additional magnetic fields supports the role of chemical reactions during etching silicon and
silicon dioxide in NF3 discharges. Investigations of NF3 discharges confirm chemical etching
of silicon and SiO, with fluorine occurs spontaneously [110], where etch rates can be
strongly enhanced through the impact of ion bombardment energy and ion flux.

From a pronounced chemical etching of silicon and SiO,, changes in the Si-to-SiO,
selectivity are primarily caused by a different scaling of the chemical etch component for
both materials. The highest selectivity remains below 8:1 at minimum 60 MHz power from
all discharge settings investigated here. From addition of 2 MHz power, the selectivity can
drop even below 2:1. From investigated discharge parameters, the selectivity is generally
decreased by (1) increasing 60 MHz power through a higher feed gas dissociation as well
as higher ion fluxes to the substrate, (2) increasing 2 MHz power through a strong support
by the ion energy, (3) increasing the discharge pressure through creating more fluorine
radicals at higher NF3 concentrations, and (4) reducing the NF5 feed gas flow due to a more
efficient dissociation for high residence times of the feedgas molecules. From
predominantly low selectivities of 1:1-2:1 for most of the parameter settings investigated
here, chemical etching of silicon and SiO, appears quite unselective (cf., Fig. 4.51). From
high etch rates in NF3 discharges (up to 1.5 pm/min for silicon and 1.0 ym/min for SiO5),
high etch product concentrations are typically created. Here, SiF4 etch products comprise
up to several ten percent of the total discharge pressure, and hence efficiently reduce the
partial pressure of the feed gas components.
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From a quantitative assessment of SiF4 etch product concentrations, mean neutral gas
temperatures arising during discharge operation could be approximated. For the range of
60 MHz power levels investigated here, the gas temperature was found to rise from 70°C
reactor temperature to about 1000°C. This indicates that concentrations of discharge
species will be further reduced due to the discharge pressure remaining constant. From
comparison to HPSM simulations (Fig. C.3-j in appendix C and Fig. D.3-k in appendix D)
this could further explain rising mean ion energies that are observed when increasing the
60 MHz power level (cf., Fig. 4.39-b).

IDFs for F* were strongly influenced by resonant charge exchange collisions which
resulted in secondary peak structures in the low energy tail of measured ion distributions.
The distinct occurrence of the secondary peak structures was explained by a dominating
fraction of resonant collisions between fluorine ions and the high number of fluorine radicals
created from the extensive dissociation of NFs. Since the number of peaks corresponds to
the ratio of ion transit time and rf period, F* ions were observed to take about 6 rf cycles
to cross the sheath in 60 MHz NF5 discharges. From the number of charge exchange peaks,
the average sheath thickness at the ground electrode exceeds about 600 um for the 60
MHz modulated collisional sheath conditions investigated here.

After standard NF3 plasma reactor cleans, quite significant amounts of adsorbed fluorine
and stable SiF, product molecules still remain in the reactor since the yttria hard anodized
surfaces of the reactor walls exhibit a relatively high porosity. Fluorine species remain
adsorbed at the surfaces inside the reactor. During application of subsequent discharges,
fluorine can become released from the reactor surfaces through ion bombardment and
chemical activation during discharge operation. A highly efficient removal of fluorine was
found during HBr discharge operation through formation of HF [258]. Since generally high
F* ion energies were recorded at the reactor wall, this indicates that erosion of reactor
surfaces through ion bombardment is also high in NF5 discharges.

4.5 HBr/NF; mixtures

Expanding the basic knowledge obtained from pure HBr and NF3 chemistries, contribution
of bromine and fluorine during reactive ion etching as well as interactions in HBr/NF3 mixed
discharges are investigated in this section. Limitations of etch processes are analyzed in
more detail and a simple etch model is discussed. The impact of fluorine additions to HBr
on etch selectivities is studied further since a high degree of anisotropy has to be
maintained and consumption of the SiO, hard mask must be minimized for etching HAR 3D
structures, besides generally desired high silicon etch rates. For application of mass
resolved ion energy analysis, 1°F* and 7°Br* ions were chosen to study the plasma and
sheath behavior for HBr/NF3 mixed discharges examined in this work.

4.5.1 Neutral mass spectra

In Fig. 4.52-a, a typical mass spectrum is shown that is observed for 85.5%HBr/
9.5%NF3/5.0%Ar mixed chemistries from the reactor when the discharge is off. As
expected, the spectrum is found to be a superposition of the mass spectra observed for
pure HBr (cf., Fig. 4.22-a) and NF3 (cf., Fig. 4.37-a), also taking into account the HBr/NF3
ratio investigated here. The Art peak results from small additions of argon feed gas. The
mass spectrum for the situation where the discharge is turned on is shown in Fig. 4.52-b.
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The recorded spectrum exhibits a reduction in the relative intensities of ions derived from
HBr, such as HBr" and Br+, and NF3, such as NF§, NF;, and NF' and the appearance
of ions such as H; , N; , and Br;r that are associated with discharge-generated
decomposition and product species like HF, H,, N,, and Br, . The various peaks observed
further are attributed to the formation of different silicon etch products containing bromine
(SiBr*, SiBr,, SiBry, SiBr, ), fluorine (SiF', SiF;, SiHF,, SiF3, SiF;), and both
bromine and fluorine (SiBrF', SiBrF;, SiBrF;, SiBr,F', SiBr,F,", SiBryF"). These
species are associated with etch products like SiBr,, SiBrsF, SiBr,F,, SiBrF;, and SiF,
formed through chemical reactions during etching at the surface of silicon substrates.
Etching of the quartz ring and silicon deposits inside the reactor yield minor contributions
to SiF, products. The mass peak at m/q = 28 u is attributed to N; and further includes
significant contributions of Si*, where N; molecules result from dissociation of the NF;
feed gas, and Si* is formed through dissociative ionization of silicon etch products.

Fig. 4.52-c shows the difference mass spectrum as obtained after subtracting the mass
spectra from Fig. 4.52-b and Fig. 4.52-a for the same mass-spectrometer settings.
Basically, all HBr and NF5 feed gas components are reduced due to a discharge-generated
decomposition in the plasma, and etch product species yield considerable concentrations
in the discharge.
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Figure 4.52: Mass spectrum of neutral species ionized by 70 eV electrons for (a) HBr/NF3 (+Ar)
gas mixture sampled from the reactor without discharge; (b) HBr/NF3 (+Ar) gas mixture sampled
from the reactor with rf discharge (150 mTorr, 1500+1500 W 60+2 MHz power, 270 sccm HBr + 30
sccm NF3 + 16 sccm Ar gas flow rate, silicon substrate); (c) difference of mass spectra b-a (negative
values indicate a loss when the discharge is on).
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4.5.2 Variation of power
60 MHz single frequency discharges

Ion distribution functions were measured for 1°F* and 7°Br* plasma ions sampled from
60 MHz frequency discharges of HBr/NF3 mixed chemistries at constant pressure, 60 MHz
power and total gas flow rates, as depicted in Fig. 4.53-a and Fig. 4.53-b. Variation of the
HBr/NF3 feed gas mixture was performed by changing the NF3 content as indicated by the
labeling, where 0% NF3 content indicates pure HBr discharges, and 100% NF3 indicates
pure NF3 discharges. To allow for better illustration, IDFs for different halogen mixed
chemistries are shown in two separate plots for ranges of 0-50% and 60-100% NF3 content
in HBr/NF53. Ion distributions are plotted after applying corrections for the energy scale
offset from the floating potential at the sampling aperture (cf., open circles in Fig. 4.53-c).
F* and Brt mean ion energies are plotted in Fig. 4.53-c as well, F* and Br™ ion fluxes are
illustrated in Fig. 4.53-d. Surprisingly, 1°F* ions are also observed in pure HBr discharges
where no NF3 was added, initially yielding the highest 19+ jon flux to the reactor wall for
all mixtures investigated (indicated by full triangles in Fig. 4.53-d). The ion flux was found
to even exceed that measured from pure NF3 discharges. The measurement was found to
be reproducible and can be explained by conditioning effects from previous NF3 plasma
cleaning: As was observed from application of standard mass spectrometry also, after
standard NF3 plasma reactor cleans quite significant amounts of fluorine still remain in the
reactor. This can be visualized by the reactor walls acting like a sponge for the different
molecule species, since the yttria hard anodized surfaces exhibit a relatively high porosity.
Fluorine species remain adsorbed at the surfaces inside the reactor. During application of
subsequent discharges, fluorine can be reactivated and desorb from the reactor walls. For
the known reactor wall surface area, contribution of desorbed fluorine can be estimated as
follows. Assuming a complete desorption of a one monolayer thick fluorine film from the
wall surface within one minute yields a fluorine gas flow of about 1 sccm. Since it is known
that typical Al,03 and Y,03 anodized reactor surfaces exhibit a quite high porosity, the
assumption of an area enhancement factor for a fluorine coverage of about 100 to 1000
appears reasonable. Depending on the NF3 cleaning regime and time, this would enable
adsorption of a 100 to 1000 monolayer thick fluorine film on the porous yttria surface in
the current setup. From this assumption, an average fluorine gas flow of about 20 to 200
sccm could occur during a typical outgassing process (for the reactor setup, the F signal
decreases in a 5-8 min timeframe exponentially by about 3-4 orders of magnitude after a
typical NF3 reactor clean [258]). Due to the exponential decrease, the gas flow rate is
expected to be even higher during the first minute (recording IDFs takes only few seconds
which allows for investigation of several different HBr/NF3 mixtures within only a few
minutes). From further investigations it can be shown that the discussed artefact from a
reactor wall conditioning is real: The experiment was extended by starting from a pure HBr
discharge after a standard NF3; plasma clean procedure and first ramping up the NF3
content. After recording IDFs in a pure NF53 discharge, the NF3 content was finally ramped
down again. Structures of recorded IDFs for Ft and Br* plasma ions are generally
reproducible during both the NF3 ramp-up and ramp-down phase where changes in the
recorded intensities become obvious for certain conditions. Ion fluxes extracted from the
IDFs are plotted in Fig. 4.53-d, where the NF3 ramp-up phase is indicated by full symbols
connected with a full line, and the NF3 ramp-down phase is plotted with open symbols and
a broken line for F* plasma ions (triangles) and Br* ions (squares). As can be seen from
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this plot, the F' ion flux dominates in pure HBr discharges only during the ramp-up phase
directly after the standard NF3 clean, and becomes suppressed for the repeated experiment
at the end of the NF3 ramp-down. This observation leads to the following simple model:
The reactor wall is completely loaded with fluorine right after the NF5 reactor clean. During
the HBr discharge operation, fluorine desorbs from the surrounding walls with a
comparably high rate that decreases exponentially, as described above. Addition of low NF3
contents initially results in a reduced fluorine desorption rate, until an equilibrium for
adsorption and desorption is reached at about 40% NF3. Increasing the NF3 content further
yields again to an effective loading of the reactor walls with fluorine since the adsorption
rate now exceeds the desorption rate. For 100% NF3, the fluorine loading at the reactor
walls appears to saturate which yields a higher number of fluorine radicals in the plasma.
During the subsequent NF3 ramp-down, the fluorine ion flux is about comparable with
results during the ramp-up down to 40% NF3. When further reducing NF3 admixtures, the
F* ion flux starts to rise again which could be explained by an increasing contribution of
bromine to the etch process. The substrate surface starts to become passivated by less
volatile SiBr, products, and hence less fluorine radicals are consumed (cf., section 4.5.6).
Since bromine rich SiBrsF and SiBr,F, product molecules are easier to dissociate than SiF4
molecules, the increasing contribution of such molecues could be another source of
fluorine. Reducing the NF3 content below 20% finally results in an expected strong
suppression of F* ions. This can be explained by an essentially lower loading of the reactor
walls with fluorine during the experiment which appears reasonable for the duration (below
5 min) and conduction of the experimental investigations (compared to the experiment
with 100% HBr during the ramp-up phase immediately after the NF3 reactor clean, less
than one order of magnitude lower fluorine concentration is assumed for the repeated
experiment with 100% HBr during the NF3 ramp-down phase). Besides the influence of a
fluorine desorption from the reactor walls, hydrogen formed through dissociation of HBr
may contribute to considerable extents to a loss channel of fluorine radicals through

H+F— HF (4.20)

by creating stable HF molecules that do not participate in etch processes further. Formation
of HF is supported from earlier investigations applying mass spectrometry [258], and might
support the strongly increased F* ion flux when HBr feed gas is no longer supplied to the
discharge (cf., Fig. 4.53-d).

With respect to the results for the Br* ion flux, similar phenomena involving a loading of
the reactor walls with bromine are expected to occur in parallel. As noticed for the presence
of F* in pure HBr discharges, Br* ions are still present in subsequently run pure NFs3
discharges, although in comparably lower amounts as was observed for F* ions in the vice
versa case (due to a less pronounced reactor wall coverage with bromine during the
experiment). From this discussion it became obvious, that suppression of conditioning
artefacts in HBr/NF3; mixed discharges can be achieved from chosing appropriate
experimental conditions. To minimize the influence of outgassing from the reactor walls,
IDFs for F* (Brt) plasma ions plotted in Fig. 4.53-a (Fig. 4.53-b) where chosen from the
NF3; ramp-down (NF3 ramp-up) experiments, respectively. At this point, a different
contribution from elastic scattering in the F* and Brt IDFs for the different gas mixtures
remains unexplained. A precise analysis about changes of the discharge parameters for the
different HBr/NF3 mixture would be required to finally enable detailed investigation about
the impact on IDFs with the HPSM simulator. As can be seen from the evolvement of F*
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IDFs in Fig. 4.53-a, collisions in the sheath start to significantly contribute to the
distributions when the NF3 content exceeds 50%. Since mean ion energies rise
continuously for above 70% NF3 admixtures, the sheath width in NF3 dominated discharges
appears to be thicker compared to HBr dominated HBr/NF3; mixtures. This is consistent with
results for pure HBr and NF3 discharges discussed in previous sections. From Fig. 4.53-c,
Brt ion energies appear typically lower than F* ion energies which might be attributed to
bromine ions experiencing more collisions, and/or the higher mass for bromine (compared
to fluorine) which due to a higher inertia will gain less kinetic energy while traversing the
sheath.
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Figure 4.53: (a) 1°F* and (b) 7°Br* ion distribution functions measured in 60 MHz frequency HBr/
NF3 mixed discharges for different admixtures of NF3 (1500 W, 150 mTorr, 200 sccm HBr/NF5 total
gas flow rate, no magnetic field, silicon substrate); (c) corresponding mean ion energies; (d) relative
ion fluxes (solid symbols) and floating potentials at the extraction aperture (open symbols) as
determined from the position of the lowest energy peak. The IVDFs have already been corrected for
the offset in the energy scale.

In contrast to other experiments discussed in this work, the experiment conducted here
was influenced much stronger by a fluorine desorption since recording of the IDFs takes
only a few seconds which explains the high fluorine intensity immediately after an NF3
plasma clean. As the effect of an outgassing can become severe and influence sensitive
etch processes, reactor wall conditioning effects are generally subject of intense
investigations and discussions in literature [284,285]. For other experiments conducted in
this work it was however ensured that results were not influenced by such parasitic effects.
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For investigations in HBr discharges, the silicon etch rate does not change much below 50%
NF3 admixtures - unlike the SiO, etch rate that is more sensitive above 20% NF3 contents
(for the worst case, one could therefore expect a slightly reduced selectivity from
pronounced contribution of fluorine outgassing). From a comparison between the influence
of NF3 gas flow rates on the silicon etch rate in 60 MHz discharges (cf., Fig. 4.50), the silicon
etch rate in HBr does not appear to be dominated by a fluorine contamination (Fig. 4.24).
Finally, no major deviations were observed between etch rates in HBr from experiments
conducted after NF3 reactor clean and repeated experiments without additional cleaning
(conditioning).

Etch rates for silicon and silicon dioxide obtained from 60 MHz frequency discharges for
different HBr/NF3 chemistries are included in Fig. 4.55-a and Fig. 4.56-a, as indicated by
solid symbols. Silicon etch rates are found to rise according to a power law when increasing
the NF3 content. For NF3 contents exceeding 30%, slopes of the increasing etch rates
appear to be steepest and also become more linear for higher 60 MHz power levels.
Interestingly, a maximum etch rate is not found for pure NF3 discharges, as initially would
be thought from the previous investigations. Instead, the etch rate for pure NF3 drops
clearly below the maximum which is found for 10%HBr/90%NF3; mixed chemistries. From
F* and Br* ion energies plotted in Fig. 4.53-c, the etch rate does not appear limited by the
ion energy but rather influenced by the total ion flux and/or the chemical component.
Compared to NF3, HBr is considerably less electronegative which would allow for a higher
electron density in 10%HBr/90%NF; chemistries as compared to pure NF3 discharges. A
higher electron density allows for higher dissociation of the feed gas chemistry, where a
higher NF3 dissociation in turn could lead to higher concentrations of fluorine radicals
provided to the etch process. From previous discussions it has become clear that chemical
etching is strongly supported by the (total) ion flux. From high Br* ion fluxes recorded for
low HBr contents in HBr/NF3 gas mixtures (cf., Fig. 4.53-d), maximum silicon etch rates
discussed here are believed to mainly result from an efficient contribution of a high Br* ion
flux to the fluorine dominated chemical etching.

SiO, etch rates plotted in Fig. 4.56-a (solid symbols) are found to increase more noticably
above 20% NF3 admixtures in 60 MHz HBr discharges. Whereas etch rates appear to
saturate in fluorine dominated chemistries for 1500 W applied 60 MHz power levels, SiO,
etch rates are virtually rising linearly for 500 W and 2500 W 60 MHz power. This supports
both chemical etching and physical contribution determined by the amount of halogen
atoms (in particular fluorine) from the feed gas dissociation, as well as ion fluxes to the
substrate surface. As discussed for NF3 discharges, the delivery of radicals might change
within certain ranges of 60 MHz power, where a deeper NF3 dissociation can occur at higher
input power yielding higher concentrations of free fluorine (cf., section 4.4.2). Moreover,
chemical reactions at the substrate surface are influenced as well by the amount of
dissociation products that can both support and also suppress the corresponding etch rate
by surface passivation effects (discussed in more detail in section 4.5.6). From the
influence of different discharge as well as substrate surface conditions it becomes clear,
that scaling of the etch rate is usually nonlinear and can become quite complex.
Selectivities from Si and SiO, etch rates are plotted in Fig. 4.57-a, as indicated by solid
symbols. From what was observed for HBr and NF5 discharges so far it is confirmed that
pure HBr discharges exhibit highest selectivities (in the order of up to - or even exceeding
- 50:1) when no significant ion energy is involved. Mimimum selectivities ranging between
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5:1 and 10:1 for the parameter set investigated here are found for 30-50% NF3 content,
as well as for pure NF3 chemistries.

60+2 MHz dual frequency discharges

For 60+2 MHz frequency discharges of different HBr/NF3 mixed chemistries, ion
distribution functions were measured again for 1°F* and 7°Br* ions from the plasma while
maintaining constant power levels, pressure and total gas flow rates. Distributions plotted
in Fig. 4.54-a and Fig. 4.54-b have already been corrected for the offset energy axis from
the floating potential at the sampling aperture. Corresponding mean ion energies are
plotted in Fig. 4.54-c, measured ion fluxes and floating potentials are drawn in Fig. 4.54-d.
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Figure 4.54: (a) 19F* and (b) 7°Br* ion distribution functions measured in 60+2 MHz dual
frequency HBr/NF3 mixed discharges for different admixtures of NF3 (1500+1500 W 60+2 MHz
power, 150 mTorr, 200 sccm HBr/NF3 total gas flow rate, no magnetic field, silicon substrate); (c)
corresponding mean ion energies; (d) relative ion fluxes (solid symbols) and floating potentials at the
extraction aperture (open symbols) as determined from the position of the lowest energy peak. The
IVDFs have already been corrected for the offset in the energy scale.

From Fig. 4.54-c, mean ion energies for F* are considerably higher than those for Br*
ions. Again, this appears to be mainly due to bromine ions experiencing more collisions in
the sheath, as concluded from comparison of the low energy part of the distributions.
According to the discussion for 60 MHz HBr/NF5 discharges, care was taken to minimize the
influence of contributions from chamber wall outgassing when recording the IDFs.
However, IDFs where generally not subject of major changes as was observed for 60 MHz
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single frequency discharges. Increasing the NF3 content in HBr up to 60% causes a
reduction of the F* and Brt mean ion energy (Fig. 4.54-c) which reflects the shift of IDFs
for both ion species towards lower energies (cf., Fig. 4.54-a and Fig. 4.54-b). Further
increasing the NF3 content yields again an increase of ion energies as a result of IDFs
shifting and/or extending again towards higher energies. Whereas from F* ion distributions
contribution of sheath collisions are low, sheath collisions highly contribute to the IDF
structure for bromine ions which results in a pronounced low energy part in the Br* IDFs.
Both F* and Br* ion fluxes are at a maximum at high NF3 contents. Whereas the F* ion
fluxes rises continuously, the Br* ion flux is subject to a more sudden increase after
remaining initially nearly constant. The considerable drop of the F* ion flux for NF3
admixtures exceeding 70% in HBr is in further contrast to results for 60 MHz single
frequency discharges.

From rf probe measurements in Fig. H.1 (in in appendix H), both rf voltages and currents
measured at 2 MHz do not change much for different HBr/NF5 ratios and for variation of
the 60 MHz power. However, these parameters strongly increase when rising the 2 MHz
bias power. Increasing the bias power by a factor of 5 (from 500 W to 2500 W) yields
voltages and currents that have doubled for the investigated range of parameters. From
the influence of the 2 MHz frequency, the average sheath thickness has increased
substantially causing high ion energies, as was already observed from previous
investigations for pure HBr and NF3 discharges. The 2 MHz addition appears to dominates
by far changes in the number of charge carriers (from variations of the 60 MHz power)
which also confirms results obtained from pure HBr and NF3 discharges. From about equal
changes of rf current and voltage, the plasma impedance remains roughly constant for the
different HBr/NF3 mixed chemistries.

Etch rates from variations of the HBr/NF3 ratio for different 60+2 MHz power
combinations (cf., Fig. 4.55 and Fig. 4.56) yield again clear indications of a strong chemical
etch component when adding NF3 to HBr discharges. From Fig. 4.55-a, modification of the
60 MHz source power level for constant 2 MHz power does not drastically change the silicon
etch rate. This corresponds to the small changes observed in the rf voltage and current
which indicates that etch rates are subject to small changes from modifications of plasma
density and hence mainly ion flux. It should be noted that higher 60 MHz power levels must
not necessarily cause a higher number of charge carriers but could influence more
significantly the neutral gas temperature and hence ion energies from changes in the
sheath thickness (as discussed in previous sections). Increasing the 60 MHz power will also
enhance chemical etching by creating higher fractions of radical species. This is supported
from etch rates for dominating NF3 contents which increase stronger when rising the 60
MHz power level (since chemical etching is more pronounced in NF; compared to HBr).
Surprisingly, silicon etch rates are found to remain nearly constant for medium to low
admixtures of NF53, possible reasons are discussed in detail in section 4.5.6. As observed
from 60 MHz single frequency HBr/NF3 discharges, silicon etch rates are rising by a power
law when increasing the NF3/HBr ratio further from 40% NF3 content. However, the incline
is not as strong as observed for the etch rate enhancement in corresponding 60 MHz single
frequency discharges. This appears to be due to stronger enhanced etch rates for HBr from
the influence of 2 MHz power. The impact of ion bombardment through addition of 2 MHz
power is lower for NF3 dominated mixtures with HBr which indicates that etching is not
limited as strongly by ion energy. For these NF3 dominated HBr/NF3 mixtures, the Br* ion
flux can however efficiently support chemical etching which is mainly driven by F radicals.
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These investigation generally confirmed observations from pure HBr and NF3 discharges
where silicon etch rates are mainly determined by a higher (or more efficient) contribution
of the physical etch component through the impact of ion flux and ion energy for bromine
dominated chemistries, as compared to a more chemically driven etching for pure fluorine
chemistries. Whereas in 60 MHz frequency discharges etch rates were found to drop
substancially for the transition of 10%HBr/90% NF3 mixed chemistries to pure NF3
discharges, this phenomenon has vanished when additionally applying 2 MHz bias power.
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Figure 4.55: Silicon etch rates for variation of (a) 60 MHz source power and (b) 2 MHz bias power
in single and dual frequency discharges (150 mTorr, 300 sccm HBr/NF3 total gas flow rate, no
magnetic field), as determined from gravimetry.
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Figure 4.56: SiO, etch rates for variation of (a) 60 MHz source power and (b) 2 MHz bias power in
singe and dual frequency discharges (150 mTorr, 300 sccm HBr/NF3 total gas flow rate, no magnetic
field), as determined from ellipsometry.
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Figure 4.57: Etch selectivities for variation of (a) 60 MHz source power and (b) 2 MHz bias power
in singe and dual frequency discharges (150 mTorr, 300 sccm HBr/NF3 total gas flow rate, no
magnetic field).

From Fig. 4.56-a, SiO, etch rates are found to rise stronger from contribution of the 60
MHz power when increasing the NF3 content. This is attributed to chemical etching of SiO,
in the presence of fluorine atoms, whereas SiO, is subject to predominantly physical
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sputtering (at lower rates) in HBr discharges. SiO, etch rates start increasing from already
10-20% NF3 admixtures in HBr, until they eventually start saturating for NF3 dominated
HBr/NF3 chemistries. From investigations of pure NF3 discharges, a more efficient
dissociation of the NF3 feed gas can be achieved at high 60 MHz powers where more
fluorine radicals are provided for chemically etching at the substrate surface. Etching is
additionally supported through the physical impact from an additionally increasing ion flux.
Maximum SiO, etch rates do not exceed about two third of the corresponding silicon etch
rates. The influence of modulated ion bombardment energies (from variation of the 2 MHz
power) on etch rates in Fig. 4.56-b demonstrates a strong contribution from physical
impact on reactive ion etching for >20-30% NF3 content in HBr. In contrast, a gain in etch
rates for heavily HBr dominated chemistries is limited due to predominantly physical
sputtering of SiO,. Scaling of SiO, etch rates are clearly in contrast to findings for silicon
etch rates discussed above. This is mainly attributed to the differences in the etch
mechanisms for etching silicon and SiO, in HBr discharges (discussed in section 4.3). From
these results it becomes obvious that an efficient increase in silicon etch rates by addition
of NF3 can not be achieved before SiO, etching becomes effective. From a more detailed
investigation of SiO, etch rate distributions obtained from ellipsometry, etch rate pattern
on the substrates turn from more pronounced edge-fast (for pure HBr discharges) to more
uniform or slightly edge-slow pattern (for pure NF5 discharges). Etch rates calculated from
weight loss measurements are not shown here since they yielded comparable results for
the integral SiO, etch rate.

Etch selectivities are plotted as well for the chosen set of paramters discussed here, the
influence of different 60 MHz as well as 2 MHz power levels for both single and dual
frequency discharges are depicted in Fig. 4.57-a and Fig. 4.57-b, respectively. As expected
from the discussion of etch rates, addition of even small amounts of NF3 in HBr discharges
dramatically reduce the Si-to-SiO, selectivity (compared to silicon, the SiO, etch rate starts
to increase already at lower NF3 contents). Whereas the 60 MHz frequency negligibly affect
etch selectivities in dual frequency discharges investigated here, a severe reduction is
noticed from the influence of the 2 MHz frequency. Due to physical sputtering of SiO5 in
pure HBr, the selectivity reduction from the 2 MHz frequency is most severe for highly HBr
dominated chemistries. From strongly chemically driven etch rates for high NF5 contents in
HBr, etch selectivities are not much decreased further when increasing the 2 MHz power.
Si-to-SiO, etch selectivities drop below 3:1 for NF3 contents exceeding 20% in HBr/NF3
mixed chemistries where minimum selectivities close to 1:1 are found in the range of 50-
70% NF3 content.

4.5.3 Variation of pressure
60+2 MHz dual frequency discharges

The influence of different process pressures between 50 and 600 mTorr was investigated
for 60+2 MHz dual frequency HBr/NF5 discharges, where 60 MHz and 2 MHz power levels
and total gas flow rates remained fixed. Due to a strong suppression of ion intensities at
higher pressures (as was also described in sections 4.3.3 and 4.4.3), investigations remain
limited to 300 mTorr maximum pressure. Here, IDFs for F* and Br* ions from the plasma
determined from 50 mTorr (Fig. 4.58) and 300 mTorr discharges (Fig. 4.59) for different
HBr/NF3 mixed chemistries are compared to results for 150 mTorr discussed in the previous
section (cf., Fig. 4.54). To allow for a comparison of measured ion energies, corrections
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were applied to the measured distributions after determination of respective floating
potentials plotted in Fig. 4.58-d, Fig. 4.54-d, and Fig. 4.59-d.
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Figure 4.58: (a) 19F* and (b) 7°Br* ion distribution functions measured in 60+2 MHz dual
frequency HBr/NF3 mixed discharges for different admixtures of NF3 (1500+1500 W 60+2 MHz
power, 50 mTorr, 200 sccm HBr/NF3 total gas flow rate, no magnetic field, silicon substrate); (c)
corresponding mean ion energies; (d) relative ion fluxes (solid symbols) and floating potentials at the
extraction aperture (open symbols) as determined from the position of the lowest energy peak. The
IVDFs have already been corrected for the offset in the energy scale.

Contribution of collisions to the low energy part of recorded IDFs is generally very low at
50 mTorr and becomes significant at 150 mTorr. At 300 mTorr, bromine ions are efficiently
scattered into the low energy part of the IDF causing highly distorted IDF structures. From
the dominating low energy part of IDFs for Brt ions at high pressures, the low and high
energy peak of the bimodal structure have almost vanished. Reduced ion energies from
elastic scattering and (mostly resonant) charge exchange collisions of F* ions at high
pressures are not as severe as for Brt. This can be explained by a high consumption of
fluorine during enhanced silicon etching in the presence of NF3, and further by an efficient
hydrogen capture to form stable HF species, thus reducing the number of resonant
collisions. At 300 mTorr, F* IDFs plotted in Fig. 4.59-a are subject to noise due to low
intensities measured, and fall below the detection limit for 0-30 % and 90-100% NF3
admixtures. Despite minor differences, F* and Br* mean ion energies appear to change
similarly for different feed gas mixtures in 50 mTorr (Fig. 4.58-c), 150 mTorr (Fig. 4.54-c),
and 300 mTorr (Fig. 4.59-c) dual frequency HBr/NF3 discharges. Mean ion energies
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measured at the reactor wall range between 22 eV and 47 eV for Brt, and 40 eV and 74
eV for Ft ions. Differences between generally higher F* and lower Br* ion energies from
differences in the ion mass become somewhat smaller for NF3 dominated chemistries which
is attributed to variations for the probability of sheath collisions, as discussed above.
Further contributions result from changes of the mean sheath thickness due to variations
of discharge parameters for the different mixed chemistries. A clear scaling of calculated
mean ion energies with pressure is not observed here.
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Figure 4.59: (a) 19F* and (b) 7°Br* ion distribution functions measured in 60+2 MHz dual
frequency HBr/NF3 mixed discharges for different admixtures of NF3 (1500+1500 W 60+2 MHz
power, 300 mTorr, 200 sccm HBr/NF5 total gas flow rate, no magnetic field, silicon substrate); (c)
corresponding mean ion energies; (d) relative ion fluxes (solid symbols) and floating potentials at the
extraction aperture (open symbols) as determined from the position of the lowest energy peak. The
IVDFs have already been corrected for the offset in the energy scale.

Ion fluxes for F* and Br™ plotted in Fig. 4.58-d, Fig. 4.54-d, and Fig. 4.59-d are found to
yield similar qualitative changes for different HBr/NF5 ratios, without being influenced much
by the pressure. Changes in both F* and Br* ion flux are influenced by the feed gas delivery
and dissociation of feed gas and product molecules, a consumption of both species during
etching, loss channels like formation of HF, and changing discharge parameters. Maximum
Ft and Brt ion fluxes are noted in the range of 70-80% NF3 contents in HBr/NFs
chemistries. Changes in the F* ion flux observed at 300 mTorr agree within certain limits,
deviations from the above discussions are due to the exponential drop in the count rates
at high pressures, and consequently a higher contribution of noise.
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From rf probe measurements plotted in Fig. H.2 (in appendix H), a rising pressure tends
to generally reduce the rf voltage. This was already observed from pure HBr and NF;
discharges and explained with a reduction of the sheath thickness and hence potential drop
across the sheaths. At high pressures, rf voltages exhibit no significant changes when
comparing results for the different HBr/NF3; mixed chemistries. In contrast, rf currents
generally exhibit a non-monotonic decrease when increasing the NF3 content in HBr within
the pressure range investigated here. This can be explained by a reduction of the plasma
density and hence reduction of the effective number of charge carriers when increasing the
NF5; content. Compared to weakly electronegative HBr discharges, the electron density is
expected to be more efficiently reduced through electron attachment processes in gas
mixtures containing more fluorine (the discharge becomes more electronegative).

(a) 1600 (b) . ; 5 Resigence Tizrlne [s] . . ;
'E"|4OO 4 Pressure 1600 . L — . L . .
'_E 1 —& S0mTom = 71 100% NP3
£ 1200 1 _m150mTor b £ 1400 1
1= 1 —e—300mTor L T 1200 80% NF3 ]
81000 4 —se— 600 mTaor 4 H ] W 1
£ a0 £ 1000 1
[ 1 o q
s g 800 ] 50% NF3 ]
5 o0 = s oy = NG LA

3 « ]
400 -—— a0 1% Muowuer -
0 0 20 30 40 50 60 70 80 8O0 100 0 100 200 300 400 500 500
100% HBr NF 5 / (HBr+NF;) total flow ratio [%] 100% NF, Pressure [mTorr]
(c) 1om (d) Residence Time [s]
|  Pressure 0 1 2 3 4 5 & 7
Emgg 1 Elipsometry  gradmetry 1200
£ 1 —&— A0niforr & 50 o = 4
= —E— 190 nTorr ™ 150 o =
E gon | —e—200nTor + 200 nior £ 1000
= ——B00 nTore % GO0 rTorr -E- 4
L] 1 i
T 600 _E_ 800 ]
£ a0 | [
5 5 400 |
L+ 4
& 200 E S 200 N 20% NF;
A I e B i B —u L
0 0 : : ‘ ;

0 0 20 30 40 50 60 7O 80 80 100 0

; 100 200 300 400 500 500
100% HBr NF 5 / {HB r+NF ;) total flow ratio [%0]

100% NFs Pressure [mTorr]

Figure 4.60: Silicon and silicon dioxide etch rates for variation of pressure in dual frequency
discharges displayed as a function of (a+c) NF3 admixture and (b+d) pressure and corresponding
residence time (1500+1500 W 60+2 MHz power, 300 sccm total gas flow rate, no magnetic field), as
determined from gravimetry (full symbols) and ellipsometry (open symbols), respectively.

The non-monotonic silicon etch rate dependency on the pressure observed for pure HBr
discharges (cf., Fig. 4.31-a) is still visible at low admixtures of NF3 (cf., Fig. 4.60-a and Fig.
4.60-b), but changes for NF3 admixtures of equally and above 50%. For dominating NF3
contents, scaling of the etch rates resembles to the known pressure dependency of a
chemical driven etch process observed from pure NF3 discharges (cf., Fig. 4.46-a). The
same holds qualitatively true for the pressure dependency of SiO, etch rates (Fig. 4.60-c
and Fig. 4.60-d), where physical sputtering occurs for HBr and chemical etching at the SiO,
surface becomes important from addition of NF3 feed gas and (supported by F* and, more
importantly, by Brt ion energies and ion fluxes) strongly influences etch rate above 30%
NF3 contents in HBr. From more detailed investigations of SiO, etch rate distributions
obtained from ellipsometry, etch rate pattern on the substrates turn from quite uniform to
more pronounced edge-fast pattern when increasing the pressure for HBr dominated
discharges. This appears somewhat comparable to results for pure 60+2 MHz HBr
discharges (discussed in section 4.3.3). Medium to high NF5 contents in HBr result in quite
uniform etch rate distributions across the wafer. Silicon-to-SiO, selectivities calculated for
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different HBr/NF3 mixed chemistries were found to develop similarly to those observed
from Fig. 4.57, and hence are not plotted here. An increased selectivity at high pressures
in HBr was found to be efficiently reduced through addition of NF5 feed gas.

4.5.4 Variation of gas flow rate
60+2 MHz dual frequency discharges

The influence of different HBr+NF5 total gas flow rates from 150 to 600 sccm was
investigated for 60+2 MHz frequency HBr/NF5 discharges with fixed 60 MHz and 2 MHz
power levels (1500 W) and constant pressure (150 mTorr). Due to limitations of the MFC
for NF3 allowing for maximum flow rates of 400 sccm (during the phase of these
investigations), experiments with 600 sccm total gas flow rate could only be conducted up
to a maximum of 60% NF3 content in HBr. For investigations about the influence of different
flow rates, only results of rf probe and etch rate measurements will be considered here.

RF voltages and currents plotted in Fig. H.3 (appendix H) tend to decrease when
increasing the NF5; content. RF measurements indicate stronger variations for different flow
rates when the electrostatic chuck is covered by a silicon substrate, whereas they exhibit
less changes for substrates with an SiO, hardmask. From rf probe measurements it might
be concluded, that higher ion energies as well as higher ion fluxes will occur for HBr
dominated discharges. From previous discussions this was however only partly supported
by IDF measurements for ions incident at the reactor wall.
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Figure 4.61: Etch rates for variation of the total gas flow rate in dual frequency discharges
(150041500 W 60+2 MHz power, 150 mTorr, ho magnetic field) for (a) silicon from gravimetry, and
(b) SiO, from gravimetry (full symbols) and 49 point ellipsometry measurements (open symbols).

Increasing gas flow rates from 150 to 600 sccm total flow constantly increases silicon
etch rates for HBr dominated chemistries with up to 30% NF3 admixtures (Fig. 4.61-a). This
confirms the trend observed from investigations of an HBr flow variation in pure HBr
discharges (cf., Fig. 4.33). For higher NF3 contents, the gain in etch rate becomes more
pronounced from enhanced desorption of etch products and supply of fluorine for the high
gas flow regime. This was about expected from previous investigations of NF3 discharges
where chemical etching dominates (cf., Fig. 4.48). An efficient desorption and removal of
etch products causes the etch rate to increase by reducing the concentration of reaction
products in the gas phase through enhanced flow rates and hence reduced residence times
(as indicated in Fig. 4.61). The major contribution is due to transport limitation effects that
determine the etch rate here. To some extent, the etch process is also limited by generation
of radical species from a decomposition of the feed gas since high NF3 gas flow rates will
result in a lower degree of dissociated NF5 (cf., Fig. 4.48-a).
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From Fig. 4.61-b, the influence of total gas flow rates on SiO, etch rates yields similar
results. Again, the gain in etch rates becomes higher for NF3; admixtures exceeding 30%
and starts to saturate for NF3 dominated chemistries. Etch selectivities for different HBr/
NF3 mixtures remain comparable with those trends plotted in Fig. 4.57. Higher gas flow
rates appear to generally result in slightly higher etch selectivities where differences remain
below 10%. As indicated in Fig. 4.61-b, nonuniformities in etch rate distributions across the
wafer remain quite low.

4.5.5 Variation of magnetic field
60+2 MHz dual frequency discharges

The influence of magnetic fields up to 120 G was investigated for 60+2 MHz frequency
HBr/NF3 discharges with fixed 60 MHz and 2 MHz power levels, as well as constant total
gas flow rate and discharge pressure. Experiments were conducted while simulating slowly
rotating magnetic fields from application of a 0.25 Hz sinusoidal voltage to the magnet
coils. The following discussion comprises results of rf probe and etch rate measurements.

From Fig. H.4 in appendix H, measured rf voltages are found to decrease monotonically
when increasing magnetic fields for all HBr/NF3; mixed chemistries investigated. As
discussed in previous sections for a variation of magnetic fields in HBr as well as NF3 dual
frequency discharges, scaling of the rf voltage (Fig. H.4-a) is found to agree very well to
the scaling of sheath thickness and dc bias voltage from HPSM calculations for 60 MHz Ar
discharges (cf., Fig. C.5-a and Fig. C.5-d in appendix C), when using bare silicon
substrates. From rf voltage measurements, an onset of saturation is indicated around 100
G for NF3 dominated feed gas mixtures, for HBr dominated chemistries a saturation
appears to start at even higher magnetic fields. When silicon substrates with a thick SiO,
top layer were used, scaling of the rf voltage (cf., Fig. H.4-d) is found inbetween results for
a scaling of sheath thickness and dc bias voltage in 60 MHz Ar discharges (Fig. C.5-a and
Fig. C.5-d) and in 60 MHz HBr discharges (Fig. D.5-a and Fig. D.5-e in appendix D). From
rf voltage measurements, the onset of saturation starts around 40 G for NF3; dominated
chemistries, and around 70 G for HBr dominated mixtures. Comparing these results, a
lower collisionality and/or smaller collision cross sections are expected for electron-neutral
collisions in NF3 discharges which results in a stronger confinement of electrons. Hence, the
electron mobility is already reduced at weaker magnetic fields from initially higher
mobilities as compared to HBr discharges. Interestingly, for the cases discussed here
scaling of the sheath thickness appears to be predominantly determined by the 60 MHz
frequency. From the decline of measured rf voltages, ion energies are expected to decrease
according to results from HPSM simulations (cf., Fig. C.5-j and Fig. C.5-k in appendix C, as
well as Fig. D.5-k and Fig. D.5-1 in appendix D). For rising magnetic fields, ion densities are
expected to increase at least to some extent which might be supported by increasing rf
currents from Fig. H.4-b and Fig. H.4-e (appendix H). From these measurements, a
saturation is indicated again at high magnetic fields, where for NF; dominated feed gas
mixtures the saturation appears to start earlier compared to HBr dominated chemistries.
These measurement results generally confirm trends from HPSM simulations for the
influence of weak magnetic fields on the discharge behavior as well as differences in the
discharge behavior when using different substrates, as discussed in previous sections.

From Fig. 4.62-a, silicon etch rates are observed to constantly increase for HBr
dominated chemistries when rising the magnetic flux density, where a saturation occurs
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around 100 G. For NF3 dominated mixtures, silicon etch rates start saturating above 70 G.
For 50%HBr/50%NF3 mixtures, the etch rate saturates around 90 G. Increasing etch rates
are attributed to an increase of ion fluxes and radicals, when assuming the feed gas
dissociation is influenced through an enhanced interaction path of electrons with
background neutrals. Saturation of the etch processes are likely due to saturating ion fluxes
at high magnetic fields as well as limitations from decreasing ion energies. SiO, etch rates
generally do not change much (Fig. 4.62-b) where it appears that increasing ion fluxes as
well as radical formation are compensating somehow for decreasing ion energies. From the
slight changes of the silicon etch rates up to 10%, etch selectivities remain essentially
constant with respect to the magnetic flux density. For 80%HBr/20%NF5, the Si-to-SiO,
selectivity ranges between 3:1 and 4:1. For HBr/NF3 feed gas mixtures with equal and
dominating NF3 content the selectivity finally drops below 2:1. From ellipsometry
measurements, an enhanced etch rate nonuniformity is observed at higher magnetic fields
which develops into a hat shaped distribution across the wafer, where low etch rates occur
at the outer edge region and further a slight dip is observed at the center plateau region of
the wafer.
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Figure 4.62: Etch rates for variation of the magnetic field in dual frequency discharges (1500+1500
W 60+2 MHz power, 150 mTorr, 300 sccm total gas flow rate) for (a) silicon from gravimetry, and
(b) SiO, from gravimetry (full symbols) and 49 point ellipsometry measurements (open symbols).

4.5.6 Etch mechanisms in HBr/NF; discharges

From more detailed investigations, limitations of silicon etch processes in HBr/NF3 mixed
discharges are analyzed and a simplified etch model is discussed. The following
investigations were motivated from results of a nearly unchanged silicon etch rate when
increasing the NF3 content up to about 50% in HBr/NF3 discharges.

When changing the HBr/NF5 feed gas mix, other discharge parameters like 60+2 MHz
power (150041500 W), discharge pressure (150 mTorr) and total gas flow rate (300 sccm)
remained unchanged. Standard mass spectrometry was applied to investigate intensities
of the various etch species described in section 4.5.1. In Fig. 4.63-a, relative intensities are
shown for 3485iBr:1r , 286SiBr3F+ , 226SiBrze+ , 166SiBrF;r and 104SiF:1r isotopes that
exhibit the highest probability of occurrence. The species represent the five main etch
products SiBr,, SiBrsF, SiBr,F,, SiBrF3, and SiF, that can be observed from the mass
spectrum after formation through direct ionization in the EQP ionizer. It was found that an
introduction of even very few amounts of NF3 to HBr strongly suppresses a formation of
SiBr4 product molecules where a reduction of about 70% is noted for 10% NF3 admixtures.
Moreover, introducing small amounts of NF3 in HBr discharges yields an enhanced
formation of mixed halogen etch products. For increasing NF3 admixtures, the composition
of those mixed halogen products shifts rapidly from bromine-dominated to fluorine-
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dominated etch products where maximum intensities for SiBr;F, SiBr,F, and SiBrF; are
recorded for 10%, 15% and 20% NF3 content, respectively. Comparable to SiBr,,
intensities for these mixed halogen products drop nearly exponentially when increasing the
NF3 content further. The SiF:‘r intensity is subject to a monotonic increase, until it reaches
its maximum for the transition from a 10%HBr/90%NF; discharge to a pure NF3 discharge.
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Figure 4.63: (a) Intensities of neutral SiX etch product species ionized by 70 eV electrons for HBr/
NF3 gas mixture sampled from the reactor with rf discharge (150 mTorr, 1500+1500 W 60+2 MHz
power, 300 sccm total HBr/NF3 gas flow rate, Si substrate). (b) SiX total integrated intensity agrees
with the silicon etch rate within known uncertainties.

Table 4.2: Relative contributions of the different silicon etch product species in discharges with
HBr/NF3 mixed chemistries.

Species mole fractions [%]

Species m/g [u] 100% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
HBr NF3 NF3 NF3 NF3 NF3 NF3 NF3 NF3 NF3 NF3

SiF+ 47.11  0.92 3.41 3.13 320 243 2.64 2.08 205 220 2.87 2.92
SiF,* 66.11 - 103 121 096 074 0.69 0.54 041 0.38 0.49 0.46
SiHF,* 67.11 - 1.89 378 4.16 3.60 299 1.13 - - - -
SiF5* 85.11 21.37 56.61 77.16 85.47 89.43 91.44 94.02 95.47 95.43 94.24 94.44
SiF,* 104.11  0.58 1.33 1.52 1.40 2.07 2.02 223 2.07 2.00 239 2.18
SiBr+ 108.10 13.64 4.24 1.06 0.22 - - - - - - -
siBrF*  127.10 - 072 035 0.15 - - - - - - -
SiBrF,*  146.10 - 2.87 260 1.14 0.40 - - - - - -
SiBrFy*  165.10 - 235 262 1.10 040 0.21 - - - - -

SiBr,*  188.08  2.83  0.52 - - i . ] _ i i ]
SiBr,F*  207.08 1.21 4.69 1.52 0.61 - - - ; ] . ]
SiBroF,*  226.08 - 179 136 057 0.66 - - - - - )
SiBrg*  268.07 42.48 11.71 190 0.51 - - - ; ] . )
SiBrgF*  287.07 0.96 2.38 1.06 0.32 0.28 - - - . . )

SiBr,*  348.05 16.01 4.44 073  0.19 - - - - - - -

total SiBr,* 74.97 20.91 3.69 0.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total SiBr,F,* 2.17 1481 951 3.88 1.74 0.21 0.00 0.00 0.00 0.00 0.00

total SiF,* 22.86 64.28 86.80 95.19 98.26 99.79 100.00 100.00 100.00 100.00 100.00
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Following a similar procedure as described in section 4.4.2, a quantitative assessment of
silicon etch product concentrations was performed through combined application of
different diagnostic techniques. Experiments conducted for this approach were carefully
performed in order to minimize secondary effects, like influences of background
contribution and detector degradation while performing mass spectrometry. To receive
more stable results for peaks with even very low intensities, integration was performed for
the peaks at m/qg ratios of interest as well as for the complete mass spectrum recorded in
the 0-512 amu range. All isotopes relevant for each product species were added after
applying corrections for the mass ratio dependent decrease of the intensity caused by the
EQP analyzer (see section 2.4.4). A total six™ integrated intensity can be finally obtained
after adding all relevant silicon product intensities. From Fig. 4.63-b, it is found to closely
correlate to the silicon etch rate for the different HBr/NF; mixed chemistries. Relative
contributions of the different etch product species are shown in Table 4.2. Surprisingly for
pure HBr discharges, SiF;(L (x=1...4) integrated intensities contribute to about 23% to the
total SiX concentration. SiF: intensities are associated with stable SiF4 reaction products
resulting from previous NF3 plasma cleans. Since SiF4 is not observed in the background
spectra recorded before these experiments, SiF4 will more likely become released from the
reactor surfaces through ion bombardment and chemical activation after the plasma is
turned on. Due to the relatively high porosity, the yttria hard anodized surfaces provide a
large surface area which can in general efficiently collect various product species (as
discussed in section 4.5.2). For the lowest admixture of 10% NF3 in HBr investigated here,
SiF,4 related intensities are observed to already dominate the different etch products
formed during chemical reactions at the substrate surface. Finally, SiF; species have
become the only etch product in HBr/NF3 chemistries exceeding 50% NF3 content. SiBry
intensities exponentially decrease when introducing NF3, contributing less than 1% for
70%HBr/30%NF3; mixtures and becoming efficiently suppressed for even higher NF3
contents. From these results it is assumed, that addition of even small amounts of fluorine
are effective to strongly suppress an SiBr4 product formation. Mixed SiBr,F, (x=1...3, y=4-
x) products contribute for a 15% maximum in 90%HBr/10%NF3; and dominate SiBr,
products for 20% and higher NF3 admixtures. Mixed halogen product species are practically
vanished for equal and above 50% NF3 contents in HBr.
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Figure 4.64: (a) Intensities of neutral etch product species ionized by 70 eV electrons for HBr/NF3
gas mixtures sampled from the reactor with rf discharge (150 mTorr, 1500+1500 W 60+2 MHz
power, 300 sccm total HBr/NF5 gas flow rate, SiO, hard mask layer on silicon substrate). (b) SiX total
integrated intensity agrees with the silicon dioxide etch rate within the known uncertainties.
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From similar investigations using silicon substrates with a 2 pm thick SiO, hard mask
layer in the presence of different HBr/NF3 mixed chemistries, SiF:(r species were observed
to be the main silicon etch products (that are associated with stable SiF, molecules),
Egsidei minorlgcz)ntributign from species like Hsio* (with potential contribution from

N,O ") and SiF30H " . Further, oxygen molecules were detected which are released
during chemically etching at the SiO, surface and/or dissociation of oxygen containing
product molecules (e.g., SiO,, SiF30H) in the plasma. As can be seen from Fig. 4.64-a,
104SiFf’r and 320; intensities correlate very well to measured SiO, etch rates. Calculation
of the total amount of SiXx* etch product species was again found to agree quite well to
SiO, etch rates for the different HBr/NF3 chemistries (Fig. 4.64-b).

From the results presented above, a basic etch model is developed for simplified
assumptions in silicon trench structures with a top SiO, hard mask layer, as illustrated in
Fig. 4.65: For pure HBr discharges, a thin bromosilyl (SiBry) layer will form at the surface
of a silicon substrate [110,116]. Bromination of silicon surfaces is described in the literature
to result from gasification and film growth which can be explained by thermodynamics. For
highly exothermic Si/Br and Si/Br, reactions (bond energy about 3.2 eV [286]), bromine
can spontaneously and strongly chemisorb forming a stable monolayer in the absence of
ion bombardment [110,286]. Compared to chlorine or fluorine radicals, a gasification of
silicon by atomic bromine is more effectively retarded by steric effects since bromine atoms
have the largest radius. Ion bombardment is necessary for etching silicon by bromine
atoms. For the dual frequency discharges considered here, additional ion bombardment
involves ions with sufficient kinetic energies to initiate and further enhance silicon etching.
SiBr4 final etch products are formed and released from the surface allowing the etch
process to proceed. When initially introducing few amounts of NF3 feed gas to the HBr
discharge, fluorine radicals will be formed as well from dissociation of the feed gas mix.
Compared to bromine radicals, their number is lower and the surface layer consists to a
major extent still of the thin bromosilyl (SiBr,) layer described above. Chemisorbed
bromine atoms form a protective film, thus inhibiting formation of silicon etch products
through further impinging species and limiting the etch process at the substrate surface.
Silicon can be gasified when a sufficient number of Si-F and/or Si-Br bonds has formed
(n=2...4). If the surface is covered with a bromosilyl layer, fluorine atoms can only be
physisorbed [286]. Hence, ion bombardment leads to release of SiBr, products formed
through a first reaction. Due to their low volatility (e.g., compared to SiF,), SiBr4 species
have a comparably high surface residence time and hence form a weak surface passivation.
Since fluorine radicals can hardly reach the silicon interface directly they are instead
predominantly consumed by oxidizing SiBr, (x=1...4) in a second reaction. These reactions
lead to more volatile SiBryF, (x=1...4, y=4-x) halogen etch products. The SiBr4 surface
layer may locally be efficiently reduced through such secondary reactions. Since fluorine
containing etch products exhibit a higher volatility compared to SiBrs [218] (referred to
101.325 kPa pressure)

T,(SiBr,) = 154°C >T,(SiBr3F) > T,(SiBryF,) >T,(SiBrF3) >T,(SiF,) = -86°C, (4.21)

introduction of fluorine can therefore be considered equivalent to rising the substrate
temperature for an improved volatility of SiBr, etch products. From these considerations,
formation of SiBr, is the rate limiting step which determines the silicon etch rate in HBr
dominated HBr/NF3; chemistries. When increasing the fluorine content further, a fluorosilyl
(SiFy) layer will form [110] yielding final SiF4 etch products. The SiF, etch product is highly
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volatile and therefore efficiently released to allow subsequent etching to proceed. For HBr/
NF3 chemistries involving a dominating content of fluorine, the etch process can change
from a surface reaction limited regime to a limitation by the supply of etch species. More
complex mechanisms are expected when oxygen is present in non-negligible
concentrations (mainly from addition of oxygen feed gas, as discussed in section 4.6),
which in particular results in formation of a thin SiO, surface layer at the etch front inside
silicon trench structures. SiBry etch products may be efficiently dissociated in the plasma
bulk and redeposit and/or recombine into bromine molecules when oxygen is present.
Mixed SiBr,F,O, layers of different stoichiometries may form at the substrate surfaces
which can also yield volatile oxygen-containing etch products, such as SiO and SiF3;0H.

SiF,0H gg SiF,

%

0,

—

le—— Si0, passivation
layer

Figure 4.65: Illustration of etch mechanisms for etching silicon trench structures with a top SiO,
hard mask layer in HBr/NF3 mixed chemistries, as discussed in this section.

From the data presented above, a quantitative assessment of SiF; etch product
concentrations is continued to allow again for calibration of the QCLAS technique and
comparison to results obtained previously. Following the procedure described in section
4.4.2, partial pressures for SiF,4 products were calculated from mass spectrometry data by
taking into account all relevant isotopes, and further correcting for the mass transmission
function of the EQP. To assess on the accuracy of the applied method, similar calculations
were performed for the feed gas components from mass spectra measured for different
HBr/NF3 chemistries when the discharge was turned off. From calculations of the total
pressure (taking into account all relevant species), up to 10% maximum deviations were
found from the experiments giving confidence to a quite high accuracy of the applied
method. Besides processing mass spectrometry data, calculation of SiX partial pressures
from weight loss measurements was performed as well by applying equations (4.15),
(4.16) and (4.17). Results for the SiF,4 partial pressures calculated from weight loss
measurements (solid triangles) and mass spectrometry (solid circles) are plotted in Fig.
4.66-a. SiF4 concentrations measured with QCLAS are included in Fig. 4.66-a as well,
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where a comparison of data is shown after applying corrections for an SiF, dissociation
(solid squares) as well as uncompensated data (open squares) as a reference. Calculation
of SiF, concentrations was performed after generally applying corrections for intensity
losses caused by a degradation of the SrF, optical windows. Concentrations were
determined from equation (3.9), by initially assuming gas temperatures of 343 K
(corresponding to the constant reactor wall and lid temperature). Corrections accounting
for a loss of SiF4 due to dissociation in the HBr/NF3 mixed discharges were applied by
assuming an average 6% SiF,4 dissociation (cf., Fig. 1.2 in appendix I). It should be noted
that deviations from true values for the SiF, dissociation fraction in different HBr/NF3
chemistries might occur which was not subject of further investigations here.
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Figure 4.66: Combined application of mass spectrometry, gravimetry and QCLAS for NF3 variation
in HBr/NF3 dual frequency discharges (150 mTorr process pressure, 1500+1500 W 60+2 MHz power,
300 sccm total HBr/NF3 gas flow rate, no magnetic field, bare silicon substrate): (a) SiF,; partial
pressure calculated from gravimetry (solid triangles) and mass spectrometry (solid circles) where
SiF4 contributes about 100% above 40% NF3 content, SiF,4 etch product concentrations measured
with QCLAS when assuming a constant gas temperature of 343 K in the discharges (open squares:
data obtained when neglecting an SiF,4 dissociation, solid squares: data after applying corrections for
an SiF4 dissociation); (b) SiF4 neutral gas temperatures calculated from combined application of
gravimetry and QCLAS (solid triangles) as well as mass spectrometry and QCLAS (solid circles).
Knowledge of the gas temperature for the species to be monitored is necessary for calibration of
QCLAS for determination of absolute SiF4 concentrations here.

Note the good agreement of SiX and SiF, partial pressures determined from weight loss
measurements (solid triangles) and mass spectrometry (solid circles), respectively, for NF3
contents exceeding 40% from Fig. 4.66-a. This is easily understood from contribution of
the different etch products, where differences for NF3 admixtures below 40% are attributed
to an additional formation of SiBryFy (x=1...4, y=4-x) products. As expected, SiF4
concentrations corrected for an SiF, dissociation (solid squares) as well as uncompensated
data (open squares) are generally found to increase when rising the NF3 content. However,
deviations between results from the different techniques are observed once more when
calculating corresponding partial pressures for SiF; from concentrations measured by
QCLAS through application of the ideal gas law. Again, this is mainly attributed to
considerably higher neutral gas temperatures during discharge operation compared to the
343 K temperature initially used here (that strictly applies only for cases when the
discharge is off). Reasonable gas temperatures for the 60+2 MHz HBr/NF3 discharges can
be estimated from calculation of SiF, neutral gas temperatures by applying (4.18). Neutral
gas temperatures calculated from combined application of weight loss measurements and
QCLAS (solid triangles) as well as mass spectrometry and QCLAS (solid circles) are plotted
in Fig. 4.66-b. SiF,4 neutral gas temperatures are found to drop from about 850°C for dual
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frequency discharges with 60%HBr/40%NF3 mixed chemistries to approximately 550°C for
pure NF3 chemistries. From these results, gas temperatures are found to quantitatively
agree for NF3 contents exceeding 40% with those observed from SiF4 discharges (cf., Fig.
I.4 in appendix I). Rather unrealistically high temperatures are calculated for low NF3
admixtures in HBr where multiple SiBr,F, etch product species strongly contribute to the
total etch rate. This might be attributed to SiBr,F, (x=1...3, y=4-x) etch products being
more unstable compared to SiF4, and hence can more easily be dissociated again in the
plasma before getting sampled from the reactor. This is supported from comparison of the
fractional degree of a dissociation for SiCl4 and SiF, precursor gases plotted in Fig. J.2 in
appendix J and Fig. 1.2 in appendix I, respectively. As discussed in section 4.6, both SiCl,
and SiF4 are used as additional precursor gases in complex halogen discharges, and were
hence subject of further studies. Whereas a 6% average SiF, dissociation was determined
from 60 MHz frequency SiF,4 discharges (for 1500 W applied power), the average SiCly
dissociation was found to be 40%, as determined from corresponding 60 MHz frequency
SiCl, discharges. From additional comparison of literature data [219,249-251], energies
required to dissociate SiBr, are even lower than for SiCl, and SiF4. For example, below 20
eV electron impact energy would be sufficient to completely dissociate SiBr,, whereas
dissociation of SiF, molecules would require energies around or even exceeding 30 eV.
Comparably low dissociation energies as for SiBr, should also be sufficient to dissociate
bromine rich SiBr,F, molecules. From this comparison it becomes clear, that an
overestimation of more stable SiF4 product molecules from EQP measurements is likely,
and could hence explain deviations for low NF3 admixtures in HBr. Furthermore,
contribution of nonlinear degradation effects at the SrF, windows can also not be excluded
here.

4.5.7 Summary

Although investigation of HBr/NF3; mixed discharges can be interpreted to some extent
from the knowledge obtained previously for pure HBr and NF3 discharges, pronounced
differences can occur due to more complex interactions of the various species in the plasma
bulk and on the substrate surface. This generally complicates to draw simple conclusions
about the detailed impact of the dual frequency concept. However, findings from previous
detailed studies of the single gases highly enable or support ideas about possible
mechanisms. From application of mass spectrometry in HBr/NF3 mixed chemistries, the
main etch product species are related to SiBr,F, (x=0...4, y=4-x) molecules when the
electrostatic chuck is covered by bare silicon substrates. If the surface of the silicon
substrates is covered by a 2 ym thick SiO; layer, SiF, is the main etch product with minor
contribution of O,, SiO and SiF30H product species. SiBry etch products appear to be
efficiently dissociated in the plasma bulk and redeposited and/or recombines into bromine
molecules when oxygen is present.

Rising the 60 MHz power level generally increased etch rates stronger for NF3 dominated
HBr/NF3 chemistries, whereas the etch rate enhancement from 2 MHz power was more
pronounced for HBr dominated mixtures. This can be attributed to a higher (or more
efficient) contribution of the physical etch component through the impact of ion flux and
ion energy for bromine dominated HBr/NF3 chemistries, as compared to a more chemically
driven etching for fluorine dominated mixtures. Physical contribution of bromine ions was
already encouraged from investigations of pure HBr and NFs3 discharges where silicon
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etching could be increased by a maximum of about 50% in NF3 and more than 70% in HBr
through the impact of 2 MHz power. Scaling of SiO, etch rates in HBr/NF5 is in contrast to
findings for silicon etch rates which is mainly attributed to differences in the etch
mechanisms for etching silicon and SiO, in HBr discharges. Although maximum SiO, etch
rates did not exceed about two third of the corresponding silicon etch rates, an efficient
increase in silicon etch rates by addition of NF3 could not be achieved before SiO, etching
became effective. Compared to pure NF3 discharges, etch rates can be higher for NF3
dominated HBr/NF3 mixtures. This might result from general changes of the discharge
behavior for even low admixtures of HBr to NF3 discharges which could allow for higher
plasma densities (since HBr is considerably less electronegative) and hence yield a higher
dissociation and ionization rates in the plasma bulk compared to pure NF3. An enhanced
chemical etching (from a higher fraction of fluorine radicals) is further supported by
delivering high ion fluxes where maximum silicon etch rates are believed to mainly result
from an efficient contribution of high Br* ion fluxes to the fluorine dominated chemical
etching.

The non-monotonic etch rate dependency on discharge pressure observed for pure HBr
discharges was still visible at low admixtures of NF3, but changed for NF3 admixtures of
equally and above 50% in HBr. For dominating NF3 contents, scaling of the etch rates
resembles to the known pressure dependency of a chemical driven etch process observed
from pure NF3 discharges. From IDF analysis for Brt and F™ plasma ions incident on the
reactor wall at different discharge pressures, contribution of collisions was very low at 50
mTorr and became significant at 150 mTorr. At 300 mTorr, bromine ions were efficiently
scattered into the low energy part of the IDF causing highly distorted IDF structures. From
the dominating low energy part of IDFs for Brt ions at high pressures, the low and high
energy peak of the bimodal structure almost vanished. From less pronounced elastic
scattering and (mostly resonant) charge exchange collisions at high pressures, Ft ion
energies were not as severely reduced as for Brt. From results for applying mass
spectrometry, this was explained by a high consumption of fluorine during enhanced silicon
etching in the presence of NF3 (forming stable SiF, molecules), and further by an efficient
hydrogen capture to form stable HF molecules that do not participate in etch processes
further. Hydrogen from dissociated HBr thus contributes to considerable extents to a loss
channel of fluorine radicals which reduces the F-atom concentration, and can hence shift
the equilibrium of the etch process. Due to bromine ions experiencing more collisions, Br*
mean ion energies were found to be typically lower than F* ion energies. However,
differences between maximum ion energies for F* and Br* in HBr/NF3 mixed discharges
remained generally small.

Increasing gas flow rates caused generally higher silicon and SiO, etch rates, where the
gain in etch rate became more pronounced for NF3 contents exceeding 30% in HBr. Again,
this results from enhanced desorption of etch products and supply of fluorine for high gas
flow regimes. This was about expected from previous investigations of pure NF5 discharges
where chemical etching dominates. Transport limitation effects as well as limitations by a
generation of radical species from the feed gas decomposition both influence the etch rate
here.

When applying magnetic fields, measured rf voltages were found to decrease for all HBr/
NF3 mixed chemistries investigated. Scaling of the rf voltage was found to agree very well
to scaling of sheath thickness and dc bias voltage from HPSM calculations. From differences
for the onset of saturation for the rf voltage at higher magnetic fields, a lower collisionality
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and/or smaller collision cross sections are expected for electron-neutral collisions in NF3
discharges, as compared to corresponding HBr discharges. This results in a stronger
confinement of electrons in NF3 discharges when magnetic fields are present. Scaling of the
sheath thickness appears to be predominantly determined by the 60 MHz frequency. Silicon
etch rates were observed to increase up to 10% with additional magnetic field and
saturated at higher magnetic flux densities. This was explained from the influence of
saturating ion fluxes at high magnetic fields as well as limitations from decreasing ion
energies. SiO, etch rates generally did not change much where it appeared that increasing
ion fluxes as well as radical formation were compensating somehow for decreasing ion
energies.

From what was observed for HBr and NF5 discharges so far it is confirmed that pure HBr
discharges exhibit highest selectivities (in the order of up to - or even exceeding - 50:1)
when no significant ion energy is involved. Addition of even small amounts of NF3 in HBr
discharges dramatically reduce the Si-to-SiO, etch selectivity. Mimimum selectivities
ranging between 5:1 and 10:1 for the parameter set investigated here were found for 30-
50% NF3 content, as well as for pure NF3 chemistries. Reduction in selectivity caused by
the 2 MHz frequency drive was most severe for highly HBr dominated chemistries due to
physical sputtering of SiO, in pure HBr. Si-to-SiO, etch selectivities dropped below 3:1 for
NF3 contents exceeding 20% in HBr/NF3; mixtures where minimum selectivities close to 1:1
were found for 50-70% NF3 content. Whereas the impact of magnetic fields on Si-to-SiO,
etch selectivities remained negligibly low, higher gas flow rates (and hence, reduced
residence times of the molecules in the reactor) appeared to generally result in slightly
higher etch selectivities (where differences remained below 10%).

Corresponding to simplified assumptions for etching high aspect ratio features into silicon
substrates with an SiO, hard mask layer, a simplified etch model was suggested to explain
limitations of silicon etch processes in HBr/NF3 mixed discharges. From introduction of even
very few amounts of NF3 to HBr, formation of SiBr, etch products become strongly
suppressed by SiF, product formation. Mixed halogen etch products SiBr;F, SiBr,F,, and
SiBrF; can contribute to the major product SiF, but will drop exponentially for further
increasing NF3 admixtures to HBr. For equal HBr and NF5 feeding as well as higher NF3
contents in HBr, SiF, will finally constitute the only etch product species. Since silicon etch
rates hardly change below equal HBr and NF3 feeding, SiBr, is believed to form a weak
surface passivation due to its low volatility (compared to SiF,4). Fluorine radicals can hardly
reach the silicon interface directly but are instead consumed by oxidizing SiBr, (x=1...4)
at the substrate surface which leads to more volatile SiBryF, (x=1...4, y=4-x) mixed
halogen products. Since fluorine containing SiBr,F, product molecules exhibit a higher
volatility compared to SiBry, introduction of fluorine can be considered equivalent to rising
the substrate temperature for an improved volatility of the initial SiBr, etch product
species. From these considerations, formation of SiBry is the rate limiting step which
determines the silicon etch rate in the HBr/NF3 mixed chemistries with dominating HBr
contents. When increasing the fluorine content further, a SiF, (x=1...3) layer will mainly
form at the subtrate surface which then yields final SiF4 etch products. SiF, molecules are
highly volatile and therefore efficiently released for subsequent etching. For HBr/NF3
chemistries involving a dominating content of fluorine, the etch process can finally change
from a surface reaction limited regime to a limitation by the supply of etch species. It
should be noted that an overestimation of more stable SiF, product molecules might occur
since SiBry and SiBryF, molecules can be dissociated at already lower electron impact



188 Experimental investigations and results

energies. More complex mechanisms are expected when oxygen is present (e.g., from
additional feed gas supply). This might result in formation of a thin SiO, surface layer at
the etch front inside silicon trench structures. Mixed SiBryF,O, layers of different
stoichiometries may form at the substrate surfaces which can also yield volatile SiF, as
major etch product species, and furthermore minor O,, SiO and SiF30H products.

Conditioning effects from previous NF3 plasma cleaning became evident from F* and Br*
ion flux measurements in HBr/NF3 discharges which also confirmed earlier investigations
about a reactor conditioning with fluorine and bromine [258]. After typical NF5; plasma
reactor cleans, quite significant amounts of fluorine can remain in the reactor since the
yttria hard anodized surfaces exhibit a relatively high porosity. This considerably enhances
the effective surface area for adsorption. During application of subsequent discharges,
fluorine can be reactivated and desorb from the reactor walls. From a general balancing
between adsorption and desorption processes during discharge operation, loading of the
reactor walls by further species (like bromine) will occur in parallel. From these findings,
conditioning artefacts in HBr/NF3; mixed discharges can be minimized from chosing
appropriate experimental conditions. From that knowledge, and further from comparison
of results obtained after NF3 reactor clean procedures and repeated experiments without
additional cleaning (conditioning) it was ensured that such parasitic effects were generally
minimized for the experiments conducted in this work.

4.6 Complex halogen mixtures

Complex HBr/NF3/O, chemistries are typically used for high aspect ratio silicon etching
[1,134,135,287]. In this section, HBr/NF3/0,/SiCl; mixtures are investigated for
application in DRAM DT etch processes. To ensure precise profile control and uniform trench
geometries, typical recipe settings comprise several steps where pressure, 60 MHz and 2
MHz power, gas flow rates, magnetic field, and gas flow ratios are adjusted. HBr should
enable achieving highly anisotropic silicon etching by providing sufficiently high ion
energies to remove passivation layers at the trench bottom etch front, and ensure
minimized erosion of the SiO, mask and trench sidewalls from initially high Si-to-SiO, etch
selectivities. Oxygen is added to form an SiO, passivation layer at the trench sidewalls for
protection against attack by reactive species, and hence suppress an unwanted widening
of trench geometries. NF3 is added to control the trench width by reducing the thickness of
the sidewall passivation layer at the top part of the trench, which in turn is necessary to
avoid clogging through a reduced cross-section and maintain constant supply of etch
species as well as efficient removal of etch products. SiCl, is added as a silicon source to
somewhat reduce hard mask erosion through an enhanced deposition at the surface of the
SiO, hard mask during etching. SiF,4 was initially used as precursor and substituted by SiCl4
since the latter species allows for a considerably enhanced silicon deposition at the hard
mask region. This was supported from differences from comparison of the fractional degree
of a dissociation for SiF4 and SiCl, plotted in Fig. 1.2 (appendix I) and Fig. J.2 (appendix J),
respectively. The discharge pressure needs to be optimized mainly from reasons for
sufficient supply of etch radicals. As was discussed in previous sections, the process
pressure further influences the physical etch component as well as formation of the trench
geometry since it determines ion scattering in the powered electrode sheath and hence
dictates both the angular distribution as well as ion energies. Highly forward-directed ions
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are favored to deliver a sufficient ion energy and directional flux to the bottom of high
aspect ratio structures. Whereas 60 MHz power is needed to achieve a high degree of
decomposition of the feed gas components to provide high radical and ion fluxes, the 2 MHz
power predominantly determines the ion energy. The wafer temperature (which usually
remains unknown) can be changed by adjusting the temperature of the actively cooled
powered electrode as well as the helium backside pressure for an efficient thermal coupling
between wafer and electrostatic chuck. Adjusting the wafer temperature influences sticking
of oxygen and fluorine at the trench sidewall, and hence can be efficient to control bottom
CDs of the features on the substrate. The wafer temperature is also influenced by the
energy of ion and neutral projectiles bombarding the surface, and hence by the 2 MHz
power level. The geometry of HAR structures is further influenced by magnetic fields which
can compensate high ion energies to a certain extent by reducing dc bias voltage and
hence, sheath thickness. Furthermore, the magnetic field also allows for higher densities
in the plasma, thus delivering high ion fluxes to the substrate.

Investigations performed here are limited to an analysis of typical DT etch process
settings that have been found empirically. Basic knowledge obtained from interactions in
pure HBr and NF3 as well as HBr/NF3 mixed chemistries is used for interpretation of the
main interactions in HBr/NF3/0,/SiCl4 mixed discharges, and limitations of the etch process
during HAR etching. For application of mass resolved ion energy analysis, 1°F* and 7°Br*
plasma ions were chosen again to study the plasma and sheath behavior for the complex
halogen mixed discharges. Before conducting experiments on DRAM trench capacitor
product wafers, the reactor was conditioned with standard HBr/NF3 processes on bare
silicon wafers. Furthermore, the reactor is cleaned prior DT etch experiments using
optimized NF3 plasma cleans on bare silicon wafers.

4.6.1 Neutral mass spectra

In Fig. 4.67-a, a typical mass spectrum is shown that is observed for HBr/NF3/05/SiCl4
mixed chemistries from the reactor when the discharge is off. The figure inset shows
enlarged details of minor species contributions. Settings applied for discharge operation
were taken from a typical 90 nm DRAM DT etch process. The spectrum is found to be a
superposition of the mass spectra observed for pure HBr (cf., Fig. 4.22-a), NF3 (cf., Fig.
4.37-a), and SiCl, (Fig. J.1-a in appendix J]) comprising characteristic fragmentation
pattern for the feedstock gas molecules (taking into account the feed gas ratio).
Additionally, 0" and O;’ are detected from addition of oxygen feed gas. The mass
spectrum for the situation where the discharge is turned on is shown in Fig. 4.67-b. Fig.
4.67-c shows the difference mass spectrum as obtained after subtracting the mass spectra
from Fig. 4.67-b and Fig. 4.67-a for the same mass-spectrometer settings, as well as using
relevant DT patterned process substrates with a structured SiO, hard mask layer. The
recorded spectrum exhibits a reduction in the relative intensities of ions derived from HBr,
NF3 and SiCl, feed gas components, such as HBr* , NF:(r (x=1...3) and SiCI:(r (x=1...4),
and further the appearance of ions such as H;, HF", N;, SiO+/N20+, Br;, SiF;
(x=1...4) and SiF3OH+ that are associated with discharge-generated decomposition and
reaction products like H,, HF, N,, SiO, N,O, Br,, SiF,, and SiF;0H. Besides minor
contribution from SiO and SiF;0H, SiF4 is measured to be the only silicon etch product.
Although from typical parameter settings the HBr/NF3 ratio is about 20%, SiBr4 and SiBryF,
(x=1...3, y=4-x) etch product species observed from HBr/NF3 discharges when using
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silicon substrates are not detected here (cf., Fig. 4.63-a). Peaks associated with Br, and
HF exhibit the highest intensities which supports the following basic assumptions: Whereas
fluorine is responsible for chemical etching of silicon, bromine contributes the physical etch
component by assisting the etch process. Besides its physical contribution, bromine may
form only very low volatile etch product concentrations that remain below the detection
limit of the EQP probe. It is constantly removed from the plasma reactor as recombined
molecular bromine. This is supported from investigations in the previous sections.
Alternatively, SiBry and SiBryF, etch products might also be efficiently dissociated in the
plasma bulk when oxygen is present from the feed gas mix. A high amount of fluorine
radicals is obviously lost through formation of inert HF molecules since hydrogen is
available in relatively high amounts from dissociation of HBr in the plasma. Compared to
HF* intensities, H; appears to be present in comparably smaller concentrations which
emphasizes a highly efficient loss channel for fluorine radicals. To investigate the absence
of SiBr4 and SiBryF, etch products in more detail, further experiments were conducted as
described in the following.
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Figure 4.67: Mass spectrum of neutral species ionized by 70 eV electrons for (a) HBr/NF3/0,/SiCly
complex chemistry sampled from the reactor without discharge; (b) HBr/NF3/0,/SiCl; mixed
chemistry sampled from the reactor with rf discharge (250 mTorr, 1900+2000 W 60+2 MHz power,
546 sccm total gas flow rate (20% NF3/HBr ratio), using DT patterned process substrates with a
structured SiO, hard mask layer - 20% Si open area); (c) difference of mass spectra b-a (negative
values indicate a loss when the discharge is on).
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Figure 4.68: Mass spectrum of neutral species ionized by 70 eV electrons for (a) HBr/NF3/0,/SiCly
process gas mix sampled from the reactor with rf discharge (250 mTorr, 19004+2000 W 60+2 MHz
power, 546 sccm total gas flow rate (20% NF3/HBr ratio), using a DT patterned process substrate
with a structured SiO, hard mask layer - 20% Si open area); (b) HBr/NF3/0,/SiCl, process chemistry
reduced total flow (250 mTorr, 1900+2000 W 60+2 MHz power, 142 sccm total gas flow rate (20%
NF3/HBr ratio), using a DT patterned process substrate); (c) HBr/NF3/05/SiCl; mixed chemistry
sampled from the reactor with rf discharge (250 mTorr, 190042000 W 60+2 MHz power, 546 sccm
total gas flow rate (20% NF3/HBr ratio), using a bare silicon substrate); (d) HBr/NF3 process gas mix
(without addition of O,+SiCl,) sampled from the reactor with rf discharge (250 mTorr, 1900+2000
W 60+2 MHz power, 485 sccm total gas flow rate (20% NF3/HBr ratio), using bare silicon).

(1) To minimize dilution effects from feed gas components and enhance the detection
limit for low number density species, individual HBr, NF3, O, gas flow rates were reduced
to about one fourth of the initial flow rates. The initial SiCl, feed gas flow could not be
reduced further which was due to limitations by the MFC to still maintain reliable flow rates.
Comparing neutral mass spectra recorded for the initial process (Fig. 4.68-a) and for the
modified process with reduced gas flow rates (Fig. 4.68-b) reveals no major differences for
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the species recorded. From the latter spectrum, HCI™ is found to dominate the spectrum
which is attributed to an enhanced SiCl, contribution as compared to the initial feed gas
ratio. Formation of HCl is associated with an efficient dissociation of the SiCl, feed gas and
subsequent reactions of chlorine with hydrogen. Due to the enhanced detection limit, minor
byproducts such as BroOF" and CIBr* are now observed that could not be detected with
initial process discharge settings. SiF;(L and SiF30H+ intensities were not found to have
changed which corresponds to only negligible changes in the etch rate observed.

(2) To investigate the influence of the silicon open area on etch product formation, a bare
silicon substrate was used during discharge operation with identical process chemistry and
further process parameters. The initial silicon open area was estimated about 20% of the
total surface area for DT patterned process substrates with a structured SiO, hard mask
layer. From a five times higher silicon surface area, a considerably higher concentration of
etch products should be created which in turn should again rise the detection limit.
Comparing neutral mass spectra recorded for about 20% silicon open area (Fig. 4.68-a)
and 100% silicon open area (Fig. 4.68-c) reveals indeed higher intensities for SiF4 etch
product species, whereas other intensities remain essentially constant.

(3) To investigate the influence of O, and SiCl, admixtures, the previous experiment was
repeated without addition of oxygen and SiCl, when using again a bare silicon substrate.
The intention was to exclude formation of (oxygen containing) passivation layers that
potentially lead to black silicon formation at the silicon surface [135], and to further exclude
a different dissociation behavior of silicon etch products when oxygen is added to the
discharge. As can be seen from the neutral mass spectrum plotted in Fig. 4.68-d, various
species are detected that are associated with SiBr,, SiBr3F, SiBr,F,, SiBrF5, and SiF,
etch products. The mass spectrum appears comparable to mass spectra obtained from HBr/
NF3; mixed discharges for different process conditions described in the previous section.
Bromine is actively involved in chemical reactions leading to formation of SiBrXFy (x=1...4,
y=4-x) species, and furthermore reduced amounts of Br, byproducts. Higher intensities
noted for SiF: species are attributed to higher silicon etch rates for an oxygen-free process
chemistry.

From the above experiments it is concluded that detection of SiBr, etch products might
be suppressed by comparably small silicon open areas, a more pronounced contribution of
bromine through physical sputtering at a somehow oxidized silicon etch front, a low
probability of less volatile SiBr, molecules to leave HAR structures prior to an effective
substitution of Si-Br bonds by fluorine radicals (the initial aspect ratio from the SiO, hard
mask is around 20 and at final trench depth aspect ratios of about 60 are achieved), dilution
effects due to high feed gas flows from the DT etch process settings, and/or oxygen
additions may lead to an enhanced or even complete dissociation of SiBr, product
molecules in the plasma. From different investigations it was also found that addition of
even small amounts of oxygen to bromine chemistries can efficiently decrease spectral
intensities of SiBr, related species below the detection limit of the mass spectrometer
[288]. It was speculated that SiBry is dissociated in the plasma bulk when oxygen is
present and partially redeposited after formation of SiBr,O,. Due to a very low volatility of
such species, an increasing oxygen feeding could finally lead to a deposition rate exceeding
the etch rate, hence causing a theoretically infinite etch selectivity. SiBryF, (x=1...3, y=4-
X) species are described as unstable intermediate etch products that can react either with
oxygen (from the feed gas or from etching the SiO, hard mask) to redeposit as SiO,, or
with fluorine to form volatile SiF4 [287]. Volatile SiF,4 can further also react with oxygen to
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redeposit as SiO, on the trench bottom or sidewall, or on the vertical SiO, hard mask. The
trench profile is thus highly affected by the SiO, sidewall deposition and its uniformity.
Measurement of ion fluxes from the investigated mixed halogen discharges hints that
SiBryF, product molecules are indeed created, although in very minor concentrations (cf.,
Fig. 4.69). From the recorded spectrum it is already hard to properly identify relevant peaks
for SiBrXF;,L plasma ions since corresponding intensities are at the edge of the detection
limit. The plasma ion mass spectrum was recorded for EQP lens settings for 7°Br* plasma
ions (28 eV energy) that were obtained from tuning routines to optimize the signal-to-noise
ratio [153].
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Figure 4.69: Mass spectrum of relative ion fluxes at the reactor wall recorded for EQP lens settings
optimized from recommended tuning routines [153] for 79Br* plasma ions (energy = 28 V).
Discharge conditions were 250 mTorr, 190042000 W 60+2 MHz power, 546 sccm total gas flow rate
(20% NF3/HBr ratio), and a DT patterned process substrate with a structured SiO, hard mask layer
(20% Si open area) was used.
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Figure 4.70: Mass spectrum of neutral species ionized by 70 eV electrons for HBr/NF3/0,/SiCl4 gas
mixture sampled from the reactor with rf plasma (250 mTorr, 750+3000 W 60+2 MHz power, 550
sccm total gas flow rate (20% NF3/HBr ratio), using a DT patterned process substrate with a
structured SiO, hard mask layer - 20% Si open area).

Finally, Fig. 4.70 shows a mass spectrum which is obtained for an etch process modified
for a 60 nm DRAM DT etch process experiment. Again, SiF;(L (x=1...4) and SiF3OH+ are
the only detected species that result from main SiF4 and minor SiF30H product molecules.
The peak observed at m/qg = 167 u is attributed to Si20F5+ which is associated with
further minor Si,OF, etch product species formed through chemically etching the SiO,
hard mask [288]. From comparison of the isotope distribution for SiCl, with measured
peaks, the mass peaks around m/g = 170 u - which corresponds to the SiCl4 main isotope
- also indicates contributions from Si2F6+ species. However, Si2F6+ intensities remain just
slightly above the EQP detection limit. In [110], Si,Fg was reported to be one of the major
etch species formed during etching of silicon and silicon dioxide in fluorine chemistries.
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From formation of bromine containing byproducts, like CIBr and BrOF,, this experiment also
hints how bromine is consumed and removed from the reactor (besides a major Br,
formation). However, from the low intensities these products appear to be of minor
concentrations or efficiently dissociated in the plasma.

4.6.2 Further discharge analysis

Investigations performed here are limited to a very basic analysis of typical settings for
DT etch processing and might serve as an initial startpoint of more detailed future analysis.
Recipes comprise several steps where discharge settings are defined and adjusted. During
etching high aspect ratio features, the discharge pressure is raised from typically low (75
mTorr) to medium (250 mTorr) pressure. 60+2 MHz power levels are increased as well
from medium (140041000 W) to high (1900+2000 W) powers. Besides minor changes, the
HBr/NF3 ratio remains about 80%HBr/20%NF; wich appeared to be an optimum with
regards to a comparably high Si-to-SiO, selectivity in 60+2 MHz HBr/NF5 discharges. Gas
flow rates are slightly adjusted during the different recipe steps where the total gas flow
rate can exceed 500 sccm. A magnetic field of 120 G parallel to the wafer surface is
constantly applied and is typically set to rotate azimuthally with a period of four seconds.
The magnetic field was switched off when performing mass spectrometry and IDF analysis.

IDFs recorded for F* and Br* ions from the plasma are plotted in Fig. 4.71-a and Fig.
4.71-b. Measured IDFs were already corrected for the offset in the energy scale. Whereas
a broad peak splitting is observed for F* ion distributions, the peak separation remains low
for Br* ions. Contribution from collisions to the low energy part of recorded IDFs increase
as etching proceeds which is mainly a result of an increasing process pressure. At medium
pressures, ions are efficiently scattered into the low energy part of the IDF where the low
and high energy peak of the bimodal structure almost vanish. Again, reduced ion energies
from elastic scattering and (mostly resonant) charge exchange collisions of F* ions at high
pressures are not as severe as for Br'. Assuming a relatively low contribution of non-
resonant collisions to scattering processes in NF3 discharges, this appears to result from a
high consumption of fluorine atoms during silicon etching through substitution of initial
SiBr4 products, and further from an efficient hydrogen capture to form stable HF species
(cf., Fig. 4.68-a) which will reduce the number of resonant collisions for fluorine. Despite a
less pronounced peak splitting in case of bromine, the IDFs resemble to those measured
for HBr/NF3 discharges under slightly different conditions (cf., Fig. 4.54). Mean ion energies
measured at the reactor wall range between 25 eV and 35 eV for Br*, and 37 eV and 59
eV for Ft ions (cf., Fig. 4.71-c). The results indicate slightly lower ion energies here as
compared to similar settings in dual frequency HBr/NF5 discharges. This might result from
higher gas flows and/or slight differences in the discharge behavior due to additions of O,
and SiCl, feed gas. The increase of ion energies with the different recipe steps is likely to
result from increased 2 MHz power levels, until finally contribution from collisions starts to
dominate and causes mean ion energies to slightly drop. Differences between generally
higher F* and lower Br* ion energies from differences in the ion mass further increase with
the different recipe steps which is mainly attributed to an increasing discharge pressure,
and hence a rising sheath collisionality. Ion fluxes for F* and Br* plotted in Fig. 4.71-d are
found to decrease as the etching process progresses. This is again attributed to a rising
process pressure from the different recipe steps. A significant loss of ions due to an
increasing number of collisions in the sheath and/or enhanced recombination effects in the
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plasma bulk were discussed previously as potential root causes. From comparison to HBr
as well as NF3 discharges (cf., Fig. 4.30-e and Fig. 4.45-c for a setpoint of 1500 W 60 MHz
power), ion fluxes appear less reduced here which could be explained by an increased ion
generation at higher 60 MHz power levels (up to 2 kW setpoint for the experiments
discussed here).
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Figure 4.71: IVDFs for (a) F™ and (b) Br* plasma ions measured during different recipe steps of
typical DT etch discharge operation (60+2 MHz HBr/NF3/0,/SiCl4 discharges, no magnetic field, DT
patterned process substrate with a structured SiO, hard mask layer - 20% Si open area); (c)
corresponding mean ion energies; (d) relative ion fluxes. The IVDFs have already been corrected for
the offset in the energy scale.

From rf probe measurements, the rf voltage is observed to constantly decrease with
recipe steps (Fig. H.5-a in appendix H). This is in accordance with results from pressure
variation in HBr, NF3 and HBr/NF3 mixed discharges (cf., Fig. F.3-a, Fig. G.2-a and Fig. H.2-
a in the appendix) where the general reduction appears slightly amplified by the additional
magnetic field. Compensation by a rising 2 MHz power is not apparant from these results,
as observed from investigations in the previous sections. The rf probe current plotted in
Fig. H.5-b (appendix H) is found to rise after an initial decline. This is consistent with results
from pressure variation in pure HBr and NF3 discharges (cf., Fig. F.3-b and Fig. G.2-b in
the appendix), amplified by the influence of the magnetic field (cf., Fig. F.4-b and Fig. G.3-
b) as well as 2 MHz power (cf., Fig. F.2-b and Fig. G.1-b).

Evolution of the feature height (or depth, respectively) for the trench profile determined
by both SiO, hard mask layer and silicon substrate during the total etch time, as well as
corresponding aspect ratios for both materials are plotted in Fig. 4.72. As can be seen from
Fig. 4.72, the silicon etch rate decreases with etch time and hence trench depth (i.e., the
trench growth continues with a decreasing velocity). From rising 60+2 MHz power levels
during the subsequent recipe steps, etch rates are expected to increase as well, as was
found for HBr/NF3 mixed chemistries (cf., Fig. 4.55). However, a potential increase is
compromised by the influence of a rising process pressure, as was observed again from
HBr/NF3 mixed chemistries (cf., Fig. 4.60-a). As the etching proceeds, the oxygen gas flow
rate has to be increased to account for the increased trench surface that needs to be
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passivated to maintain a high degree of anisotropy. For a rising amount of oxygen,
oxidation of the etch front at the trench bottom can become more severe which
compromises the etch rate. When the concentration of the oxygen additive exceeds a
critical value, sidewall deposition influences the profile evolution by shadowing parts of the
trench bottom. Since all species enter the trench structure through the top opening, this
region is most severely affected by an enhanced sidewall growth. To avoid clogging at the
trench top opening, the NF3 gas flow rate has to be increased accordingly. A higher NF3
content could potentially reduce again the extent to which the silicon etch rate is reduced.
Since the silicon etch rate clearly decreases as a function of the depth-to-width or aspect
ratio, this indicates that the RIE lag effect (or ARDE) [136-138] has to be accounted for as
well, besides influences from the changing process settings. Compared to the decreasing
silicon etch rate, the SiO, etch rate from mask erosion decreases less strongly. Provided
the etch selectivity is not subject to major changes, this might support the dominating
influence of ARDE on the silicon etch rate as the aspect ratio increases. From the different
scaling of the etch rates, the Si-to-SiO, selectivity is indeed only slightly reduced as the
etching proceeds. The aspect ratio is reduced to a minor degree by the slightly (about 15%)
increasing trench top CD. The obtained profile after etching is nearly ideally anisotropic with
a negligibly tapered profile (not shown here), the taper angle remains below 0.2°. For such
optimized trench profiles, no capacitance loss due to profile tapering will occur which means
that the required storage capacitance can be obtained with the smallest trench depth.
Furthermore, no etch profile distortions like undercutting, sidewall bowing, or
microtrenching at the feature bottom due to ion scattering at the trench sidewalls were
observed from the optimized process settings.
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Figure 4.72: Profile evolution during DT etching.

4.6.3 Summary and discussion

From the various results obtained is was concluded that typical process settings used for
high aspect ratio silicon etching appear well optimized with regards to the process
chemistry. The variety of silicon etch product species measured from HBr/NF3 and HBr/
NF3/0,/SiCl4 mixed discharges is reviewed again in Fig. 4.73 and Fig. 4.74.

For an efficient passivation removal at the etch front in high aspect ratio structures with
small top CDs, generally high ion energies are required. Internal TRIM simulations have
shown that ion energies of several hundred eV are required to remove a minimum SiO,
passivation layer of about 1-3 nm thickness at the etch front. To obtain a dominating
fraction of ions with high energy, high plasma density and high rf peak voltage are required
which is supported by HPSM simulations. Practically, high plasma density and rf peak
voltage can be provided by high 60+2 MHz power levels. An optimized etch process would



4.6 Complex halogen mixtures 197

also require a highly efficient coupling at high power levels. This can be addressed by an
efficient match box and power transmission line concept designed for the required power
level. Enhanced etch rates at the trench bottom were observed from injection of high power
levels, but also compromised by severely enhanced SiO, mask erosion.
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Figure 4.7 3: Mass spectrum of neutral SiX etch product species ionized by 70 eV electrons for HBr/
NF3 gas mixture sampled from the reactor with rf discharge (250 mTorr, 1500+800 W 60+2 MHz

power, 100 sccm HBr + 20 sccm NF3 gas flow rate, using a bare silicon substrate)
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Figure 4.74: Mass spectrum of neutral SiX etch product species ionized by 70 eV electrons for HBr/
NF3/0,/SiCl4 gas mixture sampled from the reactor with rf plasma (160 mTorr, 1400+1400 W 60+2
MHz power, 546 sccm total gas flow rate (20% NF3/HBr ratio), using a DT patterned process
substrate with a structured SiO, hard mask layer - 20% Si open area).

To minimize removal of the (SiO,) hard mask and keep the (Si-to-SiO,) selectivity high,
it appears important to suppress the fraction of ions with low and medium energy. This
expresses the need for an appropriately tuned IEDF that should predominantly consist of
highly energetic ions. Generally, the 2 MHz frequency part is suitable to achieve the
required high ion energies. However, the distribution typically extends also to low energies
around the second (2 MHz) characteristic peak. A favored high-energy fraction could be
acquired by further tuning the 60+2 MHz IEDF, e.g. by increasing the plasma density with
60 MHz power. Alternatively, multi-frequency rf source concepts beyond the already used
2 different frequencies might be required to achieve maximum etch rates in the HAR
structures at optimized etch selectivity, by enabling better control of appropriately tuned
IEDFs. Further options could include pulsing the plasma [289,290] to enhance both silicon
etch rate and Si-to-SiO, selectivity and offer additional flexibility and control of the etch
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process, or using alternative hard mask materials [290-292] with reduced erosion rates
during bombardment with highly energetic projectiles.

Besides both high plasma density and rf peak voltage, a reduction of the discharge
pressure appears suitable to efficiently increase the mean ion energy. According to HPSM
calculations, decreasing the pressure reduces the number of collisions (ES, CX) and off-axis
scattering in the sheath. Since the low energy part of the IEDF is mainly defined through
the influence of collisions, decreasing the pressure can generally be an option to keep the
fraction of low-energy ions small. A pressure reduction gives rise to an increased sheath
width. As a result, the angular distribution becomes more anisotropic in forward direction,
and ions will gain more energy on their way through the sheath region. This finally results
in a higher fraction of ion projectiles that experience less collisions with the sidewalls in high
aspect ratio structures. Practically, reduction of the discharge pressure from an
intermediate pressure regime was found to be only slightly beneficial, mainly with regards
to an improved profile control. At medium discharge pressures, ion distribution functions
predominantly consist of low and medium ion energies where the high pressure tail is
supressed due to sheath collisions. Also, off-axis scattering in the sheath is more severe
which expresses the need of an appropriate sidewall protection when etching high aspect
ratio features. A beneficial enhancement of silicon etch rates at high power levels might
compromise anisotropy through local erosion/consumption of the SiO, sidewall passivation.
This emphasizes the need of highly erosion resistant sidewall protection layers (like SiN,
SiC, or TiN). The choice for these materials is of course limited from the requirements of
subsequent removal leaving no residues inside the high aspect ratio features.

From HPSM simulations, the discharge asymmetry was found to increases with plasma
density and rf peak voltage, and somewhat also for reduced pressures. This indicates that
the net energy gain becomes higher for ions incident at the substrate. Due to the described
need of highly energetic ions incident on the substrate, the discharge asymmetry should
be as high as possible to minimize reactor wall erosion. Nevertheless, the energy for ions
incident on the reactor walls will increase when tuning both parameters. This emphasizes
the general need for appropriate hard anodization layers to minimize erosion of the reactor
walls.

When increasing the 60 MHz power at constant reactor pressure, the neutral gas density
is reduced due to gas heating effects. According to results from HPSM simulations, the
increased gas temperature will result in an enhanced ion energy at the powered electrode
by a factor of about 2, whereas the gain in ion energy at the ground electrode remains
below 50% compared to initial values close to room temperature. The actual neutral gas
density will always result from a superposition of the impact of gas heating and the
adjusted reactor pressure which can complicate determination of the different discharge
parameters.

Besides the positive impact of low pressures with regards to a reduced off-axis scattering
and higher ion energies, the low pressure discharge still has to provide a required fraction
of neutrals and radicals to maintain a sufficient chemical etch component. At optimum
pressure, both required physical and chemical etch components should be balanced.
Without compromising this balance, the pressure could be minimized by applying higher 60
MHz power levels to more efficiently dissociate the precursor molecules at reduced neutral
gas densities. The increased 60 MHz power will however affect again the fraction of highly
energetic ions which is due to a partial reduction of the increased sheath width at low
pressures. This effect of a reduced pressure and high 60 MHz power will be intensified
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further since the EEDF is expected to be influenced as well, causing a higher mean electron
temperature. Increasing the electron temperature was found to yield a reduced sheath
width in front of the powered electrode and hence reduced ion energies at this electrode.
From the decreased discharge asymmetry, ion energies for projectiles incident on the
ground reactor walls will increase, yielding an enhanced wall erosion. From the complex
interactions, a pressure reduction and increase of the 60 MHz power could practically
compensate for a favored gain in ion energy at the powered electrode. As a drawback of
this approach, an enhanced wall erosion would result from the reasons discussed above.
Besides rising 60 MHz power, application of weak magnetic fields is suited to provide an
enhanced fraction of chemically active radicals (plus ions) at reduced pressure. During
application of weak magnetic fields, the drawback of reduced ion energies should still be
reasonable.

Besides contribution from ion energy as well as ion and radical fluxes, etch rates can
become limited by an efficient removal of etch products from the substrate surface. This
indicates requirements for optimized feed gas flow rates, as well as substrate
temperatures. For HBr dominated chemistries, SiBr, etch species were found to apparantly
limit the etch rate at the trench bottom. From a proposed chemical etch model, enhancing
etch rates is enabled by addition of higher NF3 admixtures. Increasing NF3 admixtures
however compromises the required anisotropy and leads to an enhanced SiO, mask
erosion. Alternatively, significantly raising the electrostatic chuck temperature was
suggested to enable a higher volatility of etch species without compromising anisotropy
again. Unfortunately, high temperatures will introduce additional severe difficulties for the
CCP concept where high voltages require small leakage currents for the rf power coupling
through the electrostatic chuck. Besides technical difficulties, a high substrate temperature
could compromise maintaining a good feature profile control during HAR etching. An
increased substrate temperature will for example decrease the sticking coefficient for
oxygen at the sidewalls leading to less effective sidewall passivation and hence more
isotropic etching (CD widening).

To somewhat enhance the etch selectivity, the initially used SiF; precursor was
substituted by SiCl, as a result of the investigations performed during this work. The SiCl,
species allows for a considerably enhanced silicon deposition at the hard mask region,
hence reducing an SiO, mask erosion during etching. This was supported from differences
for the decomposition measured for both precursors.



5 Summary and conclusions

In this study, physical and chemical interactions during dry etching of silicon in
capacitively coupled asymmetric discharges were investigated in detail. This work was
intended to gain better understanding of the complex interactions during high aspect ratio
silicon etching with halogen chemistries for aspect ratios exceeding 70 and critical
dimensions below 70 nm. Experiments were conducted in an industrial dual frequency
MERIE CCP reactor at medium pressures typically used for etching high aspect ratio
features for DRAM applications. Initial basic studies of the discharge behavior in this work
comprised electropositive argon as well as electronegative HBr and NF53 discharges. Further
analysis was performed for mixed HBr/NF3; and complex HBr/NF3/0O5/SiCl; process
chemistries to get a more detailed insight into the complex plasma chemistry and sheath
behavior. Generally, the influence of applied power, discharge pressure, gas flow rates, as
well as magnetic fields was investigated for 60 MHz single frequency as well as 60+2 MHz
dual frequency operation. The final goal of this work was to investigate the utilization of the
dual frequency concept as well as the impact on discharge properties and finally on etching
at relevant substrate surfaces.

The complex nature of multi frequency rf sheaths was both analyzed experimentally and
from simulations. The rf sheath behavior in front of the grounded electrode was
investigated by applying mass resolved ion energy analysis from a Hiden EQP 500 analyzer
installed at the reactor wall. To support an interpretation of results from plasma diagnostic
measurements and to gain further insight into the discharge behavior at even difficult or
impossible experimental conditions, the Hybrid Plasma Sheath Model [17,18] was used for
calculation of angle-resolved ion energy distributions. The discharge chemistry was
investigated in detail by applying mass spectrometry, APMS, QCLAS, as well as rf probe
measurements. Gravimetry and ellipsometry were used additionally to characterize etch
processes at different relevant substrates.

A comparison between IDF measurements and simulations to obtain more detailed
information about the influence of discharge parameters is generally rather challenging due
to inherent difficulties in the measurement of ion distribution functions. Orifice geometry
and voltage settings on the electrostatic lenses of the analyzer are limiting factors that
affect the ion transmission. Based on simulations of ion trajectories and experimental
verification, chromatic aberration effects were minimized. Due to the fact that the EQP
orifice plate as well as the reactor walls are insulating, the comparison of different
discharge conditions and chemistries is quite challenging. An important but complicated
task was therefore a rather precise determination of the floating potential that developed
from surface charging around the aperture of the orifice plate. Low-energy peaks could be
identified from measured distributions that were attributed to charge exchange collisions
in the proximity of the sampling aperture. Peak positions were used for determination of
the floating potential at the orifice plate, and hence calibration of the energy axis to enable
for comparison of different plasma conditions. Finally, both the energy dependent
acceptance angle and the resulting energy dependent transmission function of the adapted
Hiden EQP analyzer design were taken into account to enable a comparison of results from
experiment and simulation. For calculation of IDFs, the hybrid-fluid simulator was
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additionally modified by implementation of differential cross sections resulting from ab-
initio calculations for relevant ion-atom collisions in the sheath regions. This effort
appeared necessary to achieve an accurate modeling of the scattering angle as a function
of impact parameter and energy for the wide range of relevant scattering energies (about
zero eV to keV range) occuring in the sheaths of typical medium pressure CCP discharges.
The HPSM model initially suited to calculate single species Ar discharges was furthermore
extended to enable simulations of HBr discharges consisting of multiple ion species as
determined experimentally from typical CCRF hydrogen bromide discharges. Parameter
studies were performed for both the modified Ar and the HBr model, including variations of
the rf peak voltage, neutral gas pressure, neutral gas temperature, electron density,
electron temperature, magnetic field, and the rf frequency mix. From the careful analysis
it initially appeared feasible to gain access to information about IEADs of ions incident on
the substrate by simply measuring IDFs of ions incident on the reactor wall. However, due
to the highly complex discharge chemistry, the lack of precise knowledge for discharge
parameters and required collision cross-sections, absolute calibration between experiment
and simulation is impossible at this point. Nevertheless, relative trends for the results from
simulation and measurement are generally well comparable. As an example, Langmuir
probe measurements would be suited to extend the knowledge about discharge parameters
and should therefore be applied in further studies. Besides the general disadvantage of
disturbing the plasma, application of Langmuir probe measurements appears however not
straightforward for investigation of electronegative gas discharges in an insulating
discharge reactor.

A new diagnostic arrangement based on the infrared absorption spectroscopy technique
QCLAS was designed and constructed during the time of the present work. For the first
time, concentrations of the precursor gas NF5 and of the etch product SiF, were measured
on-line and in situ under clean room conditions [165]. Requirements regarding the infrared
beam coupling into the plasma reactor were achieved by application of mid-infrared
transparent fibres and internal reflections in the reactor chamber [266,267]. From
application of QCLAS, changes from plasma species determined by mass spectrometry
could be confirmed. Furthermore, the technique provides an attractive opportunity for
calibration to quantify discharge parameters, like species concentrations and the neutral
gas temperature. Besides application to expand the fundamental knowledge about process
characteristics, QCLAS appears as a valuable nonintrusive and species-selective diagnostic
technique to monitor and control etch processes.

Electropositive Ar discharges were investigated for an initial baseline characterization, to
enable a comparison to literature data and allow for HPSM modeling calibrations.
Experiments with ionized argon noble gas were also intended to obtain results for purely
physical sputtering since the physical etch component can initiate and enhance reactive ion
etching in molecular halogen discharges. Results obtained from measurements of argon ion
distributions mostly confirm the trends obtained from different simulations. As expected,
the Si-to-SiO, etch selectivity supports purely physical sputtering of both materials for the
range of discharge settings investigated in this work. From detailed investigations,
sputtering can be influenced by differences in the discharge parameters (from variations of
ion-impact secondary electron emission coefficients, power coupling, plasma chemistry) as
well as amorphization and recrystallization effects and subsequent native oxide growth at
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the silicon surface (when the wafers are exposed to atmosphere again), and less
importantly also by an argon incorporation.

Besides efficiently increasing sputter rates with 60 MHz and 2 MHz power, a further
distinct gain in argon ion energy and sputter rates could be achieved through reducing the
discharge pressure below 100 mTorr. This is likely due to changes in the EEDF and mean
electron energy that accompany a discharge transition from stochastic (collisionless) to
ohmic (collisional) electron heating and/or from the low-voltage (or o) to the high-voltage
(or v) mode through an increasing discharge current density. Strong changes of the argon
feed gas flow appear to change the background gas temperature and hence the neutral gas
density, which in turn will affect discharge properties (like plasma density, Art ion
uniformity) to some extent.

From investigations of electronegative HBr discharges it is concluded that silicon is
chemically etched where etch reactions are induced and strongly supported by ion energy.
In contrast, SiO, appears to be predominantly physically sputtered. From these findings,
changes in the Si-to-SiO, selectivity are primarily caused by changes of the chemical etch
component during silicon etching. The contribution of chemical etching can become fairly
low but always plays a non-negligible role in HBr discharges, as was concluded from
comparison to purely physical sputtering in argon discharges. From mass spectrometry and
APMS, SiBr4 was confirmed as main etch product resulting from chemical reactions involved
in the etch process.

From detailed IDF analysis and HPSM simulations, a higher sheath thickness can be
obtained in molecular HBr discharges as compared to corresponding argon discharges. This
can be explained by a higher mean electron temperature in HBr discharges [215] and
results in a more distinct scattering of ions in the sheath region. Due to pronounced sheath
collisions for the relatively high pressures applied, mean ion energies will be typically lower
than the time averaged sheath potential. As expected, the measured IDF peak splitting
increased with rf voltage and decreased with rf frequency and ion mass. Ion energies of
low mass species (e.g., hydrogen molecules) usually appeared evenly distributed over a
broad range which is due to the light ions being able to respond to temporal variations of
the sheath potential caused by both the low and high frequency component. For other ion
species, high frequency oscillations could generally not be resolved. Consequently, IDFs
were mainly determined by the dynamics of the low frequency component. This reflects the
fact that control over the energy of light ions in molecular discharges can not be achieved
to a comparably high extent observed for heavy ion species. In practice, these light ions
may however only play a minor role during etching.

From HPSM calculations, both qualitative differences in the IEDF structure as well as
quantitative differences in the scaling of the investigated parameters appear for the
different ion species in HBr. Those deviations can be explained by a currently insufficient
description of the collisional processes for the different molecular species in HBr discharges.
To gain more reasonable results, the HBr model implemented during this work should be
subject of further improvements.

Investigations of strongly electronegative NF5 discharges confirmed chemical etching of
silicon and SiO, with fluorine occurs spontaneously, where etch rates can be strongly
enhanced through the impact of ion bombardment energy and ion flux. Etching is generally
influenced by transport limitation effects as well as limitations by a generation of radical
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species from the feed gas decomposition. From mass spectrometry and APMS, SiF4 was
confirmed to be the main etch product. Generally, NF3 molecules are effectively dissociated
in the plasma where complete dissociation is achieved for high 60 MHz power levels. This
results in a very effective conversion of the NF3 feed gas into SiF4 products (and N>
byproducts). Due to a pronounced chemical etching of silicon and SiO,, changes in the Si-
to-SiO, etch selectivity are primarily caused by a different scaling of the chemical etch
component for both materials. From a quantitative assessment of SiF; etch product
concentrations, mean neutral gas temperatures arising during discharge operation could be
approximated. For the range of 60 MHz power levels investigated here, the gas
temperature was found to rise from 70°C reactor temperature to about 1000°C. F* ions
were generally found to exhibit highest energies, being comparable to or even exceeding
those observed for species from corresponding HBr discharges. Since ion energies were
recorded at the reactor wall this indicates that erosion of reactor surfaces through ion
bombardment can become severe in NF3 discharges.

Interpretation of interactions in HBr/NF3; mixed discharges was enabled from knowledge
obtained from investigations of pure HBr and NF5 discharges. However, differences from a
simple superposition indicated that more complex interactions will occur during etching on
the substrate surface as confirmed from the various species in the plasma bulk. The main
etch product species in HBr/NF3 mixed chemistries are related to mainly fluorine-rich
SiBryFy, (x=0...4, y=4-x) molecules when the electrostatic chuck is covered by bare silicon
substrates. When etching SiO,, SiF, becomes the main etch product with minor
contribution of O,, SiO and SiF30H product species. From simplified assumptions for
etching high aspect ratio features into silicon substrates with an SiO, hard mask layer, a
basic etch model is suggested to explain limitations of silicon etching in HBr/NF3 mixed
discharges. According to the model, fluorine radicals are consumed by subsequently
oxidizing an SiBry (x=1...4) passivation layer at the substrate surface which leads to more
volatile fluorine-rich SiBr,F, (x=1...4, y=4-x) mixed halogen products (SiBr, formation
becomes strongly suppressed). SiBr, etch products are finally completely suppressed
through efficient dissociation in the plasma bulk and redeposition and/or recombination
into bromine molecules when oxygen is present in the discharge. The model appears
suitable to explain passivation properties of bromine and oxygen to achieve highly
aniostropic etching.

Rising the 60 MHz power level generally increased etch rates stronger for NF3 dominated
HBr/NF3 chemistries, whereas the etch rate enhancement from 2 MHz power was more
pronounced for HBr dominated mixtures. This can be attributed to a higher (or more
efficient) contribution of the physical etch component through the impact of ion flux and
ion energy for bromine dominated HBr/NF3 chemistries, as compared to a more chemically
driven etching for fluorine dominated mixtures. Scaling of SiO, etch rates in HBr/NF5 differs
in detail from silicon etch rates which is mainly attributed to differences in the etch
mechanisms for etching silicon and SiO, in HBr discharges. Although maximum SiO, etch
rates did not exceed about two third of the corresponding silicon etch rates, an efficient
increase in silicon etch rates by addition of NF3 could not be achieved before SiO, etching
became effective. From what was observed for HBr and NF3 discharges so far it is confirmed
that pure HBr discharges exhibit highest selectivities (in the order of up to - or even
exceeding - 50:1) when no significant ion energy is involved. Addition of even small
amounts of NF3 in HBr discharges dramatically reduce the Si-to-SiO, etch selectivity where
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mimimum selectivities range between 5:1 and 10:1. Etch selectivities are further reduced
by application of 2 MHz frequency power where selectivities can even approach the 1:1
ratio.

Hydrogen radicals from dissociated HBr can be an effective loss channel of fluorine
radicals which reduces the F-atom concentration and hence shifts the equilibrium for the
etch process [258]. According to F™ and Br* ion flux measurements in HBr/NF3 discharges
and earlier investigations comprising standard mass spectrometry [258], considerable
amounts of adsorbed (fluorine, bromine) species can continuously desorb for several
minutes. This was explained by the high porosity of the yttria hard anodized surfaces which
significantly enhances the effective surface area for adsorption. The influence of
conditioning artefacts (in particular from previous NF3 plasma clean processes) on
discharge parameters and etch processes can be minimized by taking into account high
latency times for desorption and chosing appropriate experimental conditions. From that
knowledge, and further from comparison of results obtained after NF5; reactor clean
procedures and repeated experiments without additional cleaning (conditioning) it was
ensured that such parasitic effects were generally minimized for the experiments
conducted in this work.

From investigation of complex HBr/NF3/0,/SiCl4 discharges and results obtained from
the previous pure and mixed halogen chemistries, empirical found process settings used
for high aspect ratio silicon etching appear already well optimized with regards to the
process chemistry. Enhancing silicon etch rates by addition of higher NF3 admixtures,
optimized discharge pressure, feed gas flow rates and magnetic fields, injection of high
power levels, application of multi-frequency rf source concepts, plasma pulsing [289,290]
and the impact on SiO, mask erosion was discussed in detail. From the knowledge obtained
here, only minor improvements are expected from such approaches. To gain selectivity by
reducing the SiO, mask erosion during etching, the initially used SiF, precursor was
substituted by SiCl;. From a considerably higher dissociation measured for SiCly, this
pecursor gas allows for a considerably enhanced silicon deposition at the hard mask region
during etching [290]. From results of the investigations performed in this work, application
of alternative hard mask materials to offer enhanced etch selectivities [290-292], highly
erosion resistant sidewall protection layers to provide a reduced sidewall erosion, and novel
high-temperature capable electrostatic chuck designs to enable an enhanced volatility of
etch species were suggested.

Linear correlations between applied power levels and ion flux/energy can not be assumed
since the efficiency of power coupling and dissipation in the plasma will decrease somehow
for intermediate to high power levels [258]. Factors like rf matching limits and temperature
drift effects were assumed as root cause. Although it has been subject of various
discussions, the actual power dissipation for the different applied power levels remains
generally unknown here. For example, non-ideal matching networks can absorb a
considerable fraction of source power which (due to a lack of precise information from the
supplier) remains unknown at this point. The same holds for the unknown power losses
through the coaxial feedthrough at 60 MHz which is above the resonance frequency of the
reactor geometry. Moreover, knowledge of the dc bias remains limited to a rough
approximation from rf probe measurements obtained for 2 MHz frequency. More accurate
data for the dc bias, matching network circuit elements and parasitics in the power



205

transmission circuit would allow for a reasonable estimation of the power utilization for the
reactor setup. Regarding current limitations by the very specific discharge settings to
estimate the dc bias, this would also require further wafer contact HV measurements for
different discharge settings and chemistries.

As reported in literature [13], a significant fraction of fast neutrals can contribute to
sputtering where the fast atom flux might even exceed the ion flux. This is believed to also
apply here, where typical operating conditions typically involved medium to high pressures,
and hence cause a high probability of charge exchange collisions in the sheath region. Since
the role of fast neutrals during etching was not investigated in this work, a study of neutral
energy distributions should be subject for future work.

From this work, the concept of separate control of ion energy and ion flux by the two
frequencies appears to generally work well for the investigated reactor setup. The high
frequency component mainly determines ion flux, whereas ion energies are strongly
influenced by the low frequency component. In contrast to argon discharges, the 60 MHz
frequency determines both ion flux and radical formation from dissociation of the HBr and
NF3 molecular feed gas. Deviations from an ideally separated control of ion flux and energy
are caused by interactions between the two frequencies since the rf power sources are
coupled to each other in the current setup [258]. By increasing the 60 MHz power, the
distribution shifts to lower energies which is attributed to a decreased sheath voltage at
higher plasma densities. Compared to argon, contribution of sheath collisions to the low
energy part of ion distributions is generally higher in HBr and NFs3 discharges due to a
higher mean electron temperature resulting in a higher sheath thickness in HBr and NF3
[215]. A higher collisionality is further supported by a formation of radicals from an
enhanced dissociation of the HBr and NF3 feed gas that can yield more pronounced
scattering in the sheath. Despite the fact that ion energies are mainly determined by the
low frequency component, comparably low ion energies are obtained in the ground
electrode sheath which is due to the asymmetric discharge geometry. This yields the high
frequency component non-negligibly impacting ion energies as well, as was also concluded
from measured high neutral gas temperatures and HPSM simulations. An effective gas
heating will influence the neutral gas density and hence changes plasma density and sheath
thickness.
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Heavy particle collision parameters for Ar

Table A.1: Heavy particle collision parameters for argon discharges calculated in this work.

Reaction Cross section, rate constant Exponent Probability
Arf+Ar— Art +Ar Cgg = 6.408966x10 % m? 0.195146 )
ocx = 1.200000x10 % m? 0.195146 0.5

K, = 6.711179x10 *® m’s ™" ) )

Ar+Ar — Ar + Ar ops = 6.408966x10 1% m? 0.195146 )
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Appendix B

Heavy particle collision parameters for HBr

Table B.1: Heavy particle collision parameters for hydrogen bromide discharges calculated in
this work.

Reaction Cross section, rate constant Exponent Probability
Brt+Br—Br'+Br s = 7.416564x10 7 m? 0.177043 -

6oy = 1.800000x10 8 m? 0.177043 0.5

K_ = 6.470907x10 *® m>s ™" ) )
SRl Ay ops = 7.416564x10 10 m? 0.177043 -
Brt +HBr — Br' + HBr Ops = 7.416564x10 "0 m? 0.177043 -

Gey = 7.416564x10 17 m? 0.177043 0.0

K, = 7.016394x10 "° m?s™! ” )
HBr* + Br — HBr* + Br s = 7.416564x10 7 m? 0.177043 -

ooy = 7.416564x10 0 m? 0.177043 0.0

K, = 6.449268x10 *° m>s ™ ) )

Br + HBr — Br + HBr Ges = 741656410710 m? 0.177043 -

Bri+H,Br"+H, Ogs = 5.313507x10 ° m? 0.252413 ;
oy = 5.313507x10 0 m? 0.252413 0.0
K = 1.517218x10 > m’s™* ) )

H3 +Br—Hj +Br Ogg = 5.313507x10 *° m? 0.252413 -
ocy = 5.313507x10 0 m? 0.252413 0.0

K, = 2.927898x10 > m?s! - -

Br+H,—Br+H, ogs = 5.313507x10 1° m? 0.252413 )
Br*+Br, - Brt + Br, oes = 1.483313x10 '8 m? 0.177043 )
Sox = 1.483313x10° 18 m>2 0.177043 0.0

K, = 8.500413x10 *° m>s™ ) )

Br + Br — Br + Br Opg = 1.483313x10 % m? 0.177043 )
6oy = 1.483313x10 % m? 0.177043 0.0

K, = 5.603010x10 *® m’s™ - -

Br+Br, - Br+Br, Ogs = 1.483313)(10718 m2 0.177043 -
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Appendix C

HPSM simulation results for Ar
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Figure C.1: HPSM simulation results for variation of electron density and rf peak voltage in Ar
discharges (a) sheath thickness in front of ground (open symbols with dotted lines) and powered
electrode (solid symbols with continuous lines); (b) number of elastic/charge exchange collisions for
Art jons in the sheath region; (c) number of Langevin collisions for Art ions in the sheath region; (d)
dc bias voltage for 60 MHz (solid symbols with continuous lines) and 2 MHz Ar discharges (open
symbols with dotted lines); (e) scaling exponent g for equation (1.6) for 60 MHz (solid symbols with
continuous lines) and 2 MHz Ar discharges (open symbols with dotted lines); Art IEDFs at (f) ground
electrode and (g) powered electrode for 60 MHz Ar discharges; Ar™ IEDFs at (h) ground electrode and
(i) powered electrode for 2 MHz Ar discharges; Art mean energies at (j) ground electrode and (k)
powered electrode for 60 MHz and 2 MHz Ar discharges. Art IEDFs in (f)-(i) are plotted for 150 mTorr,
300 V rf peak voltage, 2.58 eV electron temperature, 500 K neutral gas temperature, no magnetic
field.
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Figure C.2: HPSM simulation results for variation of pressure in Ar discharges (a) sheath thickness
in front of ground (open squares with dotted lines, values have been multiplied by a factor of five)
and powered electrode (solid squares with continuous lines); (b) number of elastic/charge exchange
collisions for Art ions in the sheath region; (c) number of Langevin collisions for Art ions in the sheath
region; (d) dc bias voltage for 60 MHz (solid squares with continuous lines) and 2 MHz Ar discharges
(open squares with dotted lines); (e) scaling exponent g for equation (1.6) for 60 MHz (solid squares
with continuous lines) and 2 MHz Ar discharges (open squares with dotted lines); Art IEDFs at (f)
ground electrode and (g) powered electrode for 60 MHz Ar discharges; Art IEDFs at (h) ground
electrode and (i) powered electrode for 2 MHz Ar discharges; Art mean energies at (j) ground
electrode and (k) powered electrode for 60 MHz and 2 MHz Ar discharges. Art IEDFs in (f)-(i) are
plotted for 500 V rf peak voltage, 2.58 eV electron temperature, 1x101%m3 electron density, 500 K
neutral gas temperature, no magnetic field.
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Figure C.3: HPSM simulation results for variation of neutral gas temperature in Ar discharges (a)
sheath thickness in front of ground (open symbols with dotted lines, values have been multiplied by
a factor of five) and powered electrode (solid symbols with continuous lines); (b) number of elastic/
charge exchange collisions for Ar* ions in the sheath region; (c) number of Langevin collisions for Ar*
ions in the sheath region; (d) dc bias voltage for 60 MHz (solid squares with continuous lines) and 2
MHz Ar discharges (open squares with dotted lines); (e) scaling exponent g for equation (1.6) for 60
MHz (solid squares with continuous lines) and 2 MHz Ar discharges (open squares with dotted lines);
Art IEDFs at (f) ground electrode and (g) powered electrode for 60 MHz Ar discharges; Ar™ IEDFs at
(h) ground electrode and (i) powered electrode for 2 MHz Ar discharges; Art mean energies at (j)
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Appendix C

ground electrode and (k) powered electrode for 60 MHz and 2 MHz Ar discharges. Art IEDFs in (f)-
(i) are plotted for 150 mTorr, 500 V rf peak voltage, 2.58 eV electron temperature, 1x10%cm3

electron dens

ity, no magnetic field.

Sheath thickness [m]

electrode T

o

()

12

Electron temperature [eV]

11
10
08
08
or
08
05
04
03 T

Langevin collisions

a-

electrode

ground

‘ge-ge.

Jo
=
1¢
EE
da

o

Electron temperature [eV]

(e) 28
24
22
204

18

Scaling exponentq

164
14 4

12 T

12E-01

Electron temperature [eV]

(f)

1.0E-01

S.0E-02

6.0E-02

40E-02

Intensity [a.u.]

20E-02

0.0E+00

electron 1 eV
temperature

10 20 30
lon energy [eV]

40 50 60 80

(h)  soEo2
50E-02

4.0E-02

u]

3.0E-02

20E-02

Intensity [a

10E-02

0.0E+00 +

10 20 30 40 50 60 70 80 90 100 110 120 130
lon energy [eV]

(b)

(d)

(9)

(i)

-

ESJICX collisions
b L) EEs o [=2}

electrode

1=
o
=1

DC bias voltage [V]
s s e
W = oo =
o o o o o

R

[=]

9.0E-03
8.0E-03
7.0E-03
6.0E-03
5.0E-03
4 0E-03
3.0E-03
2.0E-03
1.0E-03
0.0E+00

Intensity [a.u.]

9.0E-03
8.0E-03
7T.0E-03
6.0E-03
5.0E-03
4.0E-03
3.0E-03
2.0E-03
1.0E-03
0.0E+00

Intensity [a.u.]

Electron temperature [eV]

electron
temperature

e LT

400 450 500

100 150 200 250 300 350
lon energy [eV]

o 50

electron
temperature
Tey
-——-2eV

0 100 200 300 400 500 600 70O 800 1000
loh energy [eV]



HPSM simulation results for Ar 213

3) (k) 220 ;
QMHAZ ] 2 MHz
- 200 3 R -8
> > o )
2, 2130 4 a
> = E RS
5 357 2160 3 e B0 MHz
801 5., '
g30; 5140E
= i =120
S 2073 ° ]
2152 21003
0 1 2 3 4 5 5] 7 8 9 10 1M 0 1 2 3 4 5 5 7 8 9 10 M
Electron temperature [eV] Electron temperature [eV]

Figure C.4: HPSM simulation results for variation of electron temperature in Ar discharges (a)
sheath thickness in front of ground (open squares with dotted lines, values have been multiplied by
a factor of five) and powered electrode (solid squares with continuous lines); (b) number of elastic/
charge exchange collisions for Ar* ions in the sheath region; (c) number of Langevin collisions for Art
ions in the sheath region; (d) dc bias voltage for 60 MHz (solid squares with continuous lines) and 2
MHz Ar discharges (open squares with dotted lines); (e) scaling exponent g for equation (1.6) for 60
MHz (solid squares with continuous lines) and 2 MHz Ar discharges (open squares with dotted lines);
Art IEDFs at (f) ground electrode and (g) powered electrode for 60 MHz Ar discharges; Art IEDFs at
(h) ground electrode and (i) powered electrode for 2 MHz Ar discharges; Art mean energies at (j)
ground electrode and (k) powered electrode for 60 MHz and 2 MHz Ar discharges. Art IEDFs in (f)-
(i) are plotted for 150 mTorr, 500 V rf peak voltage, 1x101%m3 electron density, 500 K neutral gas
temperature, no magnetic field.
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Figure C.5: HPSM simulation results for variation of magnetic field in Ar discharges (a) sheath
thickness in front of ground (open symbols with dotted lines, values have been multiplied by a factor
of five) and powered electrode (solid symbols with continuous lines); (b) number of elastic/charge
exchange collisions for Ar* ions in the sheath region; (c) number of Langevin collisions for Art ions
in the sheath region; (d) dc bias voltage for 60 MHz (solid squares with continuous lines) and 2 MHz
Ar discharges (open squares with dotted lines); (e) scaling exponent g for equation (1.6) for 60 MHz
(solid squares with continuous lines) and 2 MHz Ar discharges (open squares with dotted lines); Art
IEDFs at (f) ground electrode and (g) powered electrode for 60 MHz Ar discharges; Art IEDFs at (h)
ground electrode and (i) powered electrode for 2 MHz Ar discharges; Art mean energies at (j) ground
electrode and (k) powered electrode for 60 MHz and 2 MHz Ar discharges. Art IEDFs in (f)-(i) are

plotted for 150 mTorr, 500 V rf peak voltage, 1x10%m™3

temperature, 500 K neutral gas temperature.
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Figure C.6: HPSM simulation results for variation of 60+2 MHz frequency mix in Ar discharges (a)
sheath thickness in front of ground (open squares with dotted lines, values have been multiplied by
a factor of six) and powered electrode (solid squares with continuous lines); (b) number of elastic/
charge exchange collisions for Ar* ions in the sheath region; (c) number of Langevin collisions for Art
ions in the sheath region; (d) dc bias voltage; (e) scaling exponent g for equation (1.6); Ar™ IEDFs
at (f) ground electrode and (g) powered electrode for 60+2 MHz dual frequency Ar discharges; Art
mean energies at (h) ground electrode and (i) powered electrode for 60 MHz and 2 MHz Ar discharges.
Ar* IEDFs in (f),(g) are plotted for 150 mTorr, 500 V rf peak voltage, 1x10%cm~3 electron density,
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Figure D.1: HPSM simulation results for variation of electron density and rf peak voltage in HBr
discharges (a) sheath thickness in front of ground (open symbols with dotted lines) and powered
electrode (solid symbols with continuous lines); (b) number of elastic collisions, (c) charge exchange
collisions, and (d) Langevin collisions for ions in the sheath region; (e) dc bias voltage for 60 MHz
(solid symbols with continuous lines) and 2 MHz HBr discharges (open symbols with dotted lines); (f)
scaling exponent g for equation (1.6) for 60 MHz (solid symbols with continuous lines) and 2 MHz
HBr discharges (open symbols with dotted lines); IEDFs at the ground electrode for (g1) Brt, (g2)
HBr , (g3) H2 , and (g4) Br2 for 60 MHz HBr discharges; IEDFs at the powered electrode for (h1)

*, (h2) HBr*, (h3) H2 , and (h4) Br2 for 60 MHz HBr discharges; IEDFs at the ground electrode
for (i1) Br*, (i2) HBrt, (i3) H2 , and (|4) Br2 for 2 MHz HBr discharges; IEDFs at the powered
electrode for (j1) Br*, (j2) HBr , (33) H2 , and (34) Br2 for 2 MHz HBr discharges; mean energies for
(k1) Brt, (k2) HBr*, (k3) H2 , and (k4) Br2 ions at the ground electrode for 60 MHz and 2 MHz HBr
discharges; mean energies for (I11) Br*, (12) HBr*, (I13) H2 , and (14) Br2 ions at the powered
electrode for 60 MHz and 2 MHz HBr discharges. IEDFs in (g1)-(j4) are plotted for 150 mTorr, 100 V
rf peak voltage, 6.32 eV electron temperature, 500 K neutral gas temperature, no magnetic field.
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Figure D.2: HPSM simulation results for variation of pressure in HBr discharges (a) sheath
thickness in front of ground (open symbols with dotted lines, values have been multiplied by a factor
of four) and powered electrode (solid symbols with continuous lines); (b) number of elastic collisions,
(c) charge exchange collisions, and (d) Langevin collisions for ions in the sheath region; (e) dc bias
voltage for 60 MHz (solid symbols with continuous lines) and 2 MHz HBr discharges (open symbols
with dotted lines); (f) scaling exponent g for equation (1.6) for 60 MHz (solid symbols with
continuous lines) and 2 MHz HBr discharges (open symbols with dotted lines); IEDFs at the ground
electrode for (g1) Brt, (g2) HBr%, (g3) H2 , and (g4) Br2 for 60 MHz HBr discharges; IEDFs at the
powered electrode for (h1) Brt, (h2) HBr*, (h3) H2 ' and (h4) Br2 for 60 MHz HBr discharges; IEDFs
at the ground electrode for (i1) Brt, (i2) HBr*, (i3) H2 , and (i4) Br2 for 2 MHz HBr discharges; IEDFs
at the powered electrode for (j1) Br*, (j2) HBr , (33) H2 , and (j4) Br2 for 2 MHz HBr discharges;

(k) mean energies for Brt, HBr™, H2 and Br2 |ons at the ground electrode for 60 MHz and 2 MHz
HBr discharges; (I) mean energ|es for Brt, HBr* H2 and Br2 ions at the powered electrode for 60
MHz and 2 MHz HBr discharges. IEDFs in (gl)—(j4) are plotted for 150 mTorr, 500 V rf peak voltage,

6.32 eV electron temperature, 1x10""cm ~ electron density, 500 K neutral gas temperature, no
magnetic field.
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Figure D.3: HPSM simulation results for variation of neutral gas temperature in HBr discharges (a)
sheath thickness in front of ground (open symbols with dotted lines, values have been multiplied by
a factor of four) and powered electrode (solid symbols with continuous lines); (b) number of elastic
collisions, (c) charge exchange collisions, and (d) Langevin collisions for ions in the sheath region;
(e) dc bias voltage for 60 MHz (solid symbols with continuous lines) and 2 MHz HBr discharges (open
symbols with dotted lines); (f) scaling exponent g for equation (1.6) for 60 MHz (solid symbols with
continuous lines) and 2 MHz HBr discharges (open symbols with dotted lines); IEDFs at the ground
electrode for (g1) Brt, (g2) HBrt, (g3) H2 , and (g4) Br2 for 60 MHz HBr discharges; IEDFs at the
powered electrode for (h1) Brt, (h2) HBr*, (h3) H2 % and (h4) Br2 for 60 MHz HBr discharges; IEDFs
at the ground electrode for (i1) Brt, (i2) HBr*, (i3) H2 , and (i4) Br2 for 2 MHz HBr discharges; IEDFs
at the powered electrode for (j1) Brt, (j2) HBr , (33) H2 , and (j4) Br2 for 2 MHz HBr discharges;
(k) mean energies for Brt, HBr™, H2 and Br2 |ons at the ground electrode for 60 MHz and 2 MHz
HBr discharges; (I) mean energles for Brt, HBr* H2 and Br2 ions at the powered electrode for 60
MHz and 2 MHz HBr discharges. IEDFs in ggl)-(j4) are plotted for 150 mTorr, 500 V rf peak voltage,
6.32 eV electron temperature, 1x10*%cm™> electron density, no magnetic field.
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Figure D.4: HPSM simulation results for variation of electron temperature in HBr discharges (a)
sheath thickness in front of ground (open symbols with dotted lines, values have been multiplied by
a factor of six) and powered electrode (solid symbols with continuous lines); (b) number of elastic
collisions, (c) charge exchange collisions, and (d) Langevin collisions for ions in the sheath region;
(e) dc bias voltage for 60 MHz (solid symbols with continuous lines) and 2 MHz HBr discharges (open
symbols with dotted lines); (f) scaling exponent g for equation (1.6) for 60 MHz (solid symbols with
continuous lines) and 2 MHz HBr discharges (open symbols with dotted lines); IEDFs at the ground
electrode for (g1) Brt, (g2) HBr%, (g3) H2 , and (g4) Br2 for 60 MHz HBr discharges; IEDFs at the
powered electrode for (h1) Brt, (h2) HBr*, (h3) H2 ' and (h4) Br2 for 60 MHz HBr discharges; IEDFs
at the ground electrode for (i1) Brt, (i2) HBr*, (i3) H2 , and (i4) Br2 for 2 MHz HBr discharges; IEDFs
at the powered electrode for (j1) Br*, (j2) HBr , (33) H2 , and (j4) Br2 for 2 MHz HBr discharges;
(k) mean energies for Brt, HBr™, H2 and Br2 |ons at the ground electrode for 60 MHz and 2 MHz
HBr discharges; (I) mean energ|es for Brt, HBr* H2 and Br2 ions at the powered electrode for 60
MHz and 2 MHz HBr discharges. IEDFs in (gl) (]4) are plotted for 150 mTorr, 500 V rf peak voltage,
1x10%m~ electron density, 500 K neutral gas temperature, no magnetic field.
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Figure D.5: HPSM simulation results for variation of magnetic field in HBr discharges (a) sheath
thickness in front of ground (open symbols with dotted lines, values have been multiplied by a factor
of four) and powered electrode (solid symbols with continuous lines); (b) humber of elastic collisions,
(c) charge exchange collisions, and (d) Langevin collisions for ions in the sheath region; (e) dc bias
voltage for 60 MHz (solid symbols with continuous lines) and 2 MHz HBr discharges (open symbols
with dotted lines); (f) scaling exponent g for equation (1.6) for 60 MHz (solid symbols with
continuous lines) and 2 MHz HBr dischargfs (open symbgls with dotted lines); IEDFs at the ground
electrode for (g1) Brt, (g2) HBr*, (g3) H2 , and (g4) Br, for 60 MHz HBr discharges; IEDFs at the
powered electrode for (h1) Brt (h2) HBr* (h3) H, ' & and (h4) Br2 for 60 MHz HBr discharges; IEDFs
at the ground electrode for (i1) Br , (|2) HBr , (|3) H and (i4) Br for 2 MHz HBr discharges; IEDFs
at the powered electrode for (1) Br+, (j2) HB:I , (J3) H2 , and (J4) Br for 2 MHz HBr discharges;
(k) mean energies for Brt, HBr™, H, and Br, ions at the ground electrode for 60 MHz and 2 MHz
HBr discharges; (I) mean energles for Brt, HBr™, ; and Br ions at the powered electrode for 60
MHz and 2 MHz HBr discharges. IEDfos in (391) (]4) are plotted for 150 mTorr, 500 V rf peak voltage,
6.32 eV electron temperature, 1x10 electron density, 500 K neutral gas temperature.
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Figure D.6: HPSM simulation results for variation of 60+2 MHz frequency mix in HBr discharges (a)
sheath thickness in front of ground (open symbols with dotted lines, values have been multiplied by
a factor of four) and powered electrode (solid symbols with continuous lines); (b) number of elastic
collisions, (c) charge exchange collisions, and (d) Langevin enhanced collisions for ions in the sheath
region; (e) dc bias voltage; (f) scaling exponent g for equation (1.6); IEDFs at the ground electrode
for (g1) Br*, (g2) HBrt, (g3) H; and (g4) Br;r for 60+2 MHz dual frequency HBr discharges; IEDFs
at the powered electrode for (h1) Br*, (h2) HBr*, (h3) H; and (h4) Br;r for 60+2 MHz dual
frequency HBr discharges; (i) mean energies for Brt, HBr*, H; and Br;r ions at the ground electrode
for 60+2 MHz dual frequency HBr discharges; (j) mean energies for Brt, HBr™, H; and Br;r ions at
the powered electrode for 60+2 MHz dual frequency HBr discharges. IEDFs in (g1)-(h4) are plotted
for 150 mTorr, 500 V rf peak voltage, 6.32 eV electron temperature, 1x101%m3 electron density,
500 K neutral gas temperature, no magnetic field.
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Figure E.1: 60 MHz rf probe data for 60+2 MHz power variation in Ar discharges: (a) mean voltage;
(b) mean current; (c) phase angle. Experiments were conducted at 150 mTorr, 300 sccm Ar gas flow
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300 sccm Ar gas flow rate, no magnetic field, using silicon substrates with and without SiO, hard
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Figure E.4: 3°Art IVDFs for variation of the magnetic field in 60 MHz single frequency argon
discharges shown for different configurations of the stationary magnetic field from the four-coil
configuration as indicated in Fig. 4.18-a for (a) 50 G, (b) 80 G, (c) 110 G, (d) 140 G with the reference
curve measured without magnetic field as indicated by 0 G (1500 W, 150 mTorr, 300 sccm Ar gas
flow rate, silicon substrate). The IVDFs are plotted without applying corrections for the offset in the
energy scale.
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Figure E.5: 3%Art IVDFs for variation of the magnetic field in 60+2 MHz dual frequency argon
discharges shown for different configurations of the stationary magnetic field from the four-coil
configuration as indicated in Fig. 4.19-a for (a) 50 G, (b) 80 G, (c) 110 G, (d) 140 G (1500+1500 W
60+2 MHz power, 150 mTorr, 300 sccm Ar gas flow rate, silicon substrate). The IVDFs are plotted
without applying corrections for the offset in the energy scale.
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Figure F.1: 60 MHz rf probe data for 60+2 MHz power variation in HBr discharges: (a) mean
voltage; (b) mean current; (c) phase angle. Experiments were conducted at 150 mTorr, 300 sccm
HBr gas flow rate, no magnetic field, using silicon substrates.
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Figure F.2: 2 MHz rf probe data for 60+2 MHz power variation in HBr discharges: (a) mean voltage;
(b) mean current; (c) phase angle when using silicon substrates. 2 MHz rf probe data for 60+2 MHz
power variation in HBr discharges: (d) mean voltage; (e) mean current; (f) phase angle when using
silicon substrates with an SiO, hard mask layer. Experiments were conducted at 150 mTorr, 300 sccm
HBr gas flow rate, without magnetic field.
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Figure F.5: 79Br* IVDFs for variation of the magnetic field in 60 MHz single frequency HBr
discharges shown for different configurations of the stationary magnetic field from the four-coil
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squares) and floating potentials at the extraction aperture (open squares) as determined from the
position of the lowest energy peak. The IVDFs are plotted without applying corrections for the offset
in the energy scale.
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Figure F.6: 7°Br* IVDFs for variation of the magnetic field in 60+2 MHz dual frequency HBr
discharges shown for different configurations of the stationary magnetic field from the four-coil
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Experimental resuits for NF3
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Figure G.1: 2 MHz rf probe data for 60+2 MHz power variation in NF3 discharges: (a) mean voltage;
(b) mean current; (c) phase angle when using silicon substrates. 2 MHz rf probe data for 60+2 MHz
power variation in NF3 discharges: (d) mean voltage; (e) mean current; (f) phase angle when using
silicon substrates with an SiO, hard mask layer. Experiments were conducted at 150 mTorr, 300 sccm
NF3 gas flow rate, without magnetic field.
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mask layer.
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Figure G.4: 19F* IVDFs for variation of the magnetic field in 60 MHz single frequency NF3 discharges
shown for different positions of the stationary magnetic field from the four-coil configuration as
indicated in (a) for (a) 20 G, (b) 50 G, (c) 80 G, (d) 110 G, (e) 140 G with the reference curve
measured without magnetic field as indicated by 0 G (1500 W, 150 mTorr, 200 sccm NF3 gas flow
rate, silicon substrate); (f) corresponding mean ion energies; (g) relative ion flux (solid squares) and
floating potentials at the extraction aperture (open squares) as determined from the position of the
lowest energy peak. The IVDFs are plotted without applying corrections for the offset in the energy
scale.
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field in 60+2 MHz dual frequency NFs3

discharges shown for different configurations of the stationary magnetic field from the four-coil
configuration as indicated in (a) for (a) 20 G, (b) 50 G, (c) 80 G with the reference curve measured
without magnetic field as indicated by 0 G (1500+1500 W 60+2 MHz power, 150 mTorr, 200 sccm
NF3 gas flow rate, silicon substrate); (d) corresponding mean ion energies; (e) relative ion flux (solid
squares) and floating potentials at the extraction aperture (open squares) as determined from the
position of the lowest energy peak. The IVDFs are plotted without applying corrections for the offset

in the energy scale.
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Experimental results for HBr/NF3
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Figure H.1: 2 MHz rf probe data for 60+2 MHz power variation in
mean voltage; (b) mean current; (c) phase angle when using silicon

HBr/NF3 mixed discharges: (a)
substrates. 2 MHz rf probe data

for 60+2 MHz power variation in HBr/NF3 mixed discharges: (d) mean voltage; (e) mean current; (f)
phase angle when using silicon substrates with an SiO, hard mask layer. Experiments were conducted

at 150 mTorr, 300 sccm HBr/NF5 total gas flow rate, without magne

tic field.
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Figure H.2: 2 MHz rf probe data for variation of the pressure in
mean voltage; (b) mean current; (c) phase angle when using silicon

HBr/NF3 mixed discharges: (a)
substrates. 2 MHz rf probe data

for variation of the pressure in HBr/NF3 mixed discharges: (d) mean voltage; (e) mean current; (f)
phase angle when using silicon substrates with an SiO, hard mask layer. Experiments were conducted
at 1500+1500 W 60+2 MHz power, 300 sccm HBr/NF3 total gas flow rate, without magnetic field.
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Figure H.3: 2 MHz rf probe data for variation of the total gas flow rate in HBr/NF3 mixed discharges:
(a) mean voltage; (b) mean current; (c) phase angle when using silicon substrates. 2 MHz rf probe
data for variation of the total gas flow rate in HBr/NF3 mixed discharges: (d) mean voltage; (e) mean
current; (f) phase angle when using silicon substrates with an SiO, hard mask layer. Experiments
were conducted at 1500+1500 W 60+2 MHz power, 150 mTorr, without magnetic field.
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Figure H.4: 2 MHz rf probe data for variation of the magnetic field in HBr/NFs mixed discharges:
(a) mean voltage; (b) mean current; (c) phase angle when using silicon substrates. 2 MHz rf probe
data for variation of the magnetic field in HBr/NF3 mixed discharges: (d) mean voltage; (e) mean
current; (f) phase angle when using silicon substrates with an SiO, hard mask layer. Experiments
were conducted at 1500+1500 W 60+2 MHz power, 150 mTorr, 300 sccm HBr/NF3 total gas flow rate.
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Experimental results for SiF,
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Figure I.1: Mass spectrum of neutral species ionized by 70 eV electrons for SiF4 gas sampled from
the reactor with rf discharge (150 mTorr, 1500 W 60 MHz power, 190 sccm SiF4 + 16 sccm Ar gas
flow rate, silicon substrate). The spectrum for SiF, gas without discharge was observed to be
identical.
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Figure I.2: Fractional degree of SiF, dissociation (dotted, crosshatched and striped area) with lower
and upper limits determined from equations (4.7) and (4.8) applied to the mass spectral data for SiF,
discharges at 150 mTorr with different 60 MHz power levels applied for silicon substrate (dotted
area), silicon substrate with SiO, hardmask layer (crosshatched area), and yttria substrates (striped
area) covering the surface of the electrostatic chuck. For all discharge conditions, a constant SiF4 gas
flow rate of 190 sccm (1.41><10’4 mol/s ) was used.
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Figure I.3: Etch rates for 60 MHz power variation at (a) Si substrate, (b) SiO, layer on Si substrate
(150 mTorr, 300 sccm SiF4, no magnetic field).
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Figure I.4: (a) Measurements of SiF, concentrations and (b) calculation of neutral gas temperature
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Figure I.5: Etch rates for 60+2 MHz power variation at (a) Si substrate, (b) SiO, layer on Si
substrate (150 mTorr, 300 sccm SiF4, no magnetic field).
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Figure 1.6: Etch rates for pressure variation at (a) Si substrate, (b) SiO, layer on Si substrate (1500
W 60 MHz, 1500 W 2 MHz, 300 sccm SiF4, no magnetic field).
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Figure I1.7: Etch rates for variation of the magnetic field at (a) Si substrate, (b) SiO, layer on Si
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Figure I.8: 2 MHz rf probe data for 60+2 MHz power variation in SiF4 discharges: (a) mean voltage;
(b) mean current; (c) phase angle when using silicon substrates. 2 MHz rf probe data for 60+2 MHz
power variation in SiF4 discharges: (d) mean voltage; (e) mean current; (f) phase angle when using
silicon substrates with an SiO, hard mask layer. Experiments were conducted at 150 mTorr, 190 sccm
SiF4 gas flow rate, without magnetic field.
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Figure I1.9: 2 MHz rf probe data for variation of the pressure in SiF4 discharges: (a) mean voltage;
(b) mean current; (c) phase angle. Experiments were conducted at 1500+1500 W 60+2 MHz power,
190 sccm SiF4 gas flow rate, no magnetic field, using silicon substrates with and without SiO, hard
mask layer.
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Figure I.10: 2 MHz rf probe data for variation of the magnetic field in SiF,4 discharges: (a) mean
voltage; (b) mean current; (c) phase angle. Experiments were conducted at 1500+1500 W 60+2 MHz
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Figure J.1: Mass spectrum of neutral species ionized by 70 eV electrons for (a) SiCl, gas sampled
from the reactor without discharge; (b) SiCl; gas sampled from the reactor with rf discharge (150
mTorr, 1500 W 60 MHz power, 190 sccm SiCl4 + 16 sccm Ar gas flow rate, silicon substrate); (c)
difference of mass spectra b-a (where negative values indicate a loss when the discharge is on).
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Figure J.2: Fractional degree of SiCl, dissociation (dotted, crosshatched and striped area) with
lower and upper limits determined from equations (4.7) and (4.8) applied to the mass spectral data
for SiCl, discharges at 150 mTorr with different 60 MHz power levels applied using a silicon substrate
to cover the electrostatic chuck surface. For all discharge conditions, a constant SiCl4 gas flow rate
of 190 sccm (1.41><10'4 mol/s ) was used.
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