e e Co Y

N L

Diagnostic and Statistical Modelling
Techniques Applied to an Aluminium Plasma

Etch Process.

Thesis submitted by
James Robertson Hannah
for the degree of |
Doctor of Philosophy

Edinburgh Microfabrication Facility,
Department of Electrical Engineering,

University of Edinburgh,

Scotland.




Abstract

Dry etching processes are crucial to the fabrication of VLSI and ULSI circuits
and are likely to continue so for the foreseeable future. However, the technique
remains difficult to implement and is not well understood. To a great extent,
this is a result of the use of novel machine configurations and chemical recipes
which are employed far in advance of any real understanding of the interactions
occurring within the process chamber. Historically, process development in this
field has proceeded as a result of improvements in vacuum technology coupled to

empirical one-dimensional trend analyses.

These traditional approaches to process development have become severely
limited with the advent of ULSI. This project addressed the requirement for
improved process characterisation by investigating diagnostic techniques and rig-
orous statistical modelling as applied to one of the most challenging leading edge

processes: the BCl3/Cly/He dry etching of aluminium alloys.

Optical emission spectroscopy; electrostatic Langmuir probes and mass spec-
trometry were used to investigate the dry etch behaviour. During this research,

a novel in-situ SIMS implementation of the mass spectrometer was used to in-

vestigate plasma generated positive ions. Details of detected ions and-intensities -

during etching are presented.

A CCF experimental design was formulated from the major RIE machine
parameters of rf power, system pressure and %Cl;/BCl;. The final quadratic
model covered 3 manipulated machine variables, 3 process parameters and 6 per-
formance parameters. This is the first time that rigorous statistical modelling
techniques have been applied to the BCl3/Cly/He based process or to an alumini-
um dry etch process in order to systematically characterise both the process and
performance behaviour. This work presents these models, along with an estimate

of each model’s accuracy.
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Chapter 1

QOverview

1.1 Background

Integrated circuits were first produced in 1959 and the period to the present day
has seen a dramatic expansion in the microelectronics industry. Process improve-
ments in fabrication techniques have lead to a steady increase in microcircuit

complexity which is illustrated in table 1.1 [1].

Initially the increase in circuit complexity was paradoxically accompanied by
a reduction in the cost per circuit element to the customer. This was due to
an overall increase in packing density (ie. the number of devices per unit area
of silicon) leading to a lower production cost per circuit element which occurred
because the overall production costs were determined by the combined area of
silicon being processed which was not initially a function of circuit complexity.
Another reason for this phenomenon was that IC sales increased dramatically as
the technology advanced which also lead to a reduced cost function {2]. Now,
however, the cost function is on the increase as can be seen from the cost/die in

table 1.1. The driving forces behind this trend are:
e Capital costs are rising faster than sales revenues [3].
e Packaging costs and complexities have increased.

e IC design is a labour intensive activity which is becoming a more significant

factor in the overall costings.
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Year

1985 1989 1993 1997 2000
DRAM size 256K 1M 4M 16M 64M
Wafer diameter (mm) || 150 150 150 200 200
CD (pm) 1.25 10 07 05 03
Wafers/year (k) i 100 80 70 50 20
Factory cost (M$) 100 250 720 1320 2500
Price/wafer (k$)- 1.2 375 123 31.7 130
Die size {mm?) 40 70 120 280 600
Yield (%) 90 85 80 70 70
Good die/wafer 400 215 118 78 36
Cost/die ($) 3 175 105 406 4200
Cost /bit (mc) 1 1.7 26 25 6.5

Table 1-1: Trends in DRAM microfabrication.

Also illustrated in table 1.1 are some of the technological trends which are
prevalent in the silicon microfabrication industry: smaller feature sizes, larger
die sizes and larger diameter wafers. The drive towards smaller feature sizes
has resulted in an increase in circuit density as demonstrated in figure 1-1 [4];
a reduction in die area for identical circuit function which results in more 1Cs
per area of silicon. Minimising feature sizes also results in a reduction in stray
capacitances and resistances which leads to an improvement in switching speed
coupled to a reduction in power consumption. Improved lithographic techniques
have allowed the fabrication of larger die sizes which has resulted in greater func-
tionality and hence a higher intrinsic value. There is also a trend towards larger
diameter wafers which has produced enormous economic benefits. The number
of die increases as the square of the diameter, whereas the increase in fabrica-
tion costs is roughly linear [2]. Moving from 150mm to 200mm wafers , when
coupled with technological improvements, results in an approximate doubling of

productivity [5].
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Figure 1-1: Increasing complexity of microprocessors.

1.2 Lithographic Process

An understanding of the basic fabrication sequence is necessary to understand
" the role of the etch process in the lithégraphic process. ICs are muiltilayer devices
which are formed using a process sequence such as figure 1-2 [6]. At each iteration
of the fabrication process a process layer has to be deposited and then patterned
with all the patterns aligned to one another. For a MOS fabrication sequence,
a finished device may consist of between 5 and 15 layers which implies 5 to 15
iterative cycles. Deposited materials range in function from conductors (Al, W,

polySi) to insulators (Si0;, SizNg).

Lithography can be described as the process which defines the features and
patterns which make up an IC. After a process layer has been deposited on the
wafer, a thin film of photo-sensitive material known as photoresist is deposited.
Each layer has an associated glass plate, or mask, on which the required design

pattern has been previously defined in a thin layer of photographic emulsion or
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chromium. The masking pattern is transferred to the photoresist by exposure to
ultra-violet light. On development of positive photoresist, the photoresist remains

on the wafer surface in the areas which were defined by the masking plate.

Material is removed from the areas which are not protected by the photoresist
mask by a process known as etching. Etching can be described as the process
of solid material removal from a substrate by means of an chemical reaction. In
the semiconductor industry, the reactant which effects etching can be either a
liquid or gaseous chemical agent. All wet chemical etch processes are known as
wet etching and all gas or vapourised chemical based etch processes are known as

dry etching.

1.2.1 Etching

Etching processes are widely used in IC fabrication in the following areas [7]:
e Etching for the removal of thin films from a substrate.
e Etching for analytical purposes.

e _Etching for pattern transfer. __

In the first two categories, wet etching is superior to dry etching and is the
dominant process. It is in the area lof etching for pattern transfer that dry etch
processes have largely replaced wet etch processes. This is because most wet
chemical processes are isotropic in nature and therefore result in a roughly equal
rate of material removal in all directions as shown in figure 1-3. For linewidths of
4pum and larger this presents no problem. However, when the required linewidth
approaches the film thickness dimension, then an anisotropic process is required.
For VLSI and ULSI processing, the width and pitch of the material features
must be very close to the mask dimensions, and this can only be achieved by an
anisotropic process. Dry etch processes which are physical or chemical/physical

in nature are the only acceptable choice at present.
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Figure 1-2: Microelectronic device process fabrication sequence.
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Figure 1-3: Isotropic etch profile.

1.3 Project Rationale

Although dry etching processes are crucial to the microfabrication of any complex
semiconductor circuit, the technique remains difficult to implement and is not
well understood. To a great extent, this is a result of the use of novel machine
configurations and chemical recipes which are employed far in advance of any real
understanding of the interactions occurring within the process chamber. The
" major problem with dry etching is the large parameter space of fundamental
chemical and physical parameters, many of which are not easily accessible or
alterable. This can lead to major problems when attempting to characterise or
fault-find a specific process. To date, problem solving and process optimisation

have been carried out on a largely empirical basis.

The problems associated with dry etching have lead to a gap opening up
between state-of-the-art photoresist pattern definition and material pattern def-
inition as illustrated in figure 1-4 [8]. This trend has lead to dry etching being
identified by Sematech as one of the two key front end process modules which
must undergo further development work in order to be incorporated in a 1Gbit
DRAM fabrication sequence [9]. This is crucial for equipment vendors as new

equipment for 1Gb processes with minimum feature sizes of ~ 0.15um is being
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considered now for incorporation into pilot processes which will begin sampling

from 1997 [10].

In the field of dry etching, the patterning of Al and its alloys are among
those that have presented the greatest challenges to the process engineer. Con-
versely, the Cl based processes which effect Al etching remain among the least
well characterised and most poorly understood. The aim of this research work
was to perform characterisation work on a leading edge dry etch process: the
BCls/Cl;/He etching of Al. The project strategy called for two main approaches

to be undertaken:
e Diagnostic techniques to be assessed.
o Empirical modelling to be carried out.

To link the two approaches, some of the diagnostic information was used as an
input to the process model. This established a link between the final performance
variables which are measured post-process and off-line and the actual process

conditions.

This work is applicable both to the process engineer and to the equipment
manufacturer. Process characterisation using statistical process control (SPC)
techniques allows the identification and definition of process capability. This
in turn allows variations in the process to be reduced which improves overall
performance. This approach is one of the cornerstones of current Motorola policy
in their goal of 60 quality [11]. Process characterisation also allows an equipment
manufacturer to implement a feedback and control system. When implemented
properly, this would allow improved process repeatability which could compensate

for small process fluctuations.
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Figure 1-4: Trends in minimum lithographic resolution (squares) and advanced
process minimum feature size (triangles) where CP is contact print-
ing; PE represents Perkin Elmer Microalign; GCA represents the
GCA 4800 10:1 direct step on wafer (DSW); IL is the ASM i-line

""" — =-e=----— - DSW; ASM is the planned-ASM excimer laser DSW; ASM2 repre----
sents the ultimate ASM performance; 51.0 is the SPECTRE objective
~ of 1pm; 50.7 is the SPECTRE objective of 0.7pm; and J is the JESSI

objective of 0.3um.

1.4 Thesis Structure

Chapter 2: Reactive Plasma Etching. This chapter outlines the concept-
s and terminology which are necessary for a basic understanding of dry etch

processes. It deals with plasma basics; the general etch process and shows the
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parameter space influences which make process characterisation such a difficult

problemn.

Chapter 3: Diagnostic Techniques for Plasma Characterisation. This
chapter reviews the techniques which have been applied to dry etch systems. It
concludes that optical emission spectroscopy, mass spectrometry and Langmuir
probes have been used most extensively to investigate a range of plasma be-

haviour.

Chapter 4: Modelling Strategies for Plasma Etch Processes. This
chapter outlines the differences between empirical and mechanistic approaches
for characterisation. It concludes that empirical models using orthogonal designs
provide an efficient and rigorous solution to the problem of dry etching charac-

terisation.

Chapter 5: Experimental Setup and Characterisation. A description
of the assembly and test of all the equipment which was used in this research to
monitor and carry out aluminium etching is given in this chapter. Preliminary
results on argon plasmas using the techniques of OES, in-situ SIMS and Langmuir

probes are presented.

Chapter 6: Diagnostic Techniques in a_Reactive Gas Chemistry.
A complex BCls/Cly/He based chemistry for aluminium etching was developed
and investigated using the diagnostic equipment. In-situ SIMS used the inherent
sensitivity of the plasma positive ion distributions to monitor the etch progress.
OES was used to monitor the behaviour of emissions from the Al atomic state.

However, Langmuir probes proved unsuitable for routine process monitoring.

Chapter 7: Statistical Process Model. A novel empirical model was
created which related both process and performance etch parameters to the ma-
chine variables of power, pressure and %Cly/BCls. The process characteristics

are presented, along with an estimate of each model’s accuracy.



Chapter 2

Reactive Plasma Etching

2.1 Introduction

As outlined previously, all dry etch processes use gaseous or vapourised chemical
sources. The most important subset of dry etch processes, for the semiconductor
fabrication industry, can be referred to as reactive plasma etching. These pro-
cesses rely on a plasma to convert the relatively inert input gases into reactive

species which engage in etching.

There are many different physical phenomenon which are collectively referred
to as plasmas. In the semiconductor industry the plasmas of interest can be
defined as being hot, ionised gases. Plasma based processes are being increasingly
processes. This is particularly true for etch processes, where reactive plasmas are

now routinely used for critical pattern definition instead of chemical wet etches.

One of the more confusing aspects of plasma based processes is the terminolo-
gy. Names can often be misleading, and meanings for the same phrase can change
from author to author. In this work, the terms ‘plasma’ and ‘glow discharge’ are
interchangeable. ‘Plasma etching’ and ‘dry etching’ are also equivalent phrases

and refer to the entire field of dry etch processing, unless otherwise indicated.

This chapter will outline the basic terminology and processes which are preva-
lent in the field of dry etching. Because of the importance of the plasma to the
process, plasma properties are initially described. The general plasma etch pro-

cess is also described along with the major process influences.

10
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2.2 Plasma Properties

When an electric field of a sufficient magnitude is applied to a low pressure gas,
the gas starts to break down. Unless the gas 1s at absolute zero, free electrons
will already be present in the gas due to processes such as field emission or
photoionisation. The free electron is accelerated in the applied electric field and
gains kinetic energy. However, as it proceeds through the gas, it loses energy in
collisions with gas atoms. Collisions can be either elastic or inelastic, with elastic
encounters serving only to deflect the path of the electron with little energy loss.
Ultimately, the electron energy can increase (e.g. of the order of tens of €Vs) until
it is high enough to excite or ionise neutral species by inelastic collision. Ionisation
frees another electron which is then accelerated by the electric field, and the
process continues. If the applied voltage exceeds the breakdown potential, then
the gas rapidly becomes ionised throughout its volume by means of an avalanche

process.

The most important inelastic, electron-impact reaction mechanisms for plas-
ma formation can be described as excitation and relaxation; and ionisation and

- recombination [12]. For example, in.an argon discharge this would involve:

Excitation e + Ar— Ar*+4e” (2.1)
Relaxation  Ar* — Ar+hv (2.2)
lonisation e~ + Ar — Art 4 2e” (2.3)
Recombination ~ Art +e” — Ar (2.4)

where h is equal to Planck’s constant and v is the frequency of the emitted
q

photon and Ar* indicates an argon atom in an excited state.

Through these processes the discharge reaches a self-sustained steady state
when ion/electron generation and loss processes are in equilibrium. The char-
acteristic plasma glow is caused by emission of photons due to the relaxation of

excited species within the plasma.

11
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Electron densities for the plasmas of interest are in the range 10° to 10"2cm™

[13]. As the density of gas molecules at 1 torr is approximately 10%cm=3 it is
obvious that these discharges are only weakly ionised. Average gas temperatures

are near ambient despite mean electron temperatures of around 10* to 10° K.

An important feature of glow discharges is their ability to insulate themselves
from outside influences using sheaths. It is useful at this stage to consider the
effect of suspending a small electrically isolated substrate into the plasma. The
substrate will be struck by both electron and ion fluxes. Due to the large mass
difference between the electrons and ions, the electron flux density to the substrate
is far greater than the ion flux density (by a factor of ~ 10°). The substrate
" will immediately start to accumulate a negative charge, and hence a negative
potential with respect to the plasma. This charge build-up disturbs the quasi-
random motion of the charged particles in the vicinity of the substrate. The
negative charge on the substrate starts to reduce the flux of negative charge to
the substrate and attracts positive ions. This repulsion is sufficient to balance
the fluxes of charged particles to the substrate. The area of positive space charge
around the substrate is known as a sheath or dark space. Sheath thickness is
related to the Debye length, Ap, which is a measure of how a plasma will react to
oppose a potential disturbance from a floating substrate. It ha,;s u-nits of length

and can be described as [12]:

Ap = ("T*")% (2.5)

neet

where k is Boltzmann’s constant; T is the electron temperature; ¢ is the permit-
tivity of free space; n, is the electron density; and e is the charge on an electron.
The Debye length shows how rapidly a potential disturbance is attenuated by the
"discharge, and over a length Ap the perturbation is reduced to 0.37 of its original

value.

12
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2.2.1 DC Plasma Excitation

The simplest plasma is a glow discharge in which a dc potential is applied between
two metal electrodes in a sealed chamber containing a low pressure gas. The
discharge is spatially non-uniform and consists of a series of glowing and dark

regions as shown in figure 2-1 [14].

Negative Positive
Glow Column
Cathode Dark Faraday Anode Dark
Space Dark Space Space
Cathode Anode

Low Pressure Gas

(o0)
N
Power Supply

Figure 2-1: Schematic view of a typical dc glow discharge at low pressure, showing

the most prominent regions.

Free electrons are accelerated in the electric field and excitation/relaxation
and ionisation/recombination reactions occur in the gas, as described in section
2.9. Positive ions are then accelerated toward the cathode and cause ejection of
secondary electrons on impact. These electrons are rapidly accelerated away from
the cathode causing a space charge of less mobile positive charges to remain. Be-
cause few electronic excitations occur in this region, a visible glow is not observed.

This area is the dark space or sheath and has a relatively low conductivity due to

13
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the electron depletion which results in most of the applied voltage being dropped
across it. When the secondary electrons reach a high enough energy, excitation
and ionisation take place. The leading edge of the negative glow marks the point
where the inelastic electron collisions begin. Negative glow width is a product
of the distance over which the accelerated electrons dissipate their energy inelas-
tically. On leaving this region, most of the electrons have energies too small to
cause further ionisation and a further relatively dark area (Faraday dark space)
is established. Finally there is a positive column where there are equal densities
of ions and electrons. This positive column is considered by many researchers to

be an ‘ideal plasma.’

There are two major sheath regions at the electrodes in a dc discharge: the
cathode sheath and the anode sheath. The cathode sheath may be as long as

several centimetres and consists of the following regions:

1. A quasi-neutral ‘pre-sheath’ in which ions are accelerated towards the Debye
q y

region.

2. A Debye region which extends for a few Debye lengths and in which the

electron density rapidly reduces to near zero.

3. A region of almost zero electron density, in which flows a space charge
limited current. Positive ions carry the current in this region and there is

a large voltage drop across the region.

The anode sheath is usually much thinner (by a factor of ~ 10), and the electron
density does not reduce to zero as in the anode sheath. A pre-sheath and a Debye

region are the primary constituents of the anode sheath.

Both electrodes in a dc discharge must be conductors. If, during the discharge
process, either electrode becomes covered with an insulating layer, then the sur-
face of the insulator charges up capacitively. As the capacitor charges up, the net

current through the plasma falls to zero, extinguishing the discharge.

DC glows exhibit three common characteristics of gaseous discharges:

14
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1. Because electrons are much more mobile than ions, positive space charge
tends to form adjacent to the negative electrode. In fact, the disparity
in mobilities causes ion sheath formation around any surface which is in

contact with the plasma.

2. The ion sheath is a relatively poor conductor and hence the largest voltage

drops occur across the sheaths.

3. The mean electron energy is increased as the pressure is reduced, or more
accurately as e/p is increased, where ¢ is the electric field and p is the
pressure. As the electron mean free path is proportional to p, £/p is a scale

of the energy gained by the electron in the field between collisions.

2.2.2 AC Plasma Excitation

If a low frequency alternating field (< 10*Hz) is applied to the circuit shown in
figure 2-2, then the effects discussed in the previous section will remain unchanged
except for the reversal every half cycle of anode and cathode. Ion and electron
distributions can both equilibrate with the changing field and the cathode and
anode dark spaces also change position every half cycle. "As the applied field
frequency is increased, a point is reached when the period of oscillation is less
than the time required for plasma equilibrium. Initially positive ions cannot be
fully extracted from the cathode sheath areas before the field is reversed. As the
frequency is increased further, the electrons are unable to travel to the anode
during a half cycle. These electrons then oscillate in the inter-electrode gap and
collide with gas molecules. Frequencies of >1MHz must typically be applied for

oscillation of electrons to occur.

The rf generated discharge has fewer regions than the dc discharge. It consists
of a negative glow insulated from the electrodes by dark spaces at the powered
electrode and the earthed electrode. These dark space sheaths are similar in

composition to the cathode sheath in a dc discharge, with regions of positive

15
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space charge being formed. This is analogous to the case of a dc discharge which

has only a small inter-electrode gap.

Grounded Electrode

-a—— Dark Space

Glow Region —p

-~4—— Dark Space

AN

Matching

Nsetwork Driven Electrode

RF Generator ———»

Figure 2-2: A schematic view of a rf plasma discharge where the power is supplied

through a matching network.

The regions of positive space ‘cha,rge occur as a result of the differences in
mobility of electrons and ions. This means that self bias voltages are set up
between the chamber surfaces and the discharge. Differences in voltage between
the plasma and both the grounded electrode and the driven electrode are affected
by the chamber dimensions, the system pressure, the gas composition and the

applied power and will be discussed further in section 2.4.

The largest self bias voltage is developed at the driven electrode. This is
because there is an impedance matching network between the driven electrode
and the rf power supply, as shown in figure 2-2. A dc isolating capacitor exists

in the circuit between the rf supply and the plasma. A large dc self bias (Vacb)

16
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develops between the powered electrode and the negative glow due to the action

of this capacitor.

There are several advantages in the use of rf powered as opposed to dc powered

discharges:

1. Electrons which are oscillating in the plasma can gain sufficient energy to
cause ionisation. Rf discharges can therefore be maintained independently

of the secondary electron yield from the chamber walls and electrodes.

9. Electron oscillations increase the probability of ionising collisions occurring
with time. This leads to a more efficient method of plasma generation which

can therefore operate down to a lower minimum pressure (1 mtorr).

3. The discharge will not extinguish if either electrode is totally covered with
an insulator, as long as the capacitor formed by the insulator is large enough
to couple energy into the plasma. This is significant as it allows the sputter

etching and reactive sputter etching of insulators to take place [12].

It is important to consider the potentials which develop at various points in
the rf discharge of figure 2-2, as this_directly affects the energies of ions incident
on surfaces immersed in the plasma [15]. Figure 2-3 shows the time resolved
potentials, including the dc self bias voltages, which occur in a typical rf discharge.
Vaeb is the self bias potential at the rf powered electrode, measured with respect
to ground. V, is the voltage in the bulk of the negative glow measured with
respect to ground and known as the plasma potential. Vy is the potential relative
to ground of an electrically floating surface such as a substrate or film isolated
from ground by an insulating layer. Ions collide with the grounded surfaces
with a maximum energy of eV,. Collisions with the driven electrode are more
energetic as the maximum possible energy of ions is e(Vp—Vaeb). Vaeb is typically
of the order of 200V for most processes, with V, usually of the order of 20V,
and V; around 5V. Depending on the reactor geometry, V, can rise to several

hundred volts {16,17). These potentials are influenced by various parameters of

17
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the discharge including the applied power and the chamber dimensions and will

be explained in more detail in section 2.4.

..Fgﬁ

VeIt A | l l

Vdcb

Figure 2-3: The time resolved potentials which occur for rf plasmas.

A self bias that is negative with respect to the plasma potential develops on
any surface that is capacitively coupled to the glow discharge [18]. The difference
in mobility of electrons and positive ions results in the static IV characteristics
of the plasma resembling those of a leaky diode. If an rf signal is applied to
this type of characteristic, a very large electron current flows during one half of
the cycle, while a relatively small jon current flows during the other half of the

cycle. If there is a capacitor, or a dielectric wall, between the rf generator and

18
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the plasma, then no charge can be transferred through it. For stability to be
achieved, equal numbers of ions and electrons must reach the surface during the
cycle. As the ion flow cannot increase, the electron current must decrease. This
effectively means that the powered electrode in a capacitively coupled discharge
must charge negatively as shown in figure 2-4, until the stable condition shown

is achieved. This oscillating negative signal has an average value of ~Vg4a, on the

powered electrode.

Plasma IV
A - Characteristic
Current

Excess Electron Current

e T — . — o
i ; Voltage

RF Signal <]

Current A

ol
Voltage

RF Signal ¢

t

Figure 2-4: The development of negative self bias when a rf signal is capacitively

coupled to a plasma.
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2.3 The General Reactive Plasma Etch Pro-

CesSsSs

Etching can be defined as the removal of a solid material from a substrate by
means of a chemical reaction. The reactant which effects etching can be a lig-
uid or gaseous chemical agent. In the microelectronics industry, all gaseous or
vapourised chemical source etch processes are referred to as dry etching. The
most widely used and important sub group of dry etching can be described as

reactive plasma etching.

Many different types of reactions are possible in a glow discharge [19,20,21]
but in order to successfully perform etching, the rf discharge must act as a source
of species which engage in or catalyse etching. For these species to occur it is
necessary that dissociation of the molecular feed gas takes place. Dissociation

occurs as a result of electron impact reactions in the negative glow:

Dissociation e~ 40, —20+e” (2.6)

Dissociative Ionisation ~ CF4+e~ — CF{ + F + 2e~ (2.7)

Fragmentation of the feed gas in this way is essential as the gases themselves
are mostly unreactive with the substrate. Radicals created during dissociation
processes are atoms, molecules or complexes which contain one or more unpaired
electrons, such as O and F in the examples above [22]. Long and short lived
radicals play a major role in the etch process due to their highly reactive nature.
The resulting rf glow discharge is a mixture of ions, neutrals, radicals and elec-
trons. If a semiconductor wafer is exposed to this reactive flux then some of the
plasma species can combine with the substrate to form wvolatile products which
evaporate, thereby etching the substrate. The reactive plasma etch process can

therefore be summarised by the following sequence:

1. Dissociation of the feed gas(es).
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2. Adsorption of the reactant to the surface.
3. Product formation.
4. Desorption and product removal.

Any one of these steps has the potential to be the slowest, and thereby become

the limiting step in terms of the etch rate.

2.3.1 'The Basic Mechanisms of Plasma Etching

Plasma etching is an extremely complicated process with many parameters con-
tributing to the etch performance. Even at a basic level, these parameters en-
compass a wide range of interactions, many of which are not well understood.
However the etching mechanisms can be grouped into four categories: sputtering;
chemical etching; energy-driven ion-induced etching; inhibitor protected-sidewall

ion-enhanced etching [23] as shown in figure 2-3.

During sputtering, particles (usually positive ions which are accelerated across
the sheath) collide energetically with the substrate. If the energy transferred to
the surface is greater than the atomic binding energy, then some surface atoms
are ejected leading to net material removal. The sputtering yield is the number
of target atoms ejected per incident jon, and is dependent on the relative masses
of the atoms and the incident energy, and is typically less than one. This is a

purely mechanical interaction.

Chemical etching occurs when gaseous active species encounter a surface and
react with it to form a volatile product. The criterion of product volatility is
essential to stop reaction products coating the surface, thus inhibiting the etch
process by preventing etchants adsorbing to the surface. Chemical etching using
plasmas is usually carried out by free neutral radicals and has no directionality,

leading to isotropic profiles.

Fast directional etch rates (essential for < 3um feature definition) can occur

for certain plasma/substrate combinations when there are fluxes of both neutral-
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Neutral
lon
Volatile
/ Product
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Neutral Neutral
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/ Product / Product
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Figure 2-5: The four major processes by :Nhich dry etching takes place: sputter-
ing; chemical etching; ion-induced energy driven etching; inhibitor

protected-sidewall ion-enhanced etching.

s and ions to the surface. The effect is synergistic as”ion"bombardment in the
presence of reactive etchant species often greatly exceeds the sum of the indi-
vidual sputtering and chemical etch rates. Coburn demonstrated this effect by
comparing the relative silicon etch rates achieved by XeF; gas; an Ar? ion beam;
and the combination of ion beam and reactive gas. The etch rate of the reactive
gas in combination with the argon ion beam was far greater than either of the
individual etch rates (by a factor of = 12) [24]. This ion enhanced reaction is

generally considered to proceed by one of two types of mechanism [235].

In energy-driven ion-induced etching there is usually little or no etching when
the substrate is exposed to neutral etchants alone. The rate limiting step in this
case is the product formation. The ion bombardment component enhances the

reaction rate by creating ‘damage’ sites on the surface of the substrate, by virtue
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of the jon impact energy. lon bombardment makes the substrate surface more
reactive to the neutral radical flux. ‘Damage’ includes the formation of reactive

dangling bonds, disruption of lattice structure and formation of dislocations.

Ton bombardment plays a different role in inhibitor protected-sidewall ion-
enhanced etching. Neutra! etchant species from the plasma can spontaneously
etch the surface, but etch resistant polymers are also deposited on the surface
during the reaction. This ‘protective’ inhibitor film can only be removed from
horizo.nta,l surfaces that are receiving a vertical bombardment component from
energetic jons. Vertical walls of masked features retain their protective film be-
cause they only interact with the small number of ions which are scattered as they
cross the sheath. Sidewall film depositions allow the etch profile to become highly
directional. The protective film may be formed by involatile reaction products
from either the masking material or the substrate, or from film forming precur-
sors that adsorb during the etch process. Etch rates are limited with this process
due to the action of the protective film in preventing reactants adsorbing to the

surface and products desorbing from the surface.

2.3.2 Reactor Configurations

Dry etching was ﬁrsf used in the 1960s in semiconductor aﬁplicaﬁoﬂé for the
stripping of photoresists [26]. This process used a rf glow discharge to dissociate
molecular oxygen into reactive oxygen radicals and worked at room temperature.
The configuration employed for this task is called a barrel etcher, or barrel asher,
and has a cylindrical chamber as shown in figure 2-6. The wafers to be etched
are placed in batches in the centre of the chamber and are screened from the
discharge by a perforated metal cylinder (etch tunnel). The reactor chamber can
be made of silica or aluminium and rf power is usually applied by encircling the

vessel with an 1f coil or by placing metal electrodes on either side of the chamber.

Etching arises due to the action of long lived neutral radicals which diffuse
from the plasma to the wafer surface. Radiation damage from energetic ions is

prevented by the shielding action of the etch tunnel. Etch profiles are isotropic
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@ Etch Tunne!

&\

Etch Tunnel

Figure 2-6: Barrel etch reactor with capacitively coupled rf power.

because the radicals involved are travelling in random directions. Operating

pressures for barrel etchers range from 0.3 to 5 torr,

For more directional etching a planar geometry of reactor is used. The di-
rectional etch is caused by the addition of ion bombardment to the substrate as
discussed in section 2.3.1. Planar systems are also called parallel plate systems,
surface loaded systems, diode systems or Reinberg reactors [27]. The general
_arrangement of a planar system is shown in figure 2-7 along with the two most

common configurations.

In the plasma etch configuration, two flat electrodes form parallel capacitor
plates with a spacing of between 10 and 50 mm. Wafers are placed on the lower
grounded electrode and the upper electrode is connected to the rf supply. Gas
pressure is held constant in the range 0.1 to 1 torr. Wafers are not isolated from
the plasma and short lived radicals contribute to the étching. The electrodes
assume a negative potential with respect to the discharge and positive ions are
accelerated towards the grounded wafers with a maximum energy of eV;. Some
physical etching takes place, but due to the relatively high pressure, the effect is
limited. However, with the correct choice of gas, chamber dimensions, pressure

‘and power, the etch can achieve a near vertical profile. This is achieved by
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Plasma Etcher Reactive lon Etcher.

Figure 2-7: The two most frequently implemented planar etch configurations:

plasma etch and reactive-ion-etch.

increasing the plasma potential, so that the ion bombardment energy to the
grounded wafers is increased.

In the second planar etch configuration, the wafers are placed on the driven
electrode. This is known as reactive-ion-etching(RIE) and is the most widely used
process for pattern transfer in the semiconductor industry. Due to the self bias
effect on the dc blocking capacitor the potential of the driven electrode, and hence
the wafers, is more negative than in plasma etch mode. The maximum energy of
positive ions is now e(Vp — Vgeb) as indicated in figure 2-2. RIE therefore has
a high physical component and achieves more anisotropic profiles. Pressures for
RIE are usually 10 to 100 mtorr with substrate voltages in the range 200 to 500V

[16]. Some typical parameters which are representative of RIE are given in table

2-1 [28].

Many other plasma etch configurations are possible, but they are not widely
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Pressure < 100mtorr
Frequency 13.56 MHz
Power Density at Electrode | 0.1 — 1 Wem™2
DC Bias 50-500 V
Ion Density 1018 m~3
Degree of lonisation 104
Electron Temperature 1-10 eV
Vibrational Temperature 0.1eV
Rotational Temperature 0.05 eV
Translational Temperature 0.05 eV
Ion Plasma Frequency 3 MHz
Electron Plasma Frequency 1 GHz
Debye Length 107* - 1072 m

Table 2-1: Some typical parameters which are characteristic of a RIE glow dis-

charge process.

used in the semiconductor industry. A summary of these techniques are available

in the literature [29,30].

2.3.3 The Choice of Gas Chemistry

Although ions play an important role in RIE processes, they are not the agent
that reacts with the substrate to form gaseous products. Ions add directionality
and increase the etch rate, but it is essential that the chemical component of
the process forms a potentially volatile product. The actual chemical reactions
occurring during plasma etching are not well understood, but some of the basic

reactions and products can be summarised.

Four main groups of reactants are used to etch almost all the materials in
silicon based wafer fabrication. They all rely on the discharge to produce reactive

halogen based radicals or oxygen, as follows:

26



Chapter 2 : Reactive Plasma Etching

1. Chlorine and chlorine containing radicals are commonly used to etch alu-

minium, silicon and polysilicon [31,32,33,34,35].

2. Fluorine and fluorine containing radicals are employed in the etching of
silicon dioxide, silicon nitride, silicon, titanium and tungsten [36,37,38,39,

40,41,42,43].

3. Bromine and bromine containing radicals have been successfully, although
infrequently, used to plasma etch polysilicon, silicon nitride and some re-

fractory metals [44].

4. Oxygen radicals are produced from molecular oxygen to remove hydrogen

and carbon based films, such as photoresists [26].

A list of the halogen based gases which have been used in the silicon fabrication

industry is given in table 2-2.

2.3.4 The Role of Gas Additives

Various gases can be added to the etchants mentioned in table 2-2 because they

- have useful effects on the outcome of the process. ‘They can-be-qualitatively ---

grouped .into the following categories: native oxide etchants; scavengers; inert

gas additions; and surface inhibitors.

Often, native oxides can cover the surface of a substrate and prevent the onset
of etching. These oxides can prove to be very difficult to remove. Additions of
small amounts of oxide etchants can get round this problem. Examples of this
type approach include the action of C;F for Si etching; and BCls or SiCly for Al
etching.

Oxidants can be added to gas mixtures in order to perform a scavenging role by
increasing the etchant concentration or by suppressing polymer formation. This
behaviour is often referred to as the etchant-unsaturate concept and is discussed

further in section 2.3.5. Gases such as BClz and SiCl, can also scavenge adsorbed
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Silicon | Silicon Metal | Organic
Silicon | Dioxide | Nitride | Metals | Silicides | Materials
Fluorine: ‘
CF4 yes yes yes yes yes yes
CoFe yes yes yes yes yes yes
CHF3 yes yes yes yes
NF; yes yes yes yes yes
SFe yes yes yes yes yes yes
SiF, yes yes
Chlorine:
CCly yes ' yes yes
CHCly yes yes
Cla yes yes yes
HCl yes yes yes
BCl; yes yes yes
SiCly yes yes )
Chlorofluoro-
carbon:
CFCl; yes yes yes
CF,Cl, yes yes yes yes
CF3Cl yes yes yes
C,F;Ci yes yes
Bromine:
CF;3Br yes yes yes yes
HBr yes yes
Br. yes yes

Table 2-2: Applications of halogen gases for reactive plasma etching in silicon

based fabrication.
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water vapour and oxygen from the chamber as the discharge is struck, which aids

process repeatability.

Inert gas additions are often used to stabilise and homogenise plasmas which
can otherwise restrict or oscillate in the reaction chamber. Some gases can in-
crease thermal cooling by either having a higher thermal conductivity than the
etchant species (eg. helium), or by increasing the total gas pressure. A further
function is the ability of noble gas ions to increase the sputter based components

of the etch process [45].

Often, carbon containing gases such as CCl, are added as surface inhibitors.
Protective film precursors such as CCly can form polymers which in the presence
of ion bombardment can promote anisotropic etching if the major mechanism

involved is inhibitor protected-sidewall ion-enhanced etching.

2.3.5 The Etchant-Unsaturate Concept

Halocarbons mixed with oxidants such as Oz and Cl; form the chemical basis
for almost all plasma processes. To help understand the effects of feed gas com-
oo position-in these plasmas, an-etchant-unsaturate concept-was_proposed [46]. In— -
this reaction scheme, unsaturated fluoro- and chlorocarbon polymer precursors
derived from CF, or CCl; plasma generated radicals are saturated during re-
actions with reactive atoms and molecules. The most reactive species combine
preferentially and form chemically stable compounds. By assigning an order to
this reactivity, a qualitative prediction of the dominant atomic etchants can be
obtained as a function of the halocarbon and oxidant gas composition. While the
reactive plasma model is most easily understood in terms of a specific chemistry,

a general representation of the reaction scheme can be presented as follows:

e~ + halocarbon — saturated species + unsaturated species + atoms  (2.8)

reactive atoms
+ unsaturates — saturates (2.9)

reactive molecules
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chemisorbed layer
atoms + surfaces — (2.10)

volatile ﬁroducts

unsaturates + surfaces (+ initiating radicals) — films (2.11)

The relative reactivities of atoms and molecules in these saturation reactions
can be assigned a reactive order: F &~ O > Cl > Br; and F; > Cl; > Br,.
Thus the predominant etchant species and reaction products can be predicted as
a function of feed gas composition. For example, if CF3Br is used as the feed
gas, both Br and F atoms are formed during electron impact dissociation of the
halocarbon. However, due to the high reactivity of F with CF; radicals and
unsaturates such as C;Fy, there is usually a negligible steady-state concentration
of F atoms. A similar situation exists for heavily chlorinated plasmas (such as
CCly), with Cl, CCl; and C;Cl, behaving similarly. As the most reactive atoms
(F, O) cannot co-exist with unsaturates at appreciable concentrations, then either
the atoms or the unsaturates must be severely depleted. Etching takes place when
atomic etchants predominate and polymer formation occurs when unsaturates are
present in excess and are adsorbed onto the substrate surface. Polymerisation
of unsaturates is inhibited by surfaces that react with the unsaturates to form

volatile products [47] (eg. fluorocarbon radicals with SiO3).

This behaviour can be illustrated by the action of O3 in CF plasmas [.48].. 0,
removes CF, radicals from the gas phase and prevents their recombination with
F atoms, thereby increasing the F atom concentration. As F atoms are the main

Si etchants, there is a consequent etch rate increase as shown in figure 2-8.

The addition of O3 to chlorocarbon plasmas results in different effects depen-
dent upon the discharge gases employed. When O; is added to CCly there is an
immediate decrease in the aluminium etch rate. Etching stops completely with
larger concentrations of O,. With BCls, small O, additions (< 5% volume) in-
crease the aluminium etch rate, while large concentrations of oxygen impede the
etch process and deposit boron oxides within the etch chamber. It is suggested
that in CCly etching, oxygen reacts either with the aluminium (inhibiting the

etch) or with the carbon species. However with BCls, oxygen (or water vapour)
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Figure 2-8: The influence of oxygen on the normalised etch rate of silicon using
a CF4/0, chemistry. Also shown is the normalised intensity of the
emission from electronically excited F atoms (703.7nm line) during

Si etching.

___reacts preferentially with boron to form oxides or oxychlorides. This releases
extra Cl atoms from the BCl; which increases the etch rate, at least for small

oxygen additions [49)].

Oxidant additions to a plasma will therefore change the relative concentra-
tions of halogen atoms and unsaturates. The most reactive oxidants will react
preferentially with unsaturates which will increase the concentration of less reac-

tive halogen atoms and also suppress polymer formation.

2.3.6 Aluminium Etching

Aluminium and aluminium alloy films are widely used in the semiconductor in-

dustry as interconnect layers in integrated circuits. Aluminium metallisation is
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preferred because of the ease of processing; low resistivity; and the ability to
reduce native SiQ,, which is always present on Si wafers, so that low contact
resistances are obtained. Dilute amounts (= 1%) of Si are added to Al to help
prevent junction spiking, with copper (~ 4%) being added to help improve the
resistance of the interconnect to electromigration [50]. These additives, especially

copper, greatly increase the complexity and the difficulty of metallisation etching.

The etching of Al and its alloys are among those that have presented the
greatest challenges for fine linewidth definition using reactive plasma etch tech-
niques. Major problems have included: long and frequently erratic induction
times; toxic or corrosive etch products and etchants; polymer formation; repro-
ducibility problems due to water vapour contamination of the process chamber;
resist degradation and erosion leading to loss of linewidth control; and incomplete

etching of non-Al constituents.

Aluminium etching consists of two distinct phases with an initial induction
period followed by a bulk aluminium etch. The induction period occurs because
two processes must be completed before bulk Al etching can start. Oxygen and
water vapour must be scavenged from the vacuum chamber, and the unreactive,
native oxide layer (= 30A) must be removed. The former are present in large
amounts on the reactor walls and electrodes, as they are easily adsorbed by either
anodised Al or by the reaction i)roducts and polymers which coat the earthed
surfaces. This can be minimised by using a load-lock to prevent exposure of the
reactor to atmosphere between runs, and by using a gas additive such as BCl; or
SiCly that can scavenge water and oxygen. Native aluminium oxide can be étched
by sputter ion bombardment of the surface and by supplying chemical species
which are capable of reacting with the oxide. Oxide clearing radicals include
CCl [31], BCl, and SiCly [23]. The need for an ion bombardment component is
the primary reason that aluminium has not been successfully etched in a barrel

reactor [49].

Etching of aluminium, in common with most metals, is dominated by product

volatility limitations. The fluoride, Al;Fs, is almost refractory with a very high
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boiling point, and can be treated as involatile for the purposes of etching, although
some research has shown that Al and its alloys can be sputter etched using a
SiF4/0, mixture [51]. For this reason, chlorine containing gases are used to etch
aluminium, although bromine containing gases have also been used [52]. Once
the native oxide has been removed, the Al can be etched in pure Cl,, without the
need for a plasma [53]. The major products in the reaction have been proposed
as AlCls at higher temperatures (T=200°C) and Al;Clg at lower temperatures
(T=30°C) [54]. Because SiCly is reasonably volatile, Si containing Al ﬁhﬁs can be
readily etched in chlorine plasmas. However copper or copper chloride residues
can often remain on the substirate surface after processing. Removal rates of
copper products can be enhanced by elevating the substrate temperature, but

this can necessitate the use of inorganic masking materials.

Following etching, aluminium films often corrode on exposure to atmospheric
conditions due to the hydrolysis of chlorine or chlorine containing residues which
remain on the substrate, the sidewalls or in the photoresist. Post etch treatments
such as rinsing in water or concentrated nitric acid can be employed to remove
these residues [49]. Because the unreactive, protective, native oxide has been

removed during the etch, the chlorine species can react with the bulk Al, leading

to corrosion. Various methods have been proposed to deal with this problem.

Photoresist adsorbs large quantities of chlorine, mainly in the form of the etch
product AlClz, which is a Lewis acid. Stripping the photoresist in an oxygen
plasma before exposure to atmosphere removes much of the chlorine and is also
thought to rei)la.ce some of the chlorine chemisorbed on the aluminium with oxy-
gen, but is not sufficient to totally prevent corrosion. Rinsing in de-ionised water
can also remove most of the chlorine, but is again not sufficient to totally avert
corrosion [23]. Low temperature oxidations in dry oxygen can reduce corrosion by
restoring the passivating aluminium oxide layer [55]. Another method involves
exposure to a fluorine based plasma, which is thought to replace chemisorbed
chlorine into non-hygroscopic fluorine residues [56]. A further nitric acid rinse

can be used to remove the fluoride residues and regrow the protective oxide.
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2.4 The Plasma Etch Parameter Space

One of the major obstacles to the routine implementation of plasma etching is the
extensive parameter space that is associated with the process, and the difficulty
involved in directly measuring most of the fundamental variables. To a certain
extent, these parameters can be characterised, as shown in figure 2-9. Ideally,
etching processes would be controlled at an atomic level by manipulating basic

chemical and physical variables.

Some authors in the field of electrical discharges have examined the plasma
from a fundamental point of view as a series of quasi-dimensionless similarity vari-
ables [57]. These variables include the ratio of electric field to number density:
/N (described in section 2.2.1 as g/p, since p o N); the ratio of driving frequency

to density: f/N; and the reactor aspect ratios. The state of the plasma and its

products can be uniquely defined by a full set of these similarity ratios. However

from a process engineering point of view, the usefulness of ratios is limited as
the relationships are determined entirely by the apparatus and plasma gas. The
process engineer cannot then set these variables directly. Also, common process
plasmas may not actually have well defined ratios, with ¢/N in particular some-
times varying by a factor of ten. Because of these problems, the machine param-
eters or discharge variables are often used for control. These parameters include
pressure, input power, flow rates, temperature, excitation frequency, chamber di-
mensions and feed gas composition. Attributing specific process characteristics
to individual parameters can be too simplistic because all plasma parameters are
inter-related. However, some general trends and effects can be isolated. Feed gas
composition has been dealt with in the preceding section, and the other discharge

variables will now be reviewed.
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Figure 2-9: The parameter problem associated with the plasma etch process,‘
where T, is the electron temperature; N is the plasma density; V, is

the plasma potential; f(c) is the electron energy distribution function;

and 7 is the gas particle residence time.

2.4.1 Pressure

Pressure directly influences the energy distributions of ions, neutrals and electrons
by affecting particle densities, mean free paths and collision rates. For example,
the energy with which an ion impacts with a surface is not only dependent upon
the sheath field, rf frequency and ion mass, but also the rate at which the ions

collide with neutrals as they traverse the sheath. If the ion mean free path is
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greater than the sheath thickness, then ions which enter the sheath will accelerate
under the influence of the entire sheath field, and will impact the surface with a
narrow and highly energetic velocity distribution. If the mean free path is much
smaller than the sheath thickness, then the velocity distribution will have a much

lower mean value and will have a greater variance.

The electron energy distribution function f(¢) is also affected by pressure.
Electron-neutral collisions result in the formation of ion-electron pairs. If the
electron-impact mean free path for ionisation is small in comparison to the sheath
thickness, then substantial ionisation can occur within the sheath region. This
will alter the ion energy distribution at the electrode surface, and the sheath
thickness [58]. Collisions involving ions which are close to the substrate will also

influence the directionality of the etch with less anisotropic etches being observed.

In general the ion and electron collision mean free paths can be expected to
scale inversely with pressure. As the physical thickness of the positive ion sheath
is related to the electron mean free path, it also increases with decreasing gas

pressure [15].

With all other parameters being held constant in the 5-50 mtorr range, then
the etch rate generally increases with increasing pressure. This is due to an
increase in both ionised and reactive neutral species. However, some researchers
have observed that while the concentrations of active species do increase with
increasing pressure, these concentrations are constant with residence time [59].
The residence time of a system is the average length of time a molecule spends
in the chamber, neglecting any chemical interactions which may occur, and can

be expressed as:

pV
T=— 2.12
Q (2.12)
where p is the pressure, V is the volume of the system and Q is the gas flow rate.

Therefore the observed etch rate increase with pressure could actually be an etch

rate increase with residence time.
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2.4.2 Flow Rate

Because of the effects of changing pressure on the physical properties of the
plasma, the best way to vary the residence time is to vary the gas flow rate at a
constant pressure. This has the minimum effect on the other plasma parameters.
As the residence time changes for a given power density, then it can be reasoned
that the less time the feed gas spends in the chamber, the less extensive will be
the degree of dissociation. At high flow rates, radical densities will decrease with
increasing flow rates. At low flow rates or long residence times, the extent of
dissociation may reach an upper limit and an equilibrium may be reached such
that radical concentrations become flow independent. Chapman et al [60] show
that the overall dependence of the surface reaction rate on residence time, or flow

rate, will display a maximum point.

2.4.3 Power

Increasing the applied power increases the sheath potential and increases the con-
centration of reactive neutrals and ions by affecting f(¢). Increases in the sheath
potentials can occur due to increases in both the plasma potential and decreases
in the nega},{\?e dc self bias for the powered electrode for a,_t-ylii-calrgl}oﬁ;laéd- wall
etch chamber. Due to these effects, etch rates generally increase with increasing
power. However, in some modes of operation such as RIE, increasing power can
also result in excessive ion bombardment, lower selectivity, photoresist degra-
dation and an aggravation of the loading effect leading to etch non-uniformities
(discussed further in section 2.5. Etch rate also increases with increasing rf power
due to increased dissociation occurring within the plasma, which leads to greater

levels of reactant [61].

Overall power is often used as an etch criterion, but since the electrode struc-
ture and discharge characteristics define the area and volume over which the dis-
charge extends, more meaningful power based parameters are the power density

or the dc self bias voltage.
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2.4.4 Excitation Frequency

Excitation frequency is a key parameter affecting both the chemical and electrical
properties of the plasma. The ion bombardment energy is affected because the
discharge potential V, increases as the frequency is lowered, leading to greater
sheath potentials. The peak voltage which must be applied across the discharge
to maintain constant power also increases as the frequency is reduced. From the
equivalent circuit model of a rf discharge in figure 2-10 it can be seen that this
outcome is a result of the change in sheath character from being predominantly

capacitive at high frequency to being predominantly resistive at low frequencies.
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Figure 2-10: Approximate rf plasma equivalent circuit.
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Frequency also affects the ion bombardment energy distribution with the en-
ergy of ions being distributed to higher energies at low frequency than at high
frequency. To understand this phenomena it is necessary to introduce the con-
cept of an ion transit frequency (ITF). At the ITF ions cross the sheath in a time
equal to one applied field half cycle. At high rf generator frequencies (operation
above the ITF), ions cross the field slowly compared to the applied field oscilla-
tion, and arrive at the electrode with an energy proportional to an average value
of the sheath potent;ial. At low rf generation frequencies (operation below the
ITF), ions cross the sheath quickly compared to the field oscillation and gain a
maximum energy which is equal to the instantaneous applied field, leading to a
greater distribution of ion energies [53]. An example of this effect is the etching of
Si in CCly which decreased by more than an order of magnitude as the discharge
frequency was raised above 7 MHz, whereas the etch rate of Alin CCly increased
by a factor of four over the same range of frequency increase {62]. Cl, etching of
Si is thought to be energy-driven ion-induced whereas Cl; etching of Alis thought
to be inhibitor protected-sidewall ion-enhanced. In the case of Si the etch rate
depends mostly on the ion energy and in the case of Al the etch rate depends

mostly on the density of reactive species.

The shape of f(¢) is ‘also-influenced-by the frequency. This means that the - -

dominant electron-molecule interactions can be affected and hence the chemical
composition of the discharge can be altered. This can be demonstrated by looking
at undercutting effects, which are a result of chemical interactions, becoming en-
hanced at higher excitation frequencies. Undercutting of highly n-doped polysili-
con in a Cl, discharge is negligible at low frequency, but substantial undercutting

is observed at high frequency [53].

Most commercial plasma systems today operate at a frequency of 13.56 MHz,
because this is a licenced US Federal Communications Commission (FCC) indus-
trial frequency for which rf generators are readily available, instead of being an
optimal discharge parameter. Similarly, microwave based systems operate at 2.45

GHz which is another FCC frequency. Low frequency generators (200-800 kHz)
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are often a result of a manufacturers previous products and are not optimised
for etching, as the intentional use of frequency as a process parameter is a novel

development.

2.4.5 Temperature

Temperature influences the etch rate, selectivity, surface texture and the degree of
anisotropy. Changes in surface temperature affect the reaction rate and the rate
at which products leave the surface of the wafer. Possible etch product boiling
points (eg. AlCly at 177.8°C ) or vapour pressure curves can be useful in the
initial selection of an etch chemistry. Chemical etching rates can be raised by
increasing temperature to the point where it has an etch rate comparable with

ion-enhanced processes, leading to decreased anisotropy.

Typical RIE processes and heats of reaction can produce temperature rises
of the order of 100 to 200°C in a 75mm wafer [63]. The applied power and
the etch rate are therefore limited in practice by the thermal stability of the
masking material. Heat can be transferred from the wafer to the electrode or
to inert gases such as helium. Because cooling reduces the rate of removal of
volatile product species, a trade-off must occur that minimises resist deformation,
while maintaining chamber temperatures that prevent product condensation on
the reactor walls. Chamber walls and electrodes often incorporate independent
temperature control through the use of heat/chill circuits in order to enhance the

process stability.

2.4.6 Chamber Dimensions

The dimensions of the reactor chamber play an important role in the determi-
nation of the plasma potential Vp, the self bias potentials, and therefore the ion
bombardment energy which is incident on the reactor walls and electrodes. The
relationship between the plasma potential and the driven electrode potential,

V4ep, as a function of time with the area ratio R as a parameter are shown in
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figure 2-11 [64]. R is equal to i—: where A, and Ay are the earthed electrode
and driven electrode areas respectively. If the system consists of two electrodes
of equal area, then V, will be very large and both electrodes will be subject to
energetic ion bombardment to approximately the same extent, as the sheath volt-

age drop across all the sheaths will be equal to V. A typical RIE system will

feature 0 < R < 1.

V+ V‘ VA

Plasma

0 - 0
Vdch
Vdch
Target
R=0 0<R<1 A=

-~—Fjgure-2-11+-Approximate-driven-electrode-and-plasma potential waveforms-for— - ——--— .-
a glow discharge with grounded chamber walls. R is the ratio of

~ powered electrode to wall area.

This behaviour is due to the capacitive nature of the ion sheaths. From
the approximate equivalent circuit for a discharge shown previously in figure
2-10 it follows that V, is determined by the relative magnitudes of the sheath
capacitances. This is effectively capacitive voltage division which in turn depends
on the relative areas of the cathode electrode and other surfaces in contact with
the plasma. An early theory of plasma characteristics predicts [65]:

Va A
— = {Zt 2.13
Ve (Ad) ( )
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where V. and V4 are the voltage drops across the earthed and driven electrode
sheaths respectively. This model was originally developed for sputtering systems
operating at a few mtorr, and some problems occur when applying this relation
in higher pressure scenarios, as outlined in the literature [12]. In fact, for the
plasmas which are used in etch processes, there is evidence to suggest that the

voltage ratio varies as the first, and not the fourth power of the area ratio [64].

2.5 Plasma Etch Process Characterisation

The size and final profile of an etched feature are often regarded as the most
important properties of the process. However, there are fnany other character-
istics which can affect the outcome of the process, and many of these must be
taken into account when considering the economic viability of the manufacturing

process.

2.5.1 Anisotropy

Anisotropy is a measure of the directionality of the etch process. In wet chemical
etch processes, the etch has no preferred direction and has a horizontal etch
rate that is equal to the vertical etch rate. This leads to rounded profiles which
undercut the original mask, and is known as isotropic etching, as shown in figure
2-12a. By definition, any profile which is not isotropic must be anisotropic, with
a perfectly anisotropic feature having no horizontal component as shown in figure
2-12b. As feature linewidths become comparable with feature heights in size, the
loss of linewidth due to isotropic processes cannot be tolerated and directional
processes must be employed. This occurs when the thickness of the layer to be

etched approaches the linewidth required (approximately < 4um).

The ion bombardment mechanisms which are responsible for anisotropic etch-
ing have already been discussed in section 2.3.1. It is important to note that

although fully anisotropic etches are required for true pattern transfer, their use
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Figure 2-12: Ideal etch profiles for isotropic and fully anisotropic processes, when

there is no mask erosion.

is not without some problems. When etching materials which are deposited over
substrates with steep surface topography, some overetch is essential to compen-
sate for the effectively thicker material at the step edges as shown in figure 2-13.
Overetching is a term used to describe the action of continuing an etch process
for longer than is necessary to just complete the etch at one point on the wafer.
This overetch can, when coupled with poor selectivity (described in section 2.5.2),
lead to device destruction. The steep walls of fully anisotropically etched features
can also cause severe problems for subsequent step coverage. To prevent void for-

mation on metal deposition, for example, contact holes should have a tapered

profile.

2.5.2 Selectivity

The selectivity of a process is a measure of the etch rate of layer to be etched
relative to other materials which are in contact with the etchant flux. Selectivity

is usually expressed simply as a ratio of these two rates:

ER.

Sap = ER,

(2.14)

where ER, is the etch rate of the layer to be etched, and ERy, is the etch rate

of a second material. If a process has similar etch rates for two materials in
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Figure 2-13: For a fully anisotropic process, some overetch is needed to remove

residual material at steps.

contact with a plasma, then that process can be described as having low or poor
selectivity. Large comparative etch rates for a material layer compared to the

masking layer, for example, would imply a highly selective procéss.

In section 2.5.1, both the mask and the substrate were treated as unetchable

" materialsTIn plasma etch processes this is Tarely the case amd “all materials™ ™~~~

exposed to the plasma have a finite etch rate. Selectivity with respect to the
mask affects feature size control. Selectivity with respect to the substrate affects
overall performance and yield. The substrate in this case may be either the silicon
substrate or an underlying film which has been grown or deposited on a previous

level of the fabrication.

Ideally, a high selectivity would be coupled with a highly directional etch
profile, but this is not easy to attain in practice. High selectivities are character-
istic of systems in which chemical processes dominate and ion based mechanisms
are minimised. Ion-induced and ion-enhanced mechanisms add directionality but

result in non-selective material removal.
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2.5.3 Uniformity

Uniformity is a measure of the consistency of an etching process. Intrawafer
uniformity refers to the rates measured within a single wafer, while interwafer
uniformity is a measure of the rates measured wafer to wafer. In the case of
batch processes, a further distinction can be made between interwafer uniformities
from the same batch, and cross batch uniformities. This parameter is usually
determined by measuring the relative etch rates at selected sites. The major
causes of non-uniformity are electric field gradients along the plasma sheath and

differences in the concentrations of reactive species in the plasma.

Etch non-uniformities which can be modulated by changing the residence time
are usually indicative of a non-uniform gas composition. This is usually minimised
in the reactor design stage by using distributed gas rings or showerhead designs
to introduce the gas. Problems with uniformity that are attributed to electric
field gradients can prove more difficult to solve. Often, alterations to the reactor

design and geometry may be the only way to reduce the problem [66].

.2.5.4 Loading Effect

During reactive etching, the etch rate is sometimes found to decrease as the
amount of etchable surface is increased. This is a phenomenon which is known
as the loading effect, and it has an adverse effect on both the uniformity and
reproducibility of etching. Loading occurs when the active etch species react
rapidly with the material to be etched, but have a long lifetime when there is no
etchable material. The primary loss rhechanism for the reactive species is etching,
and so the greater the material area, the greater is the depletion of etchant species.
The generation rate of active species is fixed by the discharge variables, and is
largely independent of the amount of etchable material present. The average value
of etchant species concentration is therefore the difference between the rates of

generation and loss, and must decrease as etchable surface area increases.
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Mogab [67] expressed this quantitatively for the case of a single etchant species
as follows:
prG

where ER is the etch rate; 3 is a reaction rate coefficient which is related to the
affinity of the etching material for the active species created in the plasma; A
is the etchable area; 7 is the lifetime of the etchant species in the absence of
etchable material; G is the generation rate of active etchant species; and K is a
constant which is dependent on the reactor geometry and material. According to
equation 2.15, there will be no major loading effect as long as K87A < 1. If the
gas chemistry and conditions are selected such that the reactive species lifetime
is kept small, then this condition will be satisfied. Obtaining accurate values for
some of these coefficients for specific equipments and operating conditions can

prove difficult.

Mogab [67] showed experimentally that the concentration of active species
is non-uniform, except when the etchable material is symmetrically distributed.
Concentrations of etchants were found to be slightly higher near a wafer which
was not surrounded by other wafers. From equation 2.15 it can be seen that this
is simply a manifestation of loading, where there is decreased competition for
active species. This same effect can lead to an etch rate dependence on feature
size, with small isolated features etching more rapidly than large less isolated

features on a wafer. This is known as a ‘microscopic loading effect.’

The presence of a loading effect has major implications for feature size control
if the process contains a horizontal etch component. As the process endpoint is
reached, the etchable area decreases very rapidly, resulting in an accelerated etch
rate at the endpoint and during the overetch period. This makes feature size
control very difficult as there is an increased horizontal etch rate as the surface

clears.
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2.5.5 Throughput

The number of wafers etched per unit time is known as the throughput of the
system. Throughput is governed by the machine uptime and reliability, and also

by the average etch time per wafer.

Averageetch time per wafer depends on the number of wafers which are etched
per cycle. A typical cycle may involve loading, pumpdown, wafer pre-treatment,
etching, post-treatment, venting and unloading. For large batch processes, the
cycle time can be long, allowing lower etch rates. For single wafer processes, all
operations have to be of extremely short duration to achieve the same throughput
as a batch process. Etching must therefore be carried out at higher rates using

higher power densities.

If the technology exists, then only economic factors can determine an accept-
able throughput. A typical requirement for a batch etcher would be to process
60 wafers/hour with etch rates of 100 to 600 A/min. Single wafer etchers must
achieve etch rates which are 10 to 20 times faster for equivalent throughput, al-
though other factors such as capital cost and cleanroom footprint must also be
considered. The implications of throughput with reference to equipment trends

will be disc1_1_ssed further in section 2.6.

2.5.6 Defects, Impurities and Surface Roughening

An ideal etching system would replicate exactly the masking layer pattern in the
material layer; stop at the underlying layer; and leave no residue on the surface.
During the process, small particulates can fall onto the surface and act as masks
to the etch. These masks will then form localised features or defects. Acceptable
defect densities for the entire pattern transfer process are typically less than 1

defect/cm?.

A major source of defects is the flaking of material which has previously been
deposited on the chamber walls. Many RIE processes etch the wafer surface which

is subject to a high sheath potential, while depositing etch products and polymers
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onto the chamber walls which are only subject to low sheath potentials. If the
chamber is not load locked and must be vented to atmosphere between batches,
high velocity gases passing over the walls can cause particulate flaking. Frequent

chamber cleans or the introduction of a load lock can reduce this problem.

Chemical alteration of the surface etching rate can cause roughening of sur-
faces during etching. During an aluminium etch for example, surface oxides etch
at rates which are much lower than for the bulk film. Small variations in the
thickness of the surface oxide can therefore cause significant roughening of the
surface due to the large disparity in etch rates. This effectively means that a
greater period of overetch is required to remove the film completely. Contami-
nants such as water in the process chamber can result in the formation of surface

oxides which can lead to process variations and surface roughening.

Sputtering of etch resistant material from the electrodes onto the film can
also result in regions with low etching rates and surface roughening. A common
example of this occurs when Si is etched on an Al electrode in fluorine based
chemistries. Non-volatile compounds are sputtered from the electrode onto the
wafer surface. These deposits mask further etching and appear as ‘black grass’

on the wafer surface. This type of problem can be reduced by using electrode

‘coatings such as Ardel andLexan ! (a high temperature polymer), which produce

mainly volatile compounds under ion bombardment [68].

In general, processes which have a large ion bombardment component produce

rough surfaces, and chemical etch processes typically produce smoother surfaces.

2.5.7 Radiation Damage

During the plasma etch process, wafers are exposed to various different types of

high energy radiation including ions, electrons, ultra-violet light and soft x-rays.

1Lexan is a trademark of the General Electric Company
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This creates a potentially hostile environment for electrically sensitive process
layers. The gate oxide and the Si/Si0O; interface in a FET fabrication process are

particularly susceptible to these types of damaging radiation [68,69,70,71,72].

The damage can take several forms:

1. Energetic ion impact can result in atomic displacement. The penetration
depth of this type of damage is a function of the mass of the ion and is

usually < 25A from the surface for RIE processes.

2. Primary ionisation of the lattice occurs when Si-O bonds are broken and
electron-hole pairs created. UV photons and soft x-rays are the main causes

of this effect.

3. Secondary ionisation occurs when the electrons caused by primary ionisation

or atomic displacement interact with defects in the Si-O lattice.

These damage mechanisms are responsible for the production of trapped posi-
tive charge and neutral traps within the dielectric, which can degrade the quality
of the final device. The former defects can cause shifts in threshold flat-band
voltages, with neutral traps being able to trap energetic electrons. Annealing can
remove the majority of these traps, but trapped impurities within the lattice can
only be removed by wet etching. In FET fabrication, the sensitive gate oxide is
usually protected from radiation by the gate electrode which is typically polysil-
icon. The radiation is not energetic enough to penetrate the polysilicon and so

most of the damage is confined to the perimeter of the electrode.
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2.6 Equipment Trends in Plasma Etching

The factors which will have the greatest influence on the future of reactive plas-
ma etching will be driven by two major requirements: the need for much finer
linewidth definition; and the trend towards larger diameter wafers. The 0.7 to
0.8um features needed for today’s 4 Mbit DRAMs can be defined using currentiy
available machines such as RIE. However, the 256 Mbit DRAMSs which are ex-
pected to appear around 1998 will require linewidths of 0.25 to 0.3pm and these

cannot be defined on a production basis using current technology.

For current production processes, the main debate revolves around whether
single wafer etchers should be used instead of ba.tc}; etchers. Single wafer machines
started to become an economically viable option as wafer sizes increased to above
100mm. When coupled with extremely fast etch processes, single wafer systems

offer some advantages:
1. Wafer to wafer variability is reduced.

__ 2. End-point detection (see chapter 3) can be carried out on each wafer. When

allied with a suitable control systern, it is possible to compensate for previ-

ous process variation.
3. Malfunction destroys only one wafer.
4. Automation is easier.
5. A smaller cleanroom footprint is achieved.

The major problem with single wafer machines is throughput. To compen-
sate for single wafer processing, extremely fast processes are used where the pow-
er density is high (typically 5 Wem=2) compared to batch systems (typically

0.25 Wem™2). This can result in lower selectivity, resist damage and consequent
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degradation of pattern quality, as well as increasing the possibility of radiation

damage and impurity contamination.

There are several candidates which look promising for the small feature defi-
nitions required for new generations of DRAMs. These include electron cyclotron
resonance (ECR), helicon plasma sources, distributed ECR (DECR), rotating
field magnetrons and the helical resonator. Some of these operate at rf frequen-
cies, but are capable of maintaining high density plasmas and performing highly
anisotropic etching. A full description of these techniques is beyond the scope of

this review but is available in the literature [73].

Another limitation on currently implemented production equipment is the
interdependence of the plasma parameters. Variation of one process parameter
alters many other plasma variables as discussed in section 2.4. This inherent
inflexibility limits process optimisation. Some machine configurations partially
separate the dual plasma source functions of species generation and ion bom-
bardment. These machines include the triode [29] and ECR based machines [74].
Using this type of approach the dc self bias can be set semi-independently of
the active species generation, leading to greater control of the ion bombardment

potential.

2.7 Summary

In conclusion, the major problems with dry etching centre on the sensitivity of the
plasma, coupled to a basic lack of understanding of the fundamental physical and
chemical variables. For control purposes, the machine parameters or discharge
variables, such as power, préssure... etc. are used to é,lter the fundamental
variables. However, because the fundamental variables are inter-related and inter-
dependent, characterisation of the process with respect to discharge parameters

is not straight-forward.

51




Chapter 2 : Reactive Plasma Etching

In this chapter, some of the concepts necessary for an insight into plasma etch
processes were also presented. Included were dc and ac plasma properties; a de-
scription of the reactive etch process; the parameters which influence the process
outcome; and the characteristics which can define the etch process outcome. Fi-

nally, the techniques and trends which are likely to influence the future of plasma

etching were briefly described.
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Diagnostic Techniques for Plasma
Characterisation

3.1 Introduction

Traditionally, the plasma etch processes which are employed in the microelectron-
ics industry have relied on a stable and well-characterised process for repeatable
automatic operation. Due to the inherent complexity of the process, few processes
"had this stability. Even fewer machines actually had the required sophistication
of control system to ensure repeatable operation, with process termination being
determined using an etch timer or by eyeball from the operator. As the economic
and process requirements for modern production systems become more stringent,
it will become necessary to feed more and more discharge information back to an
automatic controller. In this way, the balance between the competing chemical
and physical processes that constitute the plasma can be monitored. For these
reasons, it is necessary to employ reliable diagnostic methods, both to initial-
ly provide a basic understanding of the plasma and also to operate as a useful

monitor for practical processes.

The most sophisticated of the current generation of production plasma etch-

ers can generally be specified with some built-in plasma di&gnostics. These are
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usually configured as end-point detectors for processes which require a minimum
of overetch to protect the underlying layer and reduce undercutting. Most of the
analysis methods used, such as optical emission spectroscopy, yield an average
parameter value for the discharge. It is therefore essential for the process unifor-
mity to be high, so that clear interface points can be recognised and defined as
endpoints. Many more commercial companies are producing equipment specifi-
cally for use in the field of plasma analysis. As diagnostic equipment production
shifts from the academic environment to the commercial environment, the cost
of implementation will decrease. This should lead to a more widespread use of
diagnostic techniques and also their realisation as real time process monitors, as

well as end-point detectors.

The overall objective of plasma diagnostics is to deduce information regarding
the state of the glow discharge from practical observations of physical processes
and their effects. Plasma diagnostic techniques are often extremely complex and
sometimes require large amounts of physical data before any conclusions can be
reached. Much of the research and development work on diagnostic techniques
has been driven by the goal of obtaining economically significant amounts of

power from thermonuclear fusion. Many of the techniques currently being applied

__to_semiconductor plasma processes were developed from analysis of simple dc

discharges or from fusion research.

Diagnostic strategies generally measure one of the following physical processes:

1. Electromagnetic emission from bound electrons. In this case the line radi-

ation from atoms and ions that are not fully ionised is analysed.

2. Electromagnetic emission from free electrons. Plasma properties are de-
duced from the observation of radiation emitted from free electrons. This
includes cyclotron (synchrotron) emission, bremsstrahlung, and Cerenkov

processes.

3. Plasma particle lux measurements. These are measurements based on di-
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| rectly sensing the the flux of plasma particles using various types of probes

which are directly in contact with the plasma.

4. Plasma refractive index. These techniques are based on the measurement
of the plasma refractive index by transmitting appropriate electromagnetic

waves through the plasma.

5. Magnetic measurements. In this case, the magnetic field is measured di-
rectly at various places inside and outside the plasma using coils and probes

of assorted types.

6. Scattering of electromagnetic waves. When subject to incident radiation,

the radiation which is scattered by the plasma is analysed.

7. Ion processes. Measurements of phenomena occurring to heavy non-electron

species, such as charge exchange reactions and nuclear reactions.

A complete description of the theory that is involved in the various diagnostic
implementations mentioned above is availablein the literature [75]. The following
sections describe the most commonly used diagnostic techniques which have been

. applied to plasma etch systems. _

3.2 Optical Emission Spectroscopy

Optical emission spectroscopy (OES) is the most widely used optical method used
for plasma monitoring and characterisation. This method relies on the detection
of emissions of line radiation from plasma species as they ‘relax’ from excited
electronic states. Excitation is usually achieved by electron impact reactions
within the plasma. As the electron bound to the atom, molecule or ion undergoes
relaxation, it falls to a lower energy level and emits the difference in energy as
line radiation. The line radiation is a characteristic of both the plasma species

involved and the energy level transition [76]. In an atom, each change of electronic
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state gives rise to an emission line, whereas in a molecule each change of electronic
state gives rise to a band system. The various bands of the system arise from
differences in the vibrational state of the molecule and in general involve much
smaller energy intervals than the electronic changes. Identification of species
from observed emission lines can prove problematic because the band systems
often overlap in a multi-species system such as a complex plasma. A summary of
previously identified optical data is available in the literature [77] to aid species

identification.

OES techniques are relatively simple to implement, and their widespread use
can be partially attributed to the fact that the technique is almost completely
non-invasive. This means that the interaction between plasma parameters is not
disrupted. However, information from the discharge is limited to those species
which emit light and very little can be obtained on the polyatomic and ionic

species which often play important roles in plasma etch processes(78].

The most common implementation of OES is as an end-point detector. For
end point detection to be successful some variation in the reactant or product
concentrations must be optically detectable. A more sensitive end-point is usually
obtained if a characteristic reaction product can be monitored, as the reactant
Table 3-1 shows some of the most common emission lines which have been used

to determine etch end-points in the Si based wafer fabrication process.

OES also has an important role to play in the fundamental characterisation
of plasma based processes. Observed line radiations are characteristic of the
thermodynamic state and composition within the discharge chamber. This type
of diagnostic has therefore been used by many plasma researchers in the field
in order to produce fundamental models which can approximate the chemical
and physical interactions of some plasma etch processes. For example, OES
techniques have been applied in the investigation of the reactive ion etching of Si
using a CF4/0; discharge. In particular, OES has greatly increased the present

understanding of the role of oxygen in this process [81]. Other workers have
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Material Species | Wavelength | Reference
Etched | Monitored (nm)

Si, polySi F* 703.8 [79]
SiF* 777.0 [79]
SiN, SiaNy F* 703.8 [79]
CN* 387.1 [79]
N3 337.1 [79]
N* 674 (78]
510, Si0, CO* 483.5 [79]
co* 519.5 [79]
Al AlICI* 261.4 [80]
Al 396.2 {80]
Resist CO* 483.5 [79]
co* 519.5 [79)
OH* 308.9 [78]
H* 656.3 [78]

Table 3—1: Common species and emission wavelengths which have been monitored
- ——to-determine etch-process endpoints; where-A* indicates a speciesA - -

in an excited state.

employed OES techniques to allow real time photoresist selectivity measurements
to be estimated [82]. Some studies have also obtained estimates of the discharge
electron temperature by measuring the intensities of two emission lines from the
same excited species [83]. OES can also be used for quantitative chemical analysis
of the discharge and for depth profiling of diffused or ion-implanted samples
[84]. OES is also useful for fingerprinting of the process chamber under normal
operating conditions. If a problem occurs at a later date, then another spectrum

can be recorded and compared with the standard [79].

Using OES, it is usually straightforward to follow qualitative changes in dis-
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charge properties as a function of the machine parameters. However, the major-
ity of the plasma species are in the ground electronic state. To infer information
about the ground state species from the emissions of excited species, a technique

called actinometry was proposed [85].

3.2.1 Actinometry

Actinometry involves the use of optical emission intensity ratios to provide an
estimate of ground state species concentrations. The emission intensity of the
species of interest is divided by the emission intensity from an inert gas (the
actinometer) which has been added to the discharge as a minority component.-
By ratioing the intensity signal in this way, actinometry can correct for the fact
that variations in emission intensity may be due to changes in excitation rate
caused by a shift in f(), instead of an actual change in species concentration.
For actinometry to be able to relate species of interest X to the actinometer A,

then the following conditions must hold [86]:

1. The excited species X* and A* must occur as a result of electron impact

excitation of the ground state species.

2. The excited species must decay as a result of photon emission.

3. The electron impact cross sections and for X and A must have similar

thresholds and shapes as a function of electron energy.

Actinometry can fail when mechanisms such as dissociative excitation com-
pose a significant proportion of the production of excited species. Gottscho and
Donnelly {87] examined emission line shapes from F*, Ar* and ClI*. They found
that for F* in CF, based discharges, Ar could be used confidently as an actinome-
ter to determine F concentrations. However, they found that Cl* and Ar* line
shapes became substantially broadened during some parts; of the rf cycle. They

attributed this broadening to additional excitation mechanisms. Actinometry can
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therefore only be applied to Cl based systems with great care and may not give

a valid measure of the ground state concentration.

3.3 Mass Spectrometry

Mass spectrometers are used to measure the ratio of mass to electric charge of a

molecule or atom. They can be used in several ways to monitor glow discharges:

1. Analysis of the discharge gas without line‘ of sight to the chamber. This
includes sampling of the exhaust gas with the spectrometer mounted in the
pumping line between the chamber and the pumping system; and sampling
through a controlled leak valve from the chamber. This setup is relatively
simple to install but does not allow reactive species detection. There is a
time lag involved between the chamber process reactions and neutral species
detection, with the result that endpoints tend to be irreproducible or non-
existent. Some researchers have reduced the time delay and increased the
sensitivity by sampling through a small quartz capillary tube which was
directly attached to the spectrometer probe head. Reactive species could

 be detected using this technique despite its markedly invasive nature [88]:

2. Line of sight sampling of neutral species. This setup allows the detection of
reactive species, but is not very sensitive. The major disadvantage is that
mounting the apparatus is very complex in terms of cost and modifications
to the etching machine [89]. Line of sight neutral sampling is most often

used to provide information for basic studies of plasma chemistry.

3. Direct sampling of positive ions which have been created in the glow dis-
charge, which is also known as in-situ SIMS. This is a very high sensitivity
technique which has previously been used for ion-molecule reaction studies
and to characterise the discharge [{90]. However, the apparatus required is
complex and the jons sampled are not representative of the neutral species

concentrations [91].
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Mass spectrometry usually consists of three stages: ionisation, mass separa-
tion and detection. Various methods have been used for each of these stages. The
most sophisticated spectrometers are capable of differentiating small fractional
mass differences. More commonly implemented are systems which can resolve

peaks which are 1 amu apart. These systems are often referred to as residual gas

analysers (RGA).

A schematic view of the stages involved in mass analysis is shown in figure
3—-1. Ion production is almost always implemented by electron impact jonisation.
Electrons from a hot filament cross the chamber to an anode and collide with gas
molecules as they cross. This creates positive ions. The next stage of the analysis
is mass separation of the ions, using either a magnetic sector or a rf quadrupole.
The magnetic sector technique accelerates the ions through a uniform niagnetic
field which then separates the different mass to charge ratios. The quadrupole
technique uses four electrodes to filter the different masses. One pair of electrodes
in the quadrupole acts as a low pass filter, while the other set acts as a high pass
ﬁltef. The end result is a band pass filter. A more comprehensive review of these
techniques is beyond the scope of this work but is available in the literature [92].
Detection is typically carried out using a combination Faraday cup - electron

~multiplier arrangement,

Each gas species has a unique mass/charge ratio, while the peak amplitudes
are dependent on the gas and instrumental conditions. The different peaks which
can be obtained from a gas sample are created primarily by isotopic mass dif-
ferences, multiple ionisation and dissociative ionisation. The particular species
which are monitored during the process depend on the c:etching equipment used;
the way in which the mass spectrometer has been employed; the gas chemistry;
and the layer(s) to be etched. A brief summary of some of the species which are

useful for characterisation and endpoint detection is given in table 3-2.

Obtaining quantitative results from mass spectrometry is very difficult due
to the complexity of both the process and the equipment. However, some use-

ful qualitative ideas have been formulated using this technique. An analysis of
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Figure 3-1: The three stages involved in a typical mass separation: hot filament
ionisation; mass separation using a magnetic sector; and detection

with a Faraday cup.

the CF, based etching of a 5i/SiO; system lead to the formulation of the flu-
orine:carbon ratio approach to the qualitative characterisation of fluorocarbon
based plasma-assisted etching [91]. Mass spectrometry is not always the best
technique to use for process and discharge characterisation, and OES can yield
more information. For example, the RGA approach has also been applied to
the etching of Al in a BCls chemistry, without yielding any information on Al

containing species [94].

Mass spectrometry appears to have a similar sensitivity to OES but can pro-
vide more information on ions, radicals and polyatomic molecules within the

discharge. One of the major advantages is that when operating as a neutral sam-
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Etch Species | Mass/Charge | Reference
Process Monitored Ratio
SisN4 on Si CN+ 26 [88]
| CNF+ 45 [88]
SiNF+ 61 [88]
SiO; on Si Cif 70 [88]
TiW on Si | SiCl 133 [88]
Si SiF} 85 (78]
polySi SiF% 85 [78]
SizNy4 SiFF 85 [78,93]
N+ 14 [78,93)
N} ‘ 28 (93]
Si0, SiF$ 85 [78,93]
o+ 16 (78]
coz 44 (78]
Sit 28 [78]
photoresist Coy 44 [93]

Table-3-2:-Species which-have been-employed -for*endf;\oint -detection-and-plasma—--- -

characterisation using mass spectrometry.

pler, mass spectrometry allows process control and monitoring to be implemented

before the discharge has been struck.

3.4 Langmuir Probes

One of the most prominent figures in plasma research who did much of the early
pioneering work was Irving Langmuir. The technique of electrostatic probes and
the associated theory was developed by Langmuir and Mott-Smith in 1924 and

has since become known as the Langmuir probe method.
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An electrostatic or Langmuir probe is a piece of conducting material that is
inserted into a plasma on a mechanical support and provides an electrical con-
nection from the probe to external voltage biasing circuitry. The probe potential
is varied over a range which normally includes the plasma potential. Electric
current collected by the probe is monitored as a function of applied voltage. The
shape of the resulting curve is dependent on the composition and the thermody-
namic state of the plasma, and therefore contains information which can be used
to characterise the discharge. Experimentally this is a very simple technique, but
the theory needed to understand the IV curve more than compensates for this
ease of implementation by being exceedingly complex. There are a number of
comprehensive reviews which deal with the extensive theory required for a ful-
1 understanding of electrostatic probe operation including Chen [95], Swift and
Schwar [96] and Laframboise [97]. A full review of this theory is outwith the scope
of this work, and only the necessary equations for parameter extraction will be
outlined. In principle, information about the plasma potential; electron and ion

densities; and electron temperature can all be obtained.

Consider the IV characteristic of a small metal probe which is immersed in a
low pressure plasma, with the return current passing through the large reference
electrode as shown in figure 3-2. A typical IV characteristic is shown in figure 3— _ _
3. It can be seen from the IV curve that there are basically three distinct regions
of operation: the ion saturation region; the transition region; and the electron

saturation region.

Assume that the probe is biased to the plasma potential V in a quasi-neutral
plasma that consists of ions and electrons which both have a Maxwellian energy
distribution defined by a temperature 7. For the thin sheath collisionless regime

the currents involved are [98]:

1 8kT,\ ?
Ie = ZAPNG (Wmc) (3‘1)
1 8kT, \?
. ot
I, = ;A,Ne (W M+) (3.2)
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Reference Electrode

Variable
DC Voltage

1z c1 Langmuir

Probe

Figure 3—2: Basic Langmuir probe measuring circuit.

I. and I, are the electron and ion currents respectively; A, is the area of the
“collecting probe; N is the plasma density; e is the electron and ion charge; k is
Boltzmann’s constant; m. is the electron mass; and M, is the ion mass. The
current at the plasma potential is due almost entirely to electrons, because of the
large mass difference between ions and electrons. When the probe is biased pos-
itively with respect to the discharge, the positive ions are repelled and electrons

are attracted. There is a negative charge buildup near the probe surface which

cancels the positive charge on the probe. This is the electron saturation region.

If the probe bias is decreased below Vy, positive ions are attracted to the
probe. The ion concentration near the probe gradually increases and a positive
sheath forms around the probe. As the potential applied to the probe reduces, the
jonic component of the current gradually increases and the transition region of

the characteristic is obtained. At the floating potential, V¢, the ion and electron
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Figure 3-3: Typical single probe IV characteristic.

. currents are equal and the resultant net current to the probe is zero. If the probe
bias is reduced even further, then the current becomes entirely due to positive

ions and the ion saturation region is obtained.

--Excessive perturbation of the-plasma can occur-as a result of the probe col=-
lecting current in the electron saturation region. This is due to excessive electron
currents being drawn from the discharge (7. ~ 1001;) [99]. During operation in
the more stable ion saturation and transition regions, the following parameters

can be extracted from a plot of collected current against applied voltage:

1. Plasma Potential. This point can be extracted by looking for a maximum

point on a plot of % against V, where V, is the applied probe voltage.

2. Electron Temperature. In the transition region, the electron current is given

by [98]:

1
1 8kT.\ 2 —e(V, = V)
I.= -A,Ne (m) exp (—--ﬁ,——-—) (3.3)
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A graph of In(I.) against (V,,—V,) should be linear with a slope proportional
to T. in electronvolts. I, is obtained in a practical system by deducting the

value of ion current from the total collected current.

3. Plasma Density. Once T, and V, have been computed, the plasma density
can be calculated by looking at the current collected by the probe at V,
[100]. The current at this point is almost entirely due to electron flux, and

so from equation 3.1:
_y

1
kT, \?
ey (Zwme)

The circuit shown in figure 3-2 shows how Langmuir probe measurements

N = (3.4)

could basically be made. However there are problems involved with the im-
plementation of practical measuring systems for reactive rf plasmas. Material
deposition can occur on the probe which can alter the response characteristic-
s. These contaminants can be removed by biasing the probe to a high negative
voltage which allows localised sputtering of the probe end to occur. When mak-
ing measurements in a rf plasma, a rf voltage will form across the probe-plasma
junction. The IV characteristic, which is an average of many rf cycles, can be
distorted by this ac component [101], and plasma loading may occur [102]. T-
wo main experimental approaches have evolved to cope with this problem: the

blocking filter technique [103,104]; and the driven rf probe technique [102,105).

The blocking filter technique uses two decoupling LC chokes in series with
the probe to prevent rf currents distorting the IV characteristic. The filters are
tuned to have resonant frequencies equal to the frequencies of the rf current, and

are positioned as close to the probe as possible.

A second technique involves the use of a driven rf Langmuir probe. In this
case, a second 1f signal is added to the probe at a suitable phase and amplitude
to null out the rf component between plasma and probe. The correct degree of

feedback is obtained by observing the floating potential of the probe. Any rf
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component on the characteristic will drive the floating potential negative, so the

circuit is adjusted for maximum absolute floating potential.

Much research has been carried out on discharges using plasma probe tech-
niques in order to gain basic information regarding the fundamental state of the
plasma. Historically many researchers have concentrated on characterising the
positive column in a dc discharge of a monotonic gas - often thought of as an
‘ideal plasma.’ Much of the research on rf discharges has also been carried out
on simple gas chemistries such as pure argon [106,107]. Some researchers have
also used electrostatic probes to characterise CF, and CHF; based chemistries
to help characterise the role of ions in Si based etching processes [101,108]. An
investigation into SFg and CCly based discharges indicated that negative ions

were present in the discharge [109].

Langmuir probe theory is very complex and difficult to implement. However,
information regarding the important discharge parameter V, can only be obtained
using some type of probe. Despite the invasive nature of the technique, it can

yield very useful information.

3.5 Microwave Interferometry

Another technique which has been proposed to measure the plasma density is
microwave interferométry. This has the advantage of being far less invasive than
Langmuir probes. When a microwave beam of a known frequency is passed
through a typical etching plasma, a phase shift is introduced to the beam. The
detected signal amplitude depends on the relative phases of the two paths of the
interferometer and varies with the average plasma density in the transmission
path. This type of system is known as a microwave phase shift interferometer

{110], and requires initial calibration to an accurate measure of the plasma density

such as a Langmuir probe system.
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3.6 Laser Induced Fluorescence

To obtain more quantitative information about plasma processes, an optical tech-
nique such as laser induced fluorescence (LIF) can be employed. LIF has the
advantage that it can directly detect ions, molecules and atoms which are in the
electronic ground state. LIF combines the high spatial and spectral resclution
of a laser technique with a high sensitivity, which allows the detection of low

concentrations of reactive radicals and ions [86].

This method uses a tunable dye laser beam to pass through a discharge cham-
ber and resonantly excite atoms or molecules, which subsequently fluoresce. A
significant limitation of this approach is that the targeted species must fluoresce
with a reasonable quantum efficiency. This is not necessarily true for the larger
polyatomic molecules which are present in plasmas. Background light must also
be kept to a minimum when using LIF, and discharge emissions as well as scat-
tered laser light can cause problems. A LIF spectrometer also relies on a laser
source of an appropriate wavelength being available to match the spectroscopic

transition of the species to be detected. This is not always possible.

3.7 Optical Reflection

Optical reflection makes use of either the differences in reflectivity of an incident
light source at a material layer boundary, or it looks at the interference effects in
the thin film being etched. In the optical reflection mode, the change in reflectivity
is monitored as a function of time. As the boundary point is reached, there is a
change in the intensity of the reflected signal. The magnitude of the change is
proportional to the ratio of the two material layers which are encountered. If a
film is transparent, then the reflected intensity varies approximately sinusoidally

as the interference conditions vary with decreasing film thickness. The periodicity
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of the reflected signal against time plot varies with both the etch rate and the

refractive index of the film being etched.

This type of diagnostic _implementa.tion is highly suitable for endpoint detec-
tion and various different forms of this technique have been successfully used.
Both coherent and non-coherent light sources have been employed with in-situ
laser interferometry emerging as one of the most common systems [111,112]. An

in-situ ellipsometric version has also been reported [78].

3.8 Other Techniques

Many other techniques have been used to monitor and endpoint plasma processes.
These include discharge impedance monitoring [113]; optogalvanic spectroscopy
[114]; pressure monitoring [115]; absorption spectroscopy [86] and chemilumines-

cence [115].

Discharge impedance monitoring is useful for endpoint detection as it moni-
tors the change in impedance across the plasma as layer boundaries are reached.
Optogalvanic spectroscopy monitors the change in discharge characteristics (cur-
rent, voltage, eléctron density) which are induced by the absorption of light.
One of the simplest endpoint techniques is the monitoring of chamber pressure,
.a.lthough the usefulness of this technique has been reduced by the easy avail-
ability and widespread use of constant pressure control systems. Absorbance
spectroscopy in the infra-red, visible or ultra-violet can allow detection of ground
state species. Information regarding absorbance coefficients can be obtained from
species that do not fluoresce or give rise to an optogalvanic effect, but the sen-
sitivity is limited. Chemiluminescence is a downstream technique which detects
the emission of light from the reaction products of a chemical reaction, and is

used primarily to study heterogeneous reaction mechanisms.
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3.9 Summary

In this chapter, the diagnostic techniques which have been implemented for plas-
ma characterisation were described. The most extensively used methods rely
on optical emission spectroscopy, mass spectroscopy and electrostatic Langmuir
probes. Between them, these three approaches can infer information about neu-
tral and charged particles within the plasma as well as accessing some of the
fundamental plasma variables. Various other approaches which can yield end-
point and characteristic information were also reviewed. This field is of major
importance because as the plasma etch processes develop in complexity and diag-
nostic equipment reduces in cost, this type of equipment will become increasingly

incorporated into advanced dry etch systems.
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Modelling Strategies for Plasma Etch

Processes

4.1 Introduction

To achieve the sub 1pm linewidths that are required for ULSI, process character-
isation is essential. Historically much of the improvement in plasma etching has
been due to improved vacuum technology and an improvement in the rudimen-
tary understanding of plasma chemistry [116]. These approaches are no longer
sufficient for reproducible fine line definition and rigorous empirical modelling
techniques must be employed. The first stage for successful process control is
process characterisation or modelling. This allows feedback between the daily
operating characteristics of the process to be compared with the model and al-
lows monitoring and assessment to be carried out. In this way, process drifts
can be identified and suitable action taken, which improves yield and therefore
increases efficiency. Successful modelling also allows the equipment manufactur-
er to use the model as a framework for a fully automated feedback and control

strategy.
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4.2 The Choice of Model

Scientific research can be described as a process of guided learning. This learning
process is advanced by iéemtz’on until a successful outcome is achieved. An initial
hypothesis leads by a course of deduction to certain consequences which can
be compared with data. When the consequences and data fail to agree, then
the hypothesis must be modified and a second iterative cycle initiated. The
consequences of the modified hypothesis are then worked out and again compared
with data to check their accuracy. This can lead to further modifications and gain
of knowledge until an accurate hypothesis, or model, is obtained. The learning
process can therefore be described as a feedback loop in which the discrepancy
between data and the consequences of the proposed model leads to a modified

model, etc.

The choice of modelling strategy can be divided into statistical design and
mechanistic design. Assume that in a course of study of some physical phe-
nomenon, enough of the physical mechanism was discovered to deduce the form

of the relationship linking the output, #, to the inputs via an expression:

1= 1(9)

(4.1)

where £ = (£1,&a,...) is a set of input variables measuring, for example, power,
pressure, gas flows, etc. and 8 = (61, 8,, ...) represents a set of physical parameters
measuring, for example, V, f(¢), T, n;, ne, reaction rate coeflicients, radical
and neutral concentrations, ctc. Then it is possible to say that equation 4.1
represented a mechanistic model. Accurate mechanistic models represent the
ideal solution for researchers, as they require a complete knowledge of the chemical

and physical interactions which occur within a process.

Often, the necessary physical knowledge of the system is absent or incom-
plete, and no mechanistic model is available. This is generally the case in plasma

based processes due to the size and complexity of the parameter space, and the

72



Chapter 4 : Modelling Strategies for Plasma Ftch Processes

difficulties involved in measuring most of the fundamental coefficients as outlined
in section 2.4. In these circumstances, it can often be assumed that the rela-
tionship between % and £ would be smooth. If this is true, then f(£,0) can be
locally approximated by an interpolation function ¢(¢, 3), such a;s a polynomial.
The elements of set 3 would be the coefficients of the interpolation function, and
would be related to, but distinct from, the parameters, 8, of the physical system.

This statistical model could therefore be represented as:

n 9§, 5) (4.2)

This technique is applicable when the input variables are quantitative within an
operating area of interest and the experimental error is not too large compared

to the range covered by the observed responses.

The purely mechanistic model and the purely statistical model represent ex-
tremes. Mechanistic models are appropriate to a system in which a great deal
is accurately known about the system. Statistical (also known as empirical or
parametric) models are appropriate to systems in which nothing can be assumed
except that the response surface was locally smooth. In most real investigations
the situation is somewhere in the middle.

" The approach that is generally taken for complex process characterisation is
outlined in figure 4-1. At the WHICH stage the objective is to determine which
of all the possible input variables have a significant and important effect in terms
of the response variable. This stage is often referred to as screening. At the HOW
stage the intention is to learn more about the pattern of response behaviour as
changes are made in the significant variables. This phase results in the formation
of a statistical model. At the WHY stage, an attempt is made to determine the
fundamental mechanistic reasons for the behaviour which has been observed in

the previous stage.
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Stage , Objective

WHICH D Screening of Variables

Statistical Modelling

D (Response Surface
Methodology)

HOW
WHY Mechanistic Modelling

Figure 4-1: A generalised approach to model building.

4.3 Statistical Model Building

Much of the empirical process characterisation and optimisation work that has
" “fraditionally been carried out has uséd a single factor approach. In this case,
the effect of each individual parameter on the process is evaluated while all other
factors are held constant. If there is interaction between parameters then this
type of procedure may ﬁot always succeed in optimising a process as shown in
figure 4-2. Any change in either parameter from the starting point will result in
a lower response. In some cases, conclusions based on single parameter at a time

characterisations are over generalised and subsequently found to be invalid.

Response Surface Methodology (RSM) is now a common technique [117,118]
applied to the characterisation of a full dimensional operating space. Many differ-
ent types of experimental designs are available to the researcher who requires to
investigate response surfaces. At one extreme is a full factorial design with all the

settings of every factor appearing in all possible combinations with the settings
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Level of X

B

Level of Y.

Figure 4-2: A contour plot of a typical response surface for a 2-factor process.

of all the other factors. The results are analysed to understand the correlations
between the parameters and the resulting responses. This type of approach is
most commonly used when the factors have only two levels. The total number
of runs is then a power of two where the value of the power equals the number
. of factors.. When the number of different. factors increases beyond-four or five; — -
this type of design becomes very expensive and time consuming to run. However,
this approach has the advantage that it estimates all of the main effects, and the

interactions (multiple factor effects) of any order are statistically independent.

To reduce the number of runs in an experiment, a design other than full fac-
torial must be used. These designs use subsets of the full dimensional search to
characterise the process, and include orthogonal designs. A review of the history
of orthogonal design is available in the literature [119]. In general, the purpose of
orthogonal design is to efliciently, and rigorously, study the relationship between
process parameters and their response functions by selecting certain representa-
tive combinations of the input parameter level settings. These level settings fit

into certain orthogonal tables. By following the orthogonal tables, the maximum
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amount of information about the response characteristics can be obtained for the
least number of experiments. Many different types of these classical experimen-
tal designs exist including fractional factorial designs; Plackett-Burman designs;
Box-Behnken designs; central composite designs; and D-optimal designs [120].
These designs allow a major reduction in the number of experimental runs but
do not allow independent estimation of all the possible interactions. The resolu-
tion of a design is a measure of which effects are ‘confounded’. For example, a
resolution V design confounds main effects with four factor interactions and two
factor interactions with three factor interactions. This confounding process is the
trade-off that is paid for the reduced experimental matrix. When the two factor
interactions are confounded with the three factor interactions, it is impossible to
distinguish which of the specific interactions which are confounded together is
responsible for an observed effect. If necessary, further experimentation can be

employed to remove any confusion.

Construction of a statistical model is generally a two stage procedure, as shown
in figure 4-1: screening of variables and response surface methodology. At the
beginning of an investigation there are often a long list of variables £, &, ... which
could be important in the determination of n. The list of variables can either
be reduced using ‘expert knowledge’ gained from previous experience or, more
reliably, by employing a preliminary statistical screeniﬁé design. For example,
this could involve using a two-level fractional factorial design to identify variables

which are worthy of further study.

The most influential variables, identified at the screening stage, can then be
used to form an experimental design such as the central composite design for
three variables shown in figure 4-3. When the experiment is completed, the data
obtained is sufficient to describe the process response over the entire dimensional

space represented, according to a second degree equation of the form:

n o~ Bo+ Bify + Baba + Babs + Bababa + Bslibs + Belals + Brés + Bob? + Bol: (4.3)

where £1, £z and €3 are the input variables and Gy to By are the weighting coeffi-

cients. A complete array would require a minimum of 14 experiments using this
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design. The coefficients in the equation could be solved using only 11 experiments
but this would not be possible using an orthogonal approach. Regression analysis
techniques are often employed to estimate the weighting levels for the polynomial.
The resultant ‘fitted’ polynomial can be used to visualise the response surface of
the output within the entire operating space. Process monitoring, optimisation

and control can then be carried out on the basis of the statistical model.

Factor2 | & | ... . ........

Factor 3

Factor 1

Figure 4-3: Central composite model with three variables.

4.3.1 Statistical Process Models

The complex processes and narrow tolerances which are characteristic of the
stlicon wafer fabrication industry have provided many opportunities for statistical
modelling techniques to be implemented. Typical applications have included the
modelling of the aluminium sputter etch rate and uniformity for more reliable
metallisation [121]; and the characterisation of a low pressure chemical vapour
deposition system for un-doped polysilicon [122]. It has also been applied to the
optimisation of photoresist processing and optical stepper development [119]; and
electron cyclotron resonance CVD silicon oxide planarisation [123]. However, it
is in the field of plasma ei;ch processing where statistical modelling techniques

have the potential to provide the largest advances in operational knowledge.
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Bergeron and Duncan first applied statistical design techniques to optimise
the anisotropic etching of polysilicon in a C;F5Cl/0Q; glow discharge [124]. A
radial-flow, parallel plate reactor, operated in the plasma etch mode, was used
as the basis for this work. Power, pressure, O, percentage and temperature were
used as the inputs in a central composite design. It was demonstrated that the
polysilicon edge slope could be reproducibly varied from nearly complete isotropy
to almost vertical sidewalls and that the model provided a good approximation

to this behaviour.

Mocella et al used RSM techniques to model the etch rate of polysilicon in
a CF3Cl/Ar glow discharge [125]. Power, pressure and gas composition were
selected as inputs to a design which fitted a cubic polynomial fo the etch rate
response. This required a 3-factor, 7-level design which employed 37 experimental

runs. Etch rate models accounted for approximately 97% of the observed results.

The problem of optimising a nitride etch process on a single wafer plasma
etcher was addressed by Yin et al [119]. This process used CFg as the sole
reactant and varied the total flow of the C,;Fg; the applied power; the chamber
pressure; and the inter-electrode spacing. A 4-factor, 3-level design was employed
to model the etch rate, uniformity and selectivity of the process.

Feng et al employed a preliminary screening design to reduce the variable
parameter space from six to the three most influential parameters [126]. A radial
flow, batch RIE system employing a CF4/QO; chemistry to etch SiQ; was used as
the basis for this study. Applied power, percentage of O, and system pressure
emerged as the most influential parameters which controlled the process. The
total gas flow rate, etch time and position of the sample on the electrode were
eliminated during the screening stage. A 3-factor, 3-level Box-Behnken design
was used to model the etch rate using a quadratic p(.)lynornia.l. The average error

between the model and the practical operating characteristics was around 5%.

Riley et al have used statistical techniques to characterise the etch rate and
uniformity of a SFg based process for tungsten etchback in a magnetron en-

hanced, single wafer etcher [127]. The reactive ion etching characteristics of InP
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in CH4/H; have also been investigated using RSM techniques [128]. McLaughlin
et al have used RSM to analyse the etching of Si and SiQ; in CF4/0O; and CF,/H,

chemistries for the purpose of real-time monitoring and process control [129].

4.4 Mechanistic Model Building

Mechanistic modelling techniques are now being extensively applied by many
semiconductor equipment manufacturers in order to optimise systems before
hardware is constructed. Novel equipment and processing concepts can be sim-
ulated, aﬁa.lysed and optimised in areas such as vertical CVD furnaces, rapid
therma) processes, plasma-enhanced CVD and lithography tools. However, this
type of approach has not met with the same degree of success when applied to
the field of plasma etching. A large parameter space coupled with complex phys-
ical/chemical interactions within the discharge chamber have meant that the gap
in knowledge between state of the art equipment and the latest models has not
reduced. Some research has indicated that it may need at least fifteen years
more research before models can be generated which are useful to the equipment

manufacturer or process engineer [130].

4.4.1 Mechanistic Process Models

Because of the complex nature of the process involved, most physical models have
concentrated on modelling specific aspects of the glow discharge using chemistries
such as Ar or pure CF4. Dalvie et al present a good review of the steps that are
necessary in order to successfully model a plasma etch process [131]. The two
major areas which are of interest in plasma reactor modelling are the discharge
structure as a function of electrical parameters; and the transport and reaction
of neutral species governing the etch performance. Advances towards achieving
complete discharge models have been made by using discrete Monte-Carlo tech-

niques [101]. However, at the time of publication, there were no models developed
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which were sufficiently simple and accurate to be included in transport and re-
action predictions of etch rates. Many authors [132,133] have therefore proposed
models which predict that process performance may be derived by making as-
sumptions about the magnitude and form of the electron densities and energies

within the discharge.

4.5 Summary

In this chapter, some of the problems which face researchers engaged in the field
of plasma etch modelliﬁg are outlined. Although mechanistic models provide the
ideal solution to current process problems, they are not yet accurate enough to
provide a realistic representation of the plasma/materials interactions. Statistical
techniques have been proposed as a solution to fill this gap in knowledge between
the latest processing equipment and the current level of understanding of the
physical and chemical interactions occurring in the process chamber. Factorial
designs result in a rigorous characterisation of the process throughout the operat-
ing region. This empirical approach approximates the chamber reactions with a
continuous polynomial and fits experimental results in order to obtain weighting
coefficients for this equation. Orthogonal designs can be employed to reduce the
total amount of experimentation that is required, allowing more efficient process

characterisation and control.
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Experimental Setup and
Characterisation

5.1 Introduction

The assembly and test of all the equipment which would be required to monitor

and accomplish aluminium etching is described. Initially this involved the ex-

tensive re-design and conversion of an existing batch oxide RIE machine to cope

with the highiy reactive cl;lorine chemistries which are necessary for alumini-
um etching. In the previous chapter, various plasma monitoring and diagnostic
techniques were described. From this wide range of diagnostic techniques, three
systems were selected which provided a broad spectrum of plasma information:

optical spectroscopy, mass spectrometry and electrostatic Langmuir probes.

After interfacing these systems to the RIE machine, the diagnostics were ini-
tially characterised using a ‘basic’ argon glow discharge to minimise the effects
of molecular interactions. Argon plasmas have been used for many years by re-
searchers to investigate the fundamental characteristics of plasmas and published

data exists with which to check the results of this particular experimental setup.
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5.2 RIE System Description

The etch equipment that was used in this project was based on a Vacutec 1500
series RIE machine. The batch reaction chamber on this system was 37cm in
diameter; centre pumped and capable of processing up to eight 75mm wafer-
s. Wafers were loaded manually into the reaction chamber. The chamber and
electrode were fabricated of aluminium and had a fixed electrode spacing. The

powered electrode was cooled, using chilled re-circulating water.

The ability to maintain constant pressure at a range of flow rates is an im-
portant requirement in a dry etching machine. In this system, a butterfly valve
was employed to vary the effective pumping speed at the centre of the reaction
chamber. The valve was connected to a closed loop control circuit which altered
the position of the butterfly valve to minimise the difference between the refer-
ence set-point and the actual pressure. Actual chamber pressure was measured

using a Vacuum General CML series capacitance manometer.

Rf power was applied to the bottom electrode via a matching network. The
rf generator was an ENI ACG-6 which could supply up to 600W of power at
13.56MHz. Impedance matching of the rf generator to the reactor was accom-
plished by a Vacutec Plasmatch network. Differences in impedance between gen-
erator and load result in rf power being reflected back to the generator. The
matching network detects the amplitude and phase of the reflected wave. An er-
ror signal is generated which drives servo motors on two variable capacitors until
the phase shift and amplitude sign#ls are minimised. The network consists of one
fixed value inductor and two variable capacitors in a basic ‘L.’ configuration. The
connection between the matching network and the powered electrode was a silver
plated copper strip which was enclosed in an aluminium housing to prevent rf

leakage.

Up to five different process gases can be used to perform etching operation,

with each line is regulated by a Vacuum General UFC series mass flow controller
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(MFC). The gases are combined in a stainless steel mixer tank on the reactor side
of the gas jungle. The gas mixture is then introduced to the chamber through a

gas distribution ring, located at the periphery of the lower driven electrode.

System operation is effected by means of a manual process controller. This
unit controls the valve settings, the enabling of gas lines, purging and pumping.

Process recipe times have to be implemented manually.

Chamber pumping was carried out by an Edwards E2M40 two stage rotary
pump. The pumping speed was increased by the addition of an Edwards EH250

roots blower mounted above the rotary pump.

The Vacutec RIE machine is a small batch reactor which is intended for re-
search and development applications. In this original configuration, the system
was used to etch silicon dioxide and silicon nitride in a CF4/0, plasma chem-
istry. However, for the purposes of this research project, the original system

needed redesigned for several reasomns:

1. In order to etch aluminium, a reactive chlorine based chemistry would have
to be used. This type of recipe is extremely corrosive, highly toxic and

therefore places specific demands on the system.

2. Diagnostic equipment required interfacing to the RIE.

Many of the major components of the RIE system were altered in order to
perform aluminium etching characterisation. Specific modifications that were

carried out were:

1. The reactor chamber was re-designed so that only the lid opened when
wafers were loaded and unloaded. This allowed the mass spectrometer to

be permanently mounted to the earthed chamber sidewall.

2. A Conflat 114 flange for the mass spectrometer was added to the chamber

sidewall.
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. Three new viewing ports were added to the chamber sidewall to effect Lang-

muir probe and OES access.

. The chamber sidewall was securely attached to the reactor base-plate. This
arrangement meant that one extra large ‘O’ ring seal was required in the

system.

. The aluminium electrode was replaced with an anodised aluminium elec-
trode. This electrode material is more resistant to the chlorine chemistry

and therefore reduces the amount of chamber contamination.
. Four extra process gases were added to the system: BCl;, Cl;, Ar and He.

. Two MFCs were replaced with Kalrez ! sealed, corrosion resistant versions
P )

in order to cope with BCl; and Cl,.

. A load locked fume cover was designed and fabricated to cover the etch
cabinet so that toxic residues from the chamber were isolated from the op-
erator. The fume cover was continuously purged with nitrogen, and pumped

so that it was maintained at a lower pressure than the surrounding clean

__room. A nitrogen purged load lock was also-incorporated for wafer transfer- ---

to and from the etcher.

9. The Vacuum General CML series capacitance manometer was replaced with

a high temperature Vacuum General CMH capacitance manometer. Tem-
perature changes within the RIE cabinet were observed to influence the
system pressure reading, and a gauge which remained at a constant higher

temperature of 35°C removed this source of error.

1Kalrez is a trademark of E. I. Dupont Co.
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5.3 Optical Emission Spectroscopy

Two different systems were used in the course of this work to perform optical
emission spectroscopy. To study a wide range of wavelengths, an EG&G 1460
optical multi-channel analyser (OMA) was used. Once a particular wavelength of
interest had been identified, a Bentham M300 monochromator could be employed

for intensity measurements.

The schematic layout of the EG&G OMA is shown in figure 5-1. Radiation
from the plasma chamber is transmitted along an optical fibre link to the spec-
trograph, and strikes the collimating mirror. The collimating mirror is aligned
to reflect the light to a diffraction grating. The grating then disperses the elec-
tromagnetic radiation into its constituent wavelengths. The light is directed to
the focussing window and into the detector. The spectrum is incident on a sili-
con diode array detector which converts the intensities into electrical signals. A
trickle of dry nitrogen gas is fed into the detector for cooling and to keep conden-
sation from forming on the silicon dicde array. A detector controller translates
the electrical signals into digital data which is transmitted to the 1460 system

providing analysis and data storage facilities.

The specific setup for the experimental system used a 300 grooves/mm grating,
blazed at 650nm, which gave an effective wavelength detection spectrum of 300 to
800nm. A 25um slit size was fitted to the entrance aperture of the spectrograph

to give a resolution of approximately 0.5nm.

System calibration for the OMA was achieved using a standard argon/mercury
low pressure glow discharge tube. Initially a quadratic fit of the following.four
optical intensity peaks was carried out: 363.6, 575.0, 577.2 and 801.3nm. The
relative intensities and absolute wavelengths of these peaks were obtained from a
calibration chart which was characteristic of the argon/mercury discharge tube.

This particular calibration method was found to result in errors of up to 10nm
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Silicon Diode
Array Detector
Mirror \ J

Optical Fibre

A Diffraction /’}\

Grating
% ) Spectrograph

(-RFE Detector Controlle\

==

I I - - - -

System Processor

Figure 5-1: The EG&G OMA spectrograph setup used for wide spectrum evalu-

ations.

at the high end of the wavelength spectrum A more accurate calibration was

“obtained when a cubic fit was carried out on the followmg six peaks: 316.0,435.8,
546.1,579.0,696.5 and 794.8nm. This method resulted in a maximum error across

the mercury/argon spectrum of 1.3nm.

A useful feature of the OMA 1460 is the ability to isolate and analyse the
emissions which are being generated purely from the source under investigation.
Before any plasma processes were investigated, the OMA was used to obtain a
background spectrum. This reference spectrum was then stored and could be
automatically removed from any experimental results. Specific wavelengths and

intensity changes could be observed more easily using this technique.

A second system was also used to investigate the optical intensities of s-

ingle wavelengths. This setup used a Bentham M300E monochromator. The
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monochromator was a symmetrical Czesney-Turner design with a focal length of
300mm. Wavelength dispersion was again carried out using a diffraction grating.
Wavelength selection was performed manually by a micrometer which rotated the
diffraction grating relative to the incident light. The micrometer enabled wave-
lengths to be selected in 0.05nm steps. A variable gain photo-multiplier tube was
used to convert the light into an electrical signal. Power for the photo-multiplier
tube was provided by a 1000V power supply. The value of electrical current at
each selected wavelength was measured using an integral high sensitivity amme-
ter and displayed on a digital front panel display. Permanent recording of the
spectrum intensities was accomplished by monitoring the output using a chart

recorder. A schematic of this system is shown in figure 5-2

This system used a 1200 grooves/mm diffraction. Overall, there was a res-
olution of 0.5nm, due to the inherent misfocus in the monochromator. Initially
the monochromator aperture was closed off to light and the zero point for the
photo-multiplier tube was adjusted to zero. System calibration was performed
using an argon/mercury low pressure glow discharge tube. The major emission
peaks in the mercury spectrum were measured and the wavelength accuracy was

within the system resolution throughout the range.

5.3.1 Intensity Variations with Machine Parameters

In order to check the performance of the optical system, intensity monitoring was
carried out on argon glow discharges in the Vacutec RIE. Argon atomic emission
intensities were investigated with the monochromator tuned to the 750.4nm line.
The effects of the machine parameters on the important atomic excitation and
relaxation reactions occurring within the plasma chamber are outlined. A‘full
3-dimensional characterisation of the argon discharges was not necessary for this
stage of the project, so a one dimensional characterisation was performed around

the major machine dependent variables of power, pressure and flow rate.

For a total argon gas flow of 6sccm (standard cubic centimetres per minute)

and a constant chamber pressure of 20mtorr, the rf power was varied. The applied
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Figure 5-2: Schematic of the monochromator. system-used-in this-work-:

power range was 10 to 200W and the argon atomic intensities were noted at each

level. The results from this experiment are shown in figure 5-3.

It can be seen that as more energy is applied to the plasma, more photons
are emitted by the atomic argon. The Ar intensity has a non-linear dependence
on the rf power, which is in agreement with the results of Coburn and Chen [85]
who investigated Ar emissions within a Ar/CF4/O; plasma. This behaviour is
consistent with the fact that excited Ar atoms are formed from a single electron
collision (e~ + Ar — Ar* + e~ ), with a species whose density is constant as of

power is varied.
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Figure 5-3: Intensity of the 750.4nm argon atomic emission line as rf power is

varied, at a pressure of 20mtorr and a flow rate of 6sccm.

For a constant argon flow rate of 6sccm and a constant rf power of 50W, the
system pressure was varied. The pressure range investigated was 12 to 100 mtorr

and the atomic argon intensities were recorded at each setting. The results from

this experiment are éE;vﬁ.in'ﬁguré 5-4.

Figure 5-4 shows that at this argon wavelength, there is little dependence
on pressure. This trend is unexpected as the glow discharge emissions generally
increase with increasing pressure, in this low pressure system. Ar* relaxation at
750.4nm corresponds to an energy of 13.48¢V [87]. This behaviour could therefore
indicate that the pressure has little effect on the electron energy distribution at

this particular energy level.

For a constant rf power of 50W and a pressure of 20mtorr, the total argon
flow rate was varied. The flow rate range investigated was 1 to 10 sccm, and the
argon atomic intensities were recorded at each set-point. The results from this

experiment are shown in figure 5-5.
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Figure 5-4: Intensity of the 750.4nm argon atomic emission line as chamber pres-

sure is varied, at a flow rate of 6sccm and a power of 50W.

This characteristic shows a marked rise in intensity as the argon flow rate
increases at the lower end of the range. Thereafter a gradual rise in intensity is
observed, but at a reduced gradient. Changing the flow rate in this way should
' only affect the residence time of the molecules in the chamber, which would have
only a minimal effect on the optical intensities. However, from figure 5-5 it is clear
that varying flow rates across such a wide range in this experimental arrangement
has affected other discharge parameters, such as the electron energy distribution

function, which could account for the larger rises in intensity at this wavelength.

It can be seen from figures 5-3, 5—4 and 5-5 that the RIE machine parameter
which had the greatest influence on the 750.4nm emission line from this argon
plasma was the power setting. It was also of interest to note that, of the range
of machine parameters under study, flow rate changes produced a greater range

of variation than pressure changes.
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Figure 5-5: Intensity of the argon 750.4nm emission line as the total argon flow

rate was varied at a pressure of 20mtorr and a power of 50W.

5.4 Mass Spectrometry: In-Situ SIMS

" Mass analysis was performed using a Hiden Analytical quadrupole mass spec-
trometer (QMS). This is a computer controlled instrument intended primarily
for plasma analysis and diagnostics. A schematic layout of this plasma diag-
nostic system is shown in figure 5-6. The particular arrangement which was
employed on this project had a mass range of 0 to 300 amu and was capable of

scanning ion energies in the range 0 to 50eV.

The probe head was sidewall mounted via a CF114 flange on the RIE chamber
and differentially pumped through a 500um diameter orifice by a turbomolecu-
lar pump. The flow rate of gas and effective pumping speed give a pressure in
the QMS head of 10~%torr, for a chamber pressure of less than 100mtorr. A
Penning gauge mounted at 90° to the manifold provided a measure of the dif-

ferential pumping action and was connected to the Hiden controller to provide
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Figure 5-6: Schematic layout of the QMS system attached to the RIE chamber.

~\

over-pressure protection. Off-axis mounting of the Penning head reduced the

amount of noise on the signal from the ion detector..

The QMS head is capable of operation in two distinct modes: ion analysis
(SIMS) or residual gas analysis (RGA). Modes of operation of the QMS are
shown highlighted in the form SIMS. With the QMS operating in ion analysis
mode, all the ions sampled were generated within the glow discharge (effectively
an in-situ secondary ion mass spectrometer, or in-situ SIMS). For the purposes

of this project the QMS was normally operated in an in-situ SIMS mode. Within
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the SIMS option, data could also be collected from the plasma in four different

methods:

1. In ENERGY PROFILE mode, the energy distribution of a single mass/charge
ratio was displayed from 0 to 50eV.

2. MASS PROFILFE mode allowed the detector partial pressure profiles to
be displayed in a quasi-analogue form for confirmation of spectral quality

across a limited range of mass/charge values.

3. With BAR mode, the mass outlines observed in MASS PROFILE mode

were converted into histogram form.

4. MID mode allowed the intensities of specific mass channels of interest to be

monitored against time.

The quadrupole mass filter consisted of an energy filter; a RGA source;
quadrupole rods and an ion collector/detector. The energy filter is a parallel
plate design with a 30° acceptance angle. When the system is operating in the
ion analysis mode, the energy filter allows the energy spectrum from 0 to 50eV
of the incoming ions to be monitored. The next filter section is the RGA source
~ which consists of a tungstén filament, which is coated with thorium to help re-
duce water absorption. This filament is capable of producing a stream of 70eV
electrons when hot, which are able to ionise a neutral gas. The RGA source is
followed by the ﬁuadrupole mass filter which can be biased with respect to ground
in order to select a range of secondary ion energies. Ion detection is carried out by
a dual Faraday collector/ continuous dynode electron multiplier detector which

is mounted in an off-axis position for improved sensitivity.

The position of the probe relative to the driven electrode in the RIE system
could be altered. This was achieved by mounting a variable bellows seal between
the access port on the chamber and the QMS head. In this way, the plasma
gases could be sampled at any position in a range from directly over the driven

electrode to the chamber walls.
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Filter voltage settings for the QMS head were sourced from a central control
unit. This was a computerised controller which was capable of setting up the
probe head and displaying the mass or energy spectrums. Data storage and
analysis was achieved by connection of the quadrupole gas analyser to a personal
computer which was running a data acquisition and manipulation package called

Asyst 2.

Initial investigations using the QMS system focussed on the inter-relations
of the probe parameters in order to find a strategy which resulted in the most
effective tuning of the probe head. This was followed by some basic research into

the effects of x.n'a,ryinf.ci,r RIE machine parameters on argon glow discharges.

5.4.1 Tuning

Tuning of the QMS head presented a major problem because of the large number
of variables which have to be considered as shown in table 5-1. Despite the large
variation in settings which is possible, the task is simplified because some of the

parameters are seldom changed (marked with a { in table 5-1).

A schematic representation of the QMS probe head is shown in figure 5-7.
* Tuning of the QMS head can be Very time consuming and is a process that
involves many iterative steps. A knowledge of the functional relationship of the
various probe parameters can help to reduce this time. For STMS analysis, there

are twelve parameters which can be grouped under four headings:

e Lenses: extraction voltage (EXTRACTOR); lens voltage (LENS); focus
voltage (FOCUS); and suppressor voltage (SUPPRESSOR).

e Energy Analyser: energy 'volta.ge (ENERGY); endcap voltage (END-
CAP); and cylinder voltage.

2 Asyst Software Technologies, Inc.
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energy 25V
extractor 90V | 1
lens 17V
endcap -19V Filter
cylinder 01V |t
focus -20V
suppressor 61V | ¢
resolution 0% 1 | Quadrupole
delta m 0% 1
discriminator | -30% |t
1st dynode |-1200V |1 | Detector

multiplier 1800V

Table 5-1: QMS variables for ion analysis mode, with some typical values for

positive ion extraction

¢ Quadrupole Mass Analyser: resolution; and delta M (DELTA M).

e Ton Detector: first dynode voltage (Ist DYNODE); multiplier voltage
(MULTIPLIER); and discriminator level (DISCRIMINATOR).

The EXTRACTOR voltage set up the electric field between the plasma and
the probe tip. Imaging of the sample onto the input aperture of the energy anal-
yser is achieved using the LENS. The FOCUS voltageis applied in order to match
the output of the energy analyser into the quadrupole entrance analyser. The fi-
nal lens is the SUPPRESSOR which matched the output of the quadrupole mass
analyser onto the ion detector. However the major function of the SUPPRESSOR

is to combine with the detector field to suppress electron generation.

The ENERGY voltage set the axial potential of the quadrupole and also de-
fined the energy of the ion which was mass analysed. The CYLINDER and

ENDCAP potentials operated in tandem to influence the transmission and reso-
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Figure 5-7: Schematic layout of the QMS probe head.

lution of the system. For example, if the difference between the CYLINDER and
ENDCAP parameters is increased, making the ENDCA P more negative, then the

energy resolution of the system is reduced while the transmission is increased.

In the quadrupole mass analyser, the high mass resolution was set on a +/-
100% arbitrary scale. The DELTA M parameter was responsible for the low mass

resolution and was also variable between +/-100%.
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The 1ST DYNODE voltagein the ion detector defines the voltage on the front
end of the electron multiplier with respect to ground. lon to electron conversion
took place at this point. The MULTIPLIER voltage set‘ the voltage across the
electron multiplier and was therefore direétly reéponsible for the gain of the sys-
tem. The DISCRIMINATOR set a voltage reference level for the detector. If
the pulse height of the electron multiplier output was more negative than the

DISCRIMINATOR level, then the pulse was counted.

In order to tune the QMS in SIMS mode a single mass was selected for study
and its PROFIL F energy spectrum analysed. A typical scan could contain several
peaks in the energy spectrum. The probe head could then be tuned to filter ions
at one of these peaks by setting the ENERGY parameter to the same value as the
peak energy in €V that was obtained experimentally. Selection of a relevant peak
depended on the particular analysis. Once an ENFRGY value had been selected,
the QMS was transferred into mass PROFILE mode to check the quality of the
tune. Some ENERGY peak selections only gave a good sampling profile on a
single mass number, whereas other peaks could give good profiles across a range

of mass numbers.

Once a suitable peak had been identified and some initial tuning has taken

place, the LENS and FOQCUS were used to improve the the profiles of the ob-

served peaks. Both FOCUS a.nd‘LENS were used to improve resolution, with
the LENS parameter proving particularly sensitive. The ENDCAP voltage also
proved useful at the end of the tuning process to improve mass profiles. The
ultimate goal of this series of operations was to achieve distinct, symmetrical and

rounded peaks for each sample which was detected in the mass spectrum.

5.4.2 Energy Distributions for Argon

A flow rate of 5sccmn of argon was introduced into the RIE chamber at a constant

pressure of 10mtorr, and a plasma was struck which had a forward power of 5W.
This resulted in a Vg of -47V. Using ENERGY PROFILE mode, the energy

spectrum of Art at mass 40 was investigated, as shown in figure 5-8. This
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contained several peaks on which the system could be tuned and after some
initial experimentation tuning based on the high energy peak at 26eV produced
the best results. Good profiles were obtained across the entire mass range when
the tuning was checked for spectral quality in MASS PROFILE mode. However,
this QMS setup was found to be inadequate for investigations into the effects of
changes in RIE machine parameters. This was because the energy peak was very

sensitive to the parameter changes and could not be used across the desired range

of values.
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Figure 5-8: The energy spectrum of argon positive ions at mass 40.

The energy spectrum of mass 44 was investigated, and proved to be more
stable. This was probably residual COJ which could have been adsorbed into
the chamber walls/electrodes, when the chamber was vented to atmosphere, and

then desorbed gradually due to the ion bombardment from the plasma.
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5.4.3 Intensity Variations with Machine Parameters

To verify the characteristics of the system, the QMS was operated in the in-
situ SIMS mode and used to investigate positive 1on concentrations in an Ar
glow discharge within the Vacutec RIE. Initially the probe was set-up on the
mass 44 energy spectrum using the procedures outlined in section 5.4.1. Art ion
concentrations were investigated by monitoring the average intensities of mass
40 with time. For this investigation, a one dimensional characterisation was
performed around the major machine dependent variables of power, pressure
and flow rate. It shouid be noted that RIE/QMS setup had to reach a new
equilibrium each time the RIE machine parameters were changed. To ensure
that a stable region had been reached, intensity measurements from the QMS

were only recorded after a period of 1 minute had elapsed.

For a total argon gas flow rate of 3sccm and a forward power of 5W, the
system pressure was varied. The pressure range investigated was 20 to 90 mtorr
and the mass 40 ion intensities were noted at each level. The results from this

experiment are shown in figures 5-9.

. The Art intensity shown. in figure 5-9 decreased exponentially as the-cham-
ber pressure was increased. Jomisation occurs due to the electrons at the high
energy tail of the electron energy distribution. This exponential decrease in Ar*
intensity with pressure could be indicative of the sensitivity of these high energy
electrons to pressure. As the number of high energy electrons is reduced, the
number of ionisation collisions which occur is also reduced. This contrasts with
the OES intensities for atomic argon shown previously in figure 5—4 which show

little pressure dependence.

For a chamber pressure of 20mtorr and a forward power of 5W, the argon flow
rate was varied. The flow rate range was 3 to 10sccm and the Ar* intensities
were recorded at each set-point. The results from this experiment are shown in

figure 5-10. It can be seen that across the mass flow range there was only a 20%
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Figure 5-9: Intensity of the Art trace at mass 40, as the glow discharge pressure

is varied at 5W power and 3sccm Ar flow rate.

change in Ar* intensity. Therefore it seemed that mass flow rates had only a

minimal effect on ion intensities at these RIE machine settings.

For a chamber pressure of 20mtorr and an argon flow rate of 3sccm, the rf
power applied to the discharge was varied. The power range investigated was 10 to
60W for a chamber pressure of 20mtorr and an argon flow rate of 3sccm. Because
the applied power has a greater influence on the Art energy distribution than flow
rate or pressure, a slightly different analysis technique had to be employed. The
tuning peak in the Art ENERGY PROFILE was studied as the power was varied.
The value of the ENERGY setting was then altered to track the movement of the
ion peak caused by the wide range of power settings. This had been unnecessary
previously as the tuning peak had exhibited only minimal movement (< 4¢V).

The results obtained using this method are shown in figure 5-11.

It can be seen from figure 5-11 that the number of Ar* ions counted at the

detector increased rapidly over the low power range. lon intensities would be
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Figure 5-10: Intensity of the Ar* trace at mass 40, as the plasma flow rate is

varied at a chamber pressure of 20mtorr and a power of 5W.

expected fo increase as the electric field strength increased, because the average
electron energy would also increase. This is turn would increase the degree of
ionisation of the discharge gas. The ion count then saturated and remained stable
over the 30 to 60W range, in contrast to the atomic OES information shown in
figure 5-3. This saturation of the Art* intensity with power may have been due
to a drift in the QMS head tuning which resulted in a lower transmission of Ar*

ions to the detector.

5.5 Langmuir Probe

Much of the method and associated theory of Langmuir probes has been reviewed
in section 4.4. The technique has been employed successfully to obtain key plasma
parameters such as V, and T., but this investigation was aimed at determining

whether Langmuir probes were able to detect changes in these parameters as
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Figure 5-11: Intensity of the Art trace at mass 40 as the plasma rf power is

varied, at a pressure of 20mtorr and a flow rate of 3sccm.

the operating conditions were changed. To this end, it was important to use a

rigorous method for sampling the plasma.

The Langmuir probes used in this investigation were made of 0.25mm diameter
wire. The wire was composed of 99.5% pure tungsten. In order to access within
the vacuum chamber the wire was mounted within a glass tube as shown in figure
5-12. The glass was melted and re-flowed over the wire to create a glass to metal
vacuum seal. The particular construction of the probe tip was designed, similarly
to Eser et al [104], to avoid any contact between the wire and the glass tube.
This eliminated the possibility of a deposited conducting coating on the glass
increasing the effective probe collecting area. The tungsten collecting wire was
soldered to a coaxial cable as close to the vacuum seal on the atmospheric side as
possible, in order to reduce rf noise from the chamber electric field. Soldering of
the copper to the tungsten had to be used when the high temperatures associated

with initial welding attempts caused the tu-ngsten to become brittle and break.
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Figure 5-12: Schematic of a Langmuir probe.

Access to the plasma for the probe was achieved by removing one of the quartz
viewports and replacing it with a metal flange. This flange contained a  inch
tube fitting connector which allowed a vacuum seal to be achieved between the
glass and the metal, using an ‘O’ ring seal. This type of arrangement also allowed
the probe position to be varied between the gas ring and the central pumping

port.

Initial investigations used a variation of the blocking filter technique which
was outlined in section 4.4. Two decoupling variable LC chokes were placed close
to the probe and tuned to filter out the frequency of the rf signal. The rf signal
could be substantially reduced using this technique, although a rf component was
still present. In order to obtain an improved IV characteristic a driven rf feedback
circuit was employed as shown in figure 5-13. This involved using a second rf
signal which was 180° out of phase but with the same amplitude as the rf signal
at the probe tip. In this way, the rf component between the plasma and probe

could be nullified and an improved IV curve could be obtained.

The circuit employed to achieve the rf feedback was a novel variation on an
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Figure 5-13: The experimental driven rf feedback Langmuir probe measurement

systern.

arrangement employed by Braithewaite et al [105]. In this configuration, a direc-
tional coupler was connected between the rf generator and the matching network
of the RIE. This arrangement was advantageous for rf signal sampling when com-
pared to the step down transformer used by Braithewaite et al because of its
greater ease of implementation into a standard RIE system. The directional cou-
pler allowed a maximum signal of 10V to be coupled into the feedback circuit, for
a generator output of 400W. The amplitude of the signal could then be varied
using an rf amplifier/attenuator. The signal was then phase shifted and super-
imposed on the dc biasing voltage. Phase shifting was achieved by designing and
building an LC circuit, shown in figure 5-14, based on a transmission line mod-

el. The variable inductors were constructed using insulated copper wire, a coil
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former and a ferrite core. The ferrite core could be wound in and out of the coil

former to alter the value of the inductor.

Langmuir
Probe L L ,
o 21
10-100pF ;é 10-100pF ;zé
Fleafereance___r
Electrode
Earth

Figure 5-14: The phase shifting circuit used for Langmuir probe rf feedback.

IV characteristics were obtained using either a Hewlett Packard HP4145B
parameter analyser or a Tektronix 577 curve tracer. Both sets of equipment could
source a dc voltage and monitor the current which flowed between the probe and
the reference electrode. Signal ground at all points, except for the rf generator, in
the circuit of figure 5-13 was the grounded reference eléctrode of the RIE system
to complete the return current path for the probe. The HP4145B was ideal for the
accurate collection and analysis of glow discharge data. However, some machine
parameter setups forced the Vj, value above 4100V, which was outwith the range
of the HP4145B, and the Tektronix 577 was employed because it could source
voltages up to 1600V. Rf voltages were shielded from the dc voltage source using
an LC choke.

Probe contamination is a problem which can affect the IV characteristic of a
probe in a plasma. Before recording a characteristic, the probe was cleaned by
biasing to a large negative voltage (-100V)}. This removed surface impurities by

positive ion bombardment.

To ensure that the probe-plasma rf noise was minimised, an iterative proce-
dure had to be performed. Probe-plasma rf noise was minimised by maximising

the floating potential, Vi. A high impedance voltmeter was connected between
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the probe and the reference ground to monitor V¢, and the feedback signal was

altered in phase and amplification until a maximum was achieved.

A typical IV characteristic for an argon glow discharge in the RIE is shown in
figure 5-15. This IV curve was obtained using the HP4145B from a glow discharge
at 52mtorr, 10W rf power and a flow rate of 6sccmn argon. The dc voltage range
was swept rapidly with a 0.5V step size. It can be seen that in the electron
saturation region of the curve, the collected current is approaching 10mA. This
is the limiting value of current for the IIP4145B and was also the point at which
the plasma started to show signs of perturbation. The disturbance in the plasma
" was marked by a decrease in the magnitude of V4, which was displayed on the
front panel of the matching network. Visually, this had an obvious effect as it
lowered the intensity of the glow discharge, because a significant proportion of
the discharge current is now being collected by the probe. The electron current
to the electrodes during the positive rf cycle is therefore reduced [12], which
forces the magnitude of V4cp to decrease, as outlined in section 2.2.2. During the
experimental phase v;)ltage sweeps were therefore constrained from the electron

saturation region as much as possible to reduce this perturbation.

In order to find the plasma potential, the gradient of the IV characteristic in
figure 5-15 was calculated, and is shown in figure 5-16. The plasma potential, Vi,
is the value at the point of maximum gradient of the IV characteristic, which is at
81V. This is a relatively high value of V, which is characteristic of the particular

RIE configuration and machine parameters used in this experiment.

The method for T, extraction was outlined in section 4.4. Ideally, it involves
plotting In(L,) against (V, — V,) where V, is the applied voltage. For practical
purposes, I, can be approximated by the total collected current, as the ion current
in the transition region is small in comparison to the electron current. A plot of
In(I.) against Va as shown in figure 5-17 can therefore provide the value for T..
T, in electron volts is obtained from the value of dVa/dIn(I) in the linear region
of the curve. From figure 5-17, it can be seen that for this example, there are

two linear regions on the curve. These give values for T, of 13.5eV and 10.7eV

- 106



Chapter 5 : Experimental Setup and Characterisation

I1
CmAD
ER< 9. 0000V , ~970, BnA , p)
10. s0[
1.050
divf
b
|
. 0000
~100.0 - o )
Vi 20.00/dtv ¢ vy 0020

Figure 5—15: Langmuir probe IV characteristics for an argon plasma at 10W pow-

er, 52mtorr and 6sccm flow rate.

GRQD 5
~MARKERC 91,000V , B8868E-08 , 2

878, 7
E-08

=T

687. 87 }
sdivi

. 0000 . i

-100.0 0 T
Vi 20.00/div ¢ WV 100'9
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respectively. This example illustrates the difficulty in interpretation of some IV

characteristics.
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Figure 5-17: Argon plasma electron temperature.

To determine the effect of using the rf driven probe circuit, the HP4145B was
directly connected to the Langmuir probe with only the LC choke for isolation.
For the same experimental conditions of 10W power, 52mtorr and 6sccm argon
flow rate, a second IV characteristic was obtained. This gave a V, of 72.5V and a
T, of 16eV. This shift in the measured values was due to the extra rf component

between probe and plasma.

5.5.1 Plasma Potential Variations with Machine Param-

eters

To check the validity of the Langmuir probe method for glow discharge char-

acterisation, the driven probe technique was applied to argon plasmas. A one
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dimensional machine parameter characterisation was carried out for the major
machine variables of power, pressure and flow rate. An initial investigation re-
vealed that V, would be outwith the range of the HP4145B. The Tektronix 577
was therefore used to obtain these results. However this meant that T, values
could not be obtained. To ensure the plasma reached equilibrium for each ma-

chine setting, measurements were only carried out after a period of 1 minute had

elapsed.

For a forward power of 10W and a total gas flow rate of 3sccm argon, the
system pressure was varied. The results are shown in figure 5-18. A large varia-
tion in V,, was measured across the pressure range showing that V, reduces with
increasing pressure. A subsequent set of results using fche HP4145B showed the
trend in T. with pressure and are shown in figure 5-19. T, also reduced with
increasing pressure in agreement with the results of Cantin and Gagné [134],
Chatterton et al [135] and Eser et al [104]. This reduction in the average value
of T. occurs as a result of the decrease in the electron mean free path as the

pressure increases.

For a forward power of 10W and a system pressure of 20mtorr, the argon flow
rate was varied. The results from this experiment are shown in figure 5-20. Only

a small decrease in V, was observed across the range of flow rates.

For a system pressure of 20mtorr and a flow rate of 3sccm argon, the power
was varied. These experimental results are shown in figure 5-21. It should be
noted that although the power has a major influence on the ion bombardment, it
has a minimal influence on the plasma potential in this case. The increase in the
sheath voltage with power is therefore totally due to the increase in Vgu,. For
comparison, Chatterton et al [135] found the V value to increase slightly for a

40mtorr argon plasma at powers of 10W and 50W.
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Figure 5-18: Plasma potential variations with pressure at a flow rate of 3scem

argon and a forward power of 10W.
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Figure 5-19: Average electron temperature variations with pressure at a flow rate

of 3sccm argon and a forward power of 10W.

5.6 Summary

This chapter described the setup and conversion of a Vacutec RIE machine and

the implémentation and test of three diagnostic approaches: optical spectroscopy,

mass spectrometry and electrostatic Langmuir probes. Together they provided a

broad spectrum of plasma information.
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Figure 5-20: Plasma potential variations with argon flow rate at a pressure of

20mtorr and a forward power of 10W.

Using the mass spectrometer in an in-situ SIMS mode allowed plasma positive
ion concentrations and energy distributions to be monitored. Optical emission
spectroscopy enabled characterisation of the plasma ‘glow’ from the ultra-violet
through the visible spectrum and into the infra-red. Langmuir probe techniques
could provide information on the fundamental plasma parameters such as the

plasma potential and electron temperature.

This range of diagnostic systems were assembled and interfaced to the modi-
fied RIE and preliminary investigations were carried out on a basic glow discharge.
Monatomic argon plasmas were used at this stage so that diagnostic equipment
evaluations could be performed with a minimum of molecular species interaction.
One dimensional RIE machine parameter characterisation was then carried out
in order to assess the viability of these techniques for process monitoring. A

summary of the major trends which were observed is given below:
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Figure 5-21: Plasma potential variations with power at a flow rate of 3sccm argon
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Chapter 6

Diagnostic Techniques in a Reactive
Gas Chemistry

6.1 Introduction

Having assessed the diagnostic techniques and equipment on simple argon glow
discharges in chapter 5, the project now transferred to a complex reactive chem-
istry. Initially a suitable recipe had to be defined which was capable of etching
fine linewidths in aluminium. Once the operating conditions were defined, then
OES, in-situ SIMS and Langmuir probes could be applied to the glow discharge
in order to perform characterisation work. The objective of this section of the
research work was to assess the various diagnostic techniques in a reactive etch
environment. From the range of plasma information available, selected diagnostic
information could then be used as the process input to the statistical model for

the aluminium etch.
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6.2 - Process Description

It was necessary to develop a process that was capable of etching aluminium
based metallisations in the modified Vacutec RIE. This involved a chlorine based
chemical recipe and the RIE had been extensively redesigned in order to achieve
this, as described previously in section 5.2. It was decided to use a recipe which
was composed of BCls, Cl; and He to etch the metallisation. This is a very com-
plex combination, but is one of the most commonly implemented in commercial
microfabrication facilities for fine linewidth aluminium definition (the major alter-
native was to use SiCly instead of BCl). Using this chemistry therefore enabled

the project to address the current problems faced by the major microfabrication

facilities.

BCl; fulfilled several process roles: it provided species which are capable of
native oxide removal; it dissociates to form Cl radicals which are aluminium
etchants; and it is also able to scavenge water vapour and oxygen from the reactor
at the start of the process. This last ability was particularly important for the
Vacutec RIE system because of the lack of a load-lock chamber, and was one of
the major reasons for selecting a BCl; chemistry. Cl; gas provided a second source
of Cl radicals which increased the overall material etch rate. He gas improves the
process uniformity by stabilising the gas mixture, as well as providing increased

thermal cooling within the glow discharge.

Process operating conditions were a variation on an aluminium etch process

used by Olin Hunt . The chosen conditions were as follows:

10lin Hunt Technical Brief No. 10.
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Flow Rate (sccm) BCls | 21
Cl, 11
He 28
RF Power (W) 200
Pressure (mtorr) 60

The ability of this recipe to etch aluminium was investigated using a batch of test
wafers. Silicon wafers which were 75mm in diameter, p-type and 100 orientation
were used as the starting material. They had silicon dioxide thermally grown
to a thickness of 14000A, and were then deposited with 1.2um Al/1%Si, using
a Balzers BAS 450PM planar magnetron sputtering sysfem. In the Vacutec
RIE with the new chemistry, it was possible to define metal linewidths down to
1pm wide lnes with a 1gm spacing. Etch results were examined in an optical
microscope and showed that pattern definition to this level was satisfactory for

this research work.

6.3 Optical Emission Spectroscopy

OES was used to investigate the characteristics of the BCl3/Cl;/He plasma during
aluminium etching. The test wafers which were used for this stage were the same

batch described in section 6.2.

Initially the EG & G OMA 1460 setup was employed for wide spectrum analy-
sis of the etch, so that the wavelengths that varied most during the reaction could
be identified. For comparison purposes, a ‘fingerprint’ for each gas was obtained
by investigating single gas plasmas formed from either BClg, Cl; or He. The RIE
systermn was then vented up to atmosphere and a single wafer was placed onto the
electrode. The optical emission signals from the aluminium etch reactions should
be more prominent at this stage because the aluminium layer had no masking
layer. This meant that the maximum amount of material was available for reac-

tion. The optical fibre was positioned at a chamber viewport such that the wafer
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was between the centre pumping port and the .chamber viewport, which allowed
an average intensity to be obtained across the plasma section with the highest
density of reaction products. A plasma was struck using the process described
in section 6.2 and the Al* atomic emission line at 396.2nm showed by far the
greatest variation during the reaction, across the measured spectrum. The BCl;
and Cl; molecules both showed a wide range of peaks in the 400 to 850nm range,
but little distinct information could be obtained. He emissions were also very
low from the BCl3/Cl;/He plasma which was expected because of the greater

excitation energies which are necessary to generate He*.

Having identified a suitable optical emission line for process monitoring, the
monochromator system was setup and adjusted to the Al* liﬁe at 396.2nm. A
chart recorder was used to record the selected emission intensity with time. A test
wafer was placed in the reactor and a BCl;/Cl,/He plasma struck. A representa-
tion of the Al* emission intensity which was obtained with time using the chart
recorder is shown schematically in figure 6-1. The poinfs at which the plasma
is struck and extinguished can be clearly seen. After the plasma is struck, there
i1s an induction period during which the native oxide layer is removed and water
vapour and oxygen are scavenged from the reactor chamber. When the bulk alu-
minium layer is reached, the Al* emission intensity rapidly increasés. The point
at which the induction time is completed is open to interpretation as shown in
figure 6-1. The gradient of this part of the characteristic is heavily influenced
by the uniformity of the process. Greater uniformity results in a higher gradient.
The emission intensity is relatively constant throughout the bulk Al etch phase,

before it reduces as the Al clears at the process endpoint.

Other OES techniques were considered for their suitability in monitoring Cl
based etching. Non-invasive T, analysis as described by Felts et al [83] was con-
sidered for application using the He carrier gas emissions. However the basic
He peaks proved too difficult to identify within the complex reactive chemistry.
Actinometry was also considered as a means of obtaining an estimate of ground

state species concentrations. However Gottscho et al [87] showed that actinom-
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Figure 6-1: A representation of the Al* emission line at 396.2nm during an etch

Process.

etry may not be applicable to Cl chemistries due to the presence of additional

excitation mechanisms.

6.4 Mass Spectrometry: In-Situ SIMS

As described previously in section 5.4, the QMS probe was operated in an in-situ
SIMS mode, and used to investigate the characteristics of BCl3/Cl,/He plasmas.
This allowed the positive ion species which are present in these plasmas to be
identified, and then investigated for specific features which could add additional

characterisation information and be used as an effective process monitor.

6.4.1 The Detection of Ionic Species

With the QMS probe tuned as previously for argon, a BCl3/Cl,/He plasma was

struck. Using this setup yielded no information at all regarding the ionic plasma
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components. At this stage, the probe had to be re-tuned and the energy profiles of
some of the positive ions which were expected to be present in the glow discharge
were examined for suitability: 3°Clt, 37Cl+, 35ClF, "B35Cl+, 1UB3ClE, 1B ClE
and 11B*. Of the ions which were investigated, the energy profile of !Bt proved
most suitable, due to in part to its high intensity. More importantly, it also

allowed the detection of a wide range of other species when checked in MASS

PROFILFE mode.

This setup was used to check the plasma positive ions which were present
in the BCly/Cl;/He plasma. Figure 6-2 shows the result of sweeping the the
mass/energy range from 1 to 140 in BAR mode. The higﬁest peaks from figure

6-2 and the most probable associated ions from the glow discharge are:

m/e Ratio |  Ion

4 ‘He*t
10 10B+

11 11B+
27 TALT
35 3CI+
46 np3solt+
48 nR37CI+
70 35CIF
81 upssClF
83 NR3BCPE7CIF
97 TAIRSCLT

The ions which were detected were all in the lower mass/energy range (< 100).
This may have been a limitation of the use of a quadrupole mass filter employed
which has an inherently higher transmission coeflicient for lower mass ratios [92].
Alternatively, it may indicate that the higher mass molecules, present in the
discharge such as BCl;, do not readily ionise. This could be caused by elec-

tron impact reactions such as dissociation, dominating their characteristics. The
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molecules are then fragmented in preference to either ionisation or excitation

reactions occurring.

Intensity

500

300 |-

200

100

Figure 6-2: Positive ion characteristic of a BCl3/Cl;/He plasma.

The BCl3/Cly/He plasma was investigated at this stage for negative ions. The
QMS filter settings were all reversed in polarity in order to attempt to attract any
negative ions which may have been present. If negative ions were detected then
the basis for the calculation of Langmuir probe data may have been invalidated.

However, no evidence for the existence of negative ions could be obtained.

6.4.2 Aluminium Etch Monitoring

A test wafer was placed into the RIE chamber and the system pumped down.
The QMS probe was configured to scan the 1 to 140 mass range in BAR mode,
and record the positive jon intensities during the aluminium etch process. The

results from this experiment are shown in figures 6-3, 6—4 and 6-5
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Figure 6-3: In-situ SIMS monitoring of an aluminium etch showing characteristic

intensities during the induction period.
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Figure 6—4: In-situ SIMS monitoring of an aluminium etch showing characteristic

intensities during bulk aluminium etching.

During the induction period, the dominant positive ions which are being de-
tected are 1°B+ and 1'B+. This is due to B atoms being produced as a by-product

when BCl3 based species react with the native aluminium oxide layer to form a-
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Figure 6-5: In-situ SIMS monitoring of an aluminium etch showing characteristic

intensities at the process endpoint (5i0; etching).

luminium chlorides. These boron atoms have a relatively low first ionisation

potential, shown in table 6-1 of 8.296eV, and are therefore readily ionised.

The in-situ SIMS scan then changed in composition as shown in figures 6-3,
6—4 and 6-5. The B lines decreased dramatically, along with a smaller reduction
in the other Cl species which were dissociated from the input gases: 35, 81, 83
m/e. This was accompanied by a marked rise in the intensity of etch product
species at 27,62, 97 and 99 mn/e. From the materials involved in the etch reaction,

this must have been due to Al+, 2TAI3Cl+, 27ABClY and AIPSCI¥Cl}. This

charige in the dominant ion distribution is the result of several mechanisms:

e Once the native aluminium oxide has been removed, less B is produced as

a reaction by-product. Fewer B+ reactions therefore take place.

e Bulk aluminium etch product ions have lower 1st ionisation potentials than

the etchant gas ions and become preferentially jonised.

e Atomicaluminium appears in the glow discharge during the bulk etch. From
table 6-1, Al has a 1st ionisation potential of only 5.984eV, which results

in its becoming the dominant ion during the bulk aluminium etch stage.
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Species | 1st Tonisation | Reference
Potential (eV)

Al 5.984 [136]

B 8.296 [136]
Cl 13.01 [136]
He 24.481 [136]

0O 13.614 [136]

Si 8.149 [136]
Cl, 11.48 [136]

N 14.53 [136]
N, 15.576 [136]
BCl 17.2 — 20.0 | [137} [13§]

BCl; 11.8 — 13.01 [137]
BCl; | 10.6 — 12.03 [137]

Table 6-1: 1st ionisation potentials of some plasma species.

The last scan shown in figure 6-5 shows that the B and Cl containing ions
have again increased in intensity and the Al based etch product ions have almost
disappeared. The B* ions are lower in intensity in comparison with the induction
period, but the BCI} ions have increased in intensity. The disappearance of the
Alt* ions shows that the Al layer has been removed and that the silicon dioxide
etch stop layer has been reached (Si0O; has a very low etch rate in a Cl based
chemistry). No evidence could be found of Si or O containing positive ions during
this overetch period. The high relative reactivity of O along with the low etch rate
of Si0; is responsiblé for this. Any oxygen atoms desorbed from the substrate will
react quickly with the discharge gases and be removed from the system. Levels
of helium ionisation remained constant throughout the etch, as expected for an
‘inert’ gas. The above characteristics were confirmed for the behaviour of the
etch process at an atomic level by monitoring the Al emission line using the OES

system.
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From figures 6-3 to 6-5 it can be seen that the following mass/energy ratios
display the greatest variance: 10, 11, 27, 62, 81, 83, 97, 99. Because these m/e
ratios represent ions within the plasma, they are very sensitive to the process
~ conditions. This is because the ions are created by the electrons at the high energy
tail of f(¢), which are themselves very dependent on the process conditions. This
inherent sensitivity is one of the major reasons for the variations in results from
‘identical’ process runs, and generally works against the experimenter. However,
in the case of in-situ SIMS, this sensitivity allows a greater insight into the process
characteristics at an ionic level and allows real time monitoring of the progress

of the etch.

A demonstra&.ion of the benefits of this technique was given when test wafers
from two different batches were etched in the RIE. The test wafers in each batch
should have been identical but proved to have very different process etch times.
Both sets of wafers were fabricated as described previously in section 6.2 and a
single wafer from each batch was etched in the RIE using the operating conditions
shown in section 6.2. Each etch process was monitored using in-situ SIMS to track
the behaviour of specific ionic species with time (MID mode). The results from
the first dry etch using batch 1 are shown in figure 6—6 and shows that the total
etch time for this wafer is over 13 minutes. However, the majority of this time
involved the induction period of the etch with the Al* and AICI* bulk aluminium
etch products only being detected for approximately 4 minutes at the end of the
process. This behaviour was initially attributed to a fault either in the RIE

system or chemistry, but this could not be found.

A test wafer fro:rﬁ the subsequent batch proved to have markedly different
characteristics as shown in figure 6—7. This experiment displayed a considerably
shorter induction time of approximately 31 seconds and a bulk etch time of 176
seconds. Figure 6-7 clearly shows the interfaces between Al;03/Al and Al/SiO,.
The 1'B* is the dominant detected ion during oxide etching of both Al,O3; and
Si0;. However, during the bulk etch, aluminium ionic etch products form the

majority of the detected species. The variances of some of the other Cl based
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Figure 6—6: In-situ SIMS results for a test wafer from batch 1, which was etched

using a BCl3/Cly/He plasma.
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ions are shown in figure 6-8. Although the ilon concentrations vary with time,

their characteristics at the material interfaces are less well-defined.

Test wafers from both batches provided consistent results, which implied that
the variation was not due to variations in the dry etch process. Samples from
each batch were analysed using a standard SIMS technique to perform material
depth profiling 2. This technique involves using an argon ion beam to sputter the
surface of the test sample. Some of the sputtered material is ejected as positive
ions which can be analysed using a mass spectrometer. The results from the
batch 1 test wafer are shown in figure 6-9 and from the batch 2 test wafer in
figure 6-10. If the oxygen trace (mass 16) is compared for the two samples,
then it can be seen that the batch 1 wafer shows oxygen present to a far greater
depth. Effectively, this meant that the batch 1 wafers consisted of a far thicker
aluminium oxide layer, which was resistant to dry etching and therefore provided
the characteristic shown in figure 6-6. It is worth noting that the mass 16 profile
in figure 6-9 and the mass 11 profile in figure 6-6 are very similar in shape.
This might indicate that the oxygen content of the film to be etched has a direct
influence on the B* intensity. With this information, it was possible prove that
the plasma etch process was not the source of this observed variation. Further
investigation revealed that the Balzers sputtering system had deve_zloped a small
leak through one of its ‘O’ ring seals. This leak was small enough not to register
as a marked rise in system pressure due to the large chamber volume, but was

large enough to cause a radical change in the deposited film properties.

Using in-situ SIMS, this positive ion sensitivity in reactive plasmas has also
been successfully used to precision track the progress of a BCls/Cly/He plasma
etch through an ion implanted silicon wafer and also through SiGe/Si heterostruc-

tures [139].

In addition to the in-situ SIMS work, some RGA work was also undertaken.

RGA scans of the process gas mixture were carried out both before and after

?Work carried out by Edinburgh University Geology Dept.
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Figure 6-7: In-situ SIMS results for a test wafer from batch 2, which was etched
using a BCl3/Cl;/He plasma.,
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Figure 6-8: In-situ SIMS results for a test wafer from batch 2, which was etched
using a BCl;/Cl;/He plasma.

127



Chapter 6 : Diagnostic Techniques in a Reactive Gas Chemistry

RAW DATA ESINBURGH UNIVEARITY
4 Jum B0 - FILED JeHi=-0
107
10° |
A 18
10® 1
» ?
g
o / 8
[T
% IO‘ | e
. | "-
>
[:4
é 10® 18
8 27
7]
[ ]

10

10

| L . L o lll“l'“ﬁ il‘l I 1.l H 4 f el
[+ 1000 2000 3000 4000 8000 8900 7000
TIME (ewa) .

Figure 6-9: Depth profiling results of a batch 1 test wafer, using standard SIMS.

striking the plasma. They revealed that nitrogen was initially present as the
process gases switched on. This nitrogen was present in the system due to small
vacuum leaks in the system, which allowed air to seep in when the RIE was
under long term vacuum. In order to achieve the desired process gas mix, it was
necessary to allow time for the process gas to purge out more of the nitrogen
using the recipe mixture. All etch experiments allowed a 1 minute period for the

gas mixture to reach equilibrium.

With a test wafer on the electrode, the QMS probe was further extended into
the chamber so that its sampling port was directly above the centre of the wafer.
During a plasma etch, the neutral discharge products were monitored using RGA
MASS BAR mode. Despite the close proximity of the QMS to the wafer surface,
no trace of Al containing reaction products could be detected and a spectrum

characteristic solely of the input gases was obtained.
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Figure 6-10: Depth profiling results of a batch 2 test wafer, using standard SIMS.

6.4.3 Energy Distributions During Etching

Using the in-situ SIMS setup it was also possible to investigate the energy distri-
butions of ions present in the plasma. A specific mass/charge ratio was selected
and then swept across the 0 to 50eV range. The objective of th?s work was to
attempt to identify peak values in the ion energy distribution which could be used
to characterise the glow discharge because these detected ions are influenced by
the potentiél drop across the sheath (Vp, as the chamber walls are at vacuum

ground) as well as the discharge parameters.

Initial investigations were carried out on the dominant detected ions in the
BCl3/Cly/He plasma. The results of monitoring *B* during an aluminium etch
are shown in figure 6-11. During the induction period, there are four peaks in
the energy distribution between 14 and 21eV and the distribution is well-defined.
During the bulk Al etch B ions are greatly reduced as observed previously, and
the distribution becomes less well-defined. When oxide etching takes place BF

concentrations increase but the peaks in the distribution are now in the range
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11 to 20eV, indicating that the discharge conditions have changed as different
material layers are etched. The 27 Al* energy distribution during the bulk Al etch
stage is shown in figure 6-12. This distribution does not display any distinctive
peak values and showed little variance between etch runs with different process

conditions.

The energy profiles for positive ions from the plasma could have been ‘s-
moothed’ by using a longer integration period for each energy value of the scan.
This would have given a better average value of the number of counts at the
detector. However, aluminium etching is a dynamic process which is continually
changing the form of the glow discharge, as seen in figures 6-6, 6—7 and 6-8. As
the total etch process lasts only = 3 minutes, there is a trade-off between profile

‘smoothness’ and accuracy.

Because it proved difficult to uniquely define peak characteristics within the
positive ion energy distributions, evaluations of these characteristics were not the

subject of further research at this stage.

6.5 Langmuir Probe

Using the driven Langmuir probe circuit described in section 5-13, investigations
of BCl3/Cly/He plasmas were carried out. These reactive plasmas displayed char-
acteristics which departed from the smooth IV characteristics obtained previously

in argon discharges.

The probe was sputter cleaned before all the experimental runs by biasing
the tip to —100V in the BCl;/Cl;/He plasma to remove contamination. Using
the RIE with the standard etch recipe shown in figure 6.2, the dc voltage on
the probe tip was then swept rapidly from —100V to 100V using the HP4145
and the current monitored. The results of this sweep are shown in figure 6-13.
Compared to the scan in figure 5-15, the current collected in the reactive plasma

transition region displays a discontinuity at 45V followed by a comparatively
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‘noisy’ region. This abrupt transition was also present on all the other IV traces
which were obtained in BCl3/Cly/He plasmas, but varied in position. This was
not a function of the driven probe circuit as the same discontinuity was apparent
using an undriven circuit. Therefore this feature must have been characteristic of
the highly complex physical and chemical interactions which were present within

this type of glow discharge.

The consequences of this ‘noisy’ transition region can bé observed on the
d1/dV, as shown in figure 6-14. Obtaining an accurate value for the plasma
potential is now very difficult. The maximum gradient point may now be due
to a small discontinuity on the IV characteristic which is unrepresentative of
the actual plasma potential. This problem is also evident when attempting to
ascertain the value of the electron temperature, as shown in figure 6-15. The

linear region of of the In(l,) curve also features discontinuities which make T,

assessment difficult.

6.5.1 Plasma Potential Variations with Machine Param-

eters

With care, it was possible to use the driven Langmuir probe technique to monitor
changes in V as the major machine parameters were altered. It was found that
the IV characteristics changed if a second sweep was carried out for the same
discharge conditions. Further investigation showed that the IV characteristic
reached a steady state value after two complete IV sweeps. Therefore, for each
individual set of operating conditions, three IV sweeps were performed after the

probe had been sputter cleaned and the rf feedback optimised:

1. The first sweep was used to check the required range for a specific set of

operating conditions.

2. The second sweep was used to stabilise the characteristic and reduce the

swept range to within the current compliance.
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3. The third sweep was analysed to yield the V, value.

The effect of a one-dimensional change in power on Vj, is shown in figure 6-16.
There are two different sets of results displayed on this graph: V,, was obtained
under identical setup conditions four days after V,;;. Both sets of results show that
as rf power is increased, the V,, value is reduced. This means that the increase
in ion bombardment potential with increasing rf power is due to an increase in
Vaco and not an increase in V. It should be noted that although the trends for
different experimental days are the same, there is an offset in the results with the

Vp2 values approximately 4.5V lower in value.

The variation in V, with pressure is shown in figure 6-17, and shows a slight
reduction as pressure rises. Experiments were also carried out to examine the
change in V, with rises in BCl3 flow rate shown in figure 6-18; with Cl; flow
rate shown in figure 6-19; and with He flow rate shown in figure 6-20. These
experiments showed that as both He and BCl; flow rates increased, the magnitude
of V, reduced slightly. Cl flow rate had little effect on the value of V. Ail
these characteristics showed a marked offset in the results between V,; and V.
This behaviour may be attributable to a combination of probe and chamber
contamination, but demonstrates the repeatability problems which are prevalent

with electrostatic probes.

On comparison of the Langmuir probe results for reactive plasmas with the
results for argon plasmas obtained in section 5.5.1, there are some obvious dif-
ferences. The greatest changes in the V, value for argon plasmas were obtained
as a result of pressure variation, whereas power variation produced the greatest
variation of the V, value in reactive plasmas. As expected, variation of the gas

flow rates were found to have little effect on V; in either case.

Because the HP4145B was being employed to obtain the IV characteristic, the
effects of signal averaging could be assessed. The above 1V trace was obtained
by recording the current at each step value of dc voltage. Two other modes
exist: one finds the average value of 16 current readings at each voltage, and the

other finds the average of 256 current readings at each dc voltage. Averaging
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over 16 samples did not provide a significant improvement in the IV trace and
also had the disadvantage of collecting more current, leading to greater plasma
perturbation. Averaging over 256 readings collected a much larger current and

caused a greater disturbance to the glow discharge.

A serious problem which was encountered with reactive BCly/Cl; /He plasmas
was the amount of current collected during the IV run. Figure 6-13 shows that the
current collection limit of the HP4145 has almost been reached. This also resulted
in an obvious disturbance of the glow discharge which lowered the magnitude of
the dc bias at the driven electrode. This effect has been discussed previously in
section 5.5 and would have to be reduced for the technique to be successfully
employed to monitor reactive plasmas. With reference to equations 3.1 and 3.2
in section 3.4 it can be seen that the current to the probe could be reduced by
reducing the collecting area of the Langmuir probe. Various different approaches

to this problem were attempted:
e The probe tip length was reduced from lcm to 0.5cm.
e The tungsten wire diameter was reduced from 0.25mm to 0.125mim.

e The orientation of the probe relative to the driven electrode was altered

from parallel to perpendicular.

These alterations had no significant effect on the amount of current being collected
by the Langmuir probe. This is because the effective collecting area of the probe
is the outside area of the insulating sheath which is formed between the plasma
and the probe. The sheath area is related to the Debye length Ap, which was
defined previously in equation 2.5. The overall probe collecting area is therefore

dependent on T, and n. which are a function of the discharge operating conditions.

Although Langmuir probes allow access to some of the physical parameters
of the glow discharge, the problems associated with the practical implementation
‘make them unsuitable for this particular application. This is predominantly due

to the discontinuities and noise which were observed in the transition region
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of the IV characteristic, and also the large amount of current which was being
collected by the probe. These features hindered the simple, accurate parameter
extraction from the IV transition region characteristics. Electrostatic probes do
allow trends within the glow discharge to be evaluated, but the reactive nature of
the BCls/Cl;/He plasma alters the probe properties with time. Probe cleaning
can reduce but not eliminate this problem. The use of a ‘cleaner’ probe wire
such as platinum, instead of tungsten, may have provided a longer term solution.
Reduction of the total collected current may prove to be more difficult to remedy,
due to its dependence on the glow discharge parameters as well as the physical

collecting area of the probe.

6.6 Summary

During this phase of the research work a process recipe was developed which
proved capable of defining linewidths down to 1xm in 1.2pm thick Al/1%Si alloy.
This process was developed from a typical commercial process so that the project
could address many of the same problems which are encountered in commercial

wafer fabrication facilities.

Optical emission spectroscopy techniques were applied to the reactive glow
discharge. Although the majority of the molecular information was indistinguish-
able, the atomic aluminium emission line at 396.2nm was identified as a suitable
real-time process monitor. This could be successfully used to identify material

interfaces during the etch process.

Positive ion monitoring in the BCl3/Cl;/He plasma was also carried out using
the novel method of in-situ SIMS. This technique used the inherent sensitivity of
the positive ion distributions within the plasma to characterise the progress of the
etch through an aluminium layer. In-situ SIMS was also used to investigate the
positive ion distributions of the major ionic species within the plasma during the
etch process. The value of this technique as a process monitor was demonstrat-

ed when oxygen contaminated layers of aluminium were etched in the standard
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process. Material impurities proved to have a major effect on the behaviour and
intensity of certain ionic components within the plasma. This technique has been
extended to precision etch monitoring through ion implanted profiles in silicon
and also the progress through Si/SiGe hetérostructures. The sensitivity of this
mass spectrometer configuration contrasts sharply with the results of Lehmann

et al [94] who detected no Al based products using the RGA approach.

This project also performed the first attempts at Langmuir probe analysis of
BCl3/Cl,/He plasmas. The driven technique was employed to investigate trends
in the V,, value for one-dimensional changes in the major machine operating pa-
rameters: power, pressure and flow rates. Several major problems became evident
at this stage: transition region perturbation; high extracted currents which led to
plasma perturbation; and contamination problems which led to offsets between
experimental results. Some of these problems could be individually addressed
and solved to provide a more accurate solution, but the combination of these
errors proved that Langmuir probes in their present form cannot be used for rou-
tine process characterisation with any degree of confidence. Therefore Langmuir

probes were not used further in this research work.
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Figure 6-11: Energy profiles of 1B ions during Al etching.
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Figure 6-12: Energy profile of 27 Al* ions during the bulk Al etch.
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Figure 6-13: Driven Langmuir probe IV characteristic from a 200W, 60mtorr,
BCls/Cly/He plasma.
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Figure 6-14: Gradient of the Langmuir probe IV characteristic for a 200W, 60m-
torr BCl3/Cl;/He plasmai.
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Statistical Process Model

7.1 Introduction

Statistical models have been used previously to allow complex process character-
isation to be performed as described in section 4.3.1. This type of approach has
most commonly addressed the problems of fluorine based dry etching using one or
two process input gases. However, one of the most problematic process steps in
silicon wafer fabrication is aluminium alloy dry etching using three or more gases

due to a multitude of reasons which were outlined previously in section 2.3.6.

This project addressed the problems associated with statistical modelling of
an aluminium dry etch. The overall objective was to create a statistical pro-
cess model for this complex process which would act as a benchmark for pro-
cess improvement and provide the first step to implementation of an automatic
process feedback and control system. As well as attempting to model the ma-
jor performance etch parameters of etch rate, selectivity and directionality, the
novel approach of modelling some of the process characteristics during the etch
was undertaken. This established a link between the final performance variables
which are measured post-process and off-line and the actual plasma conditions.
In particular, this allowed process assessment of the important ion bo;rnba,rdment

component and induction period to take place.

This chapter describes the statistical model choice, experimental procedure
and diagnostic monitoring which were carried out for the aluminium etch. The

results and a measure of the accuracy of specific models are described.
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7.2 Statistical Design for Aluminium Etching

Many software packages are presently available to assist the non-statistician in-
volved in complex process characterisation. In the course of the present work the
RS/1 ! suite of programs was employed. These programs provide a complete envi-
ronment for experimental design, graphical data exploration, statistical analysis

and process visualisation.

At this stage of the project a model had to be chosen along with the most
influential RIE machine parameter inputs. The chosen design was a quadratic
centre cubic faced (CCF) design which was a symrmetrical, rotatable arrangement
which featured three process inputs on three different levels. The CCF design is
a fractional factorial design with additional ‘star’ points. QQuadratic models have
been shown to give a good degree of accuracy and have been extensively applied
to the field of dry etching [119,140,126,127,129] although some researchers have
opted for a more complex cubic model [125]. The quadratic model was select-
ed because of the finite process window that exists for aluminium etching in a
BClz/Cl;/He chemistry. Polymer deposition problems can lead to problems with
process replication after many etch runs and it was felt that the reduced num-
ber of experiments associated with the quadratic model would be advantageous

compared to the cubic model.

Rf power, system pressure and the etchant composition (% Clz/BCl;) were
selected as the process inputs for the model. The total process gas flow rate was
not used as an input parameter as it had not demonstrated any major effects on
the plasma when monitored using diagnostic techniques previously in chapters 5

and 6. The final experimental design is shown in figure 7-1 and the data was

1RS/1 is a trademark of BBN Software Products Corporation.
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fitted to a quadratic model of the form:

1= Bt 2o BE+ D BE Y D At ()

=1 =1 3=i41

where ¢; represents the set of input variables and §; is the set of weighting coef-

ficients.

% Cl,;BCl,

Pressure

Power

Figure 7T-1: CCF design for the experimental characterisation of an aluminium

etch process.

7.2.1 Experimental Process Range

Having chosen the model, the range of process conditions which would be char-
acterised had to be decided. The experimental centre point was defined as pre-

viously in section 6.2, and from this point, the operating conditions were defined

as Tollows:

-
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Fixed Operating Conditions
He Flow Rate 28scem
Total BCl;/Cl; Flow Rate 32sccm

Reactor Geometry Fixed

Rf Frequency 13.56MHz

Electrode Cooling ON
Variable Operating Conditions

RF Power 160 — 240W

Pressure 50 — T0mtorr

Clz/BCl3 Ratio 28 — 41%

The central point for this design was repeated five times to allow some assess-
ment of the degree of process repeatability. This gave a total of 20 experimental
runs for the CCF model, compared to a full factorial investigation which would
have needed a minimum of 27 runs. To help minimise the effect of other external

effects, the runsheet was randomised and is shown in figure 7-2.

0 1 POWER 2 PRESSURE 3 CLZ RATIO (%)
(Watts) (mtorr)
1 160 60.0 34.5
2 200 60.0 41.0
3 200 60.0 34.5
4 160 50.0 28.0
5 240 T0.0 28.0
6 240 50.0 41.0
1 200 60.0 28.0
8 200 60.0C 34.5
9 240 60.0 34.5
10 200 60.0 34.5
11 160 70.0 28.0
12 240 50.0 28.0
13 160 70.0 41.0
14 160 50.0 41.0
15 240 70.0 41.0
16 200 0.0 34.5
17 200 60.0 34.5
18 200 70.0 34.5
19 200 60.0 34.5
20 200 50.0 34.5 .

Figure 7-2: Aluminium etch experimental worksheet.
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7.3 Experimental Procedure

A set of test wafers was fabricated for use in this experiment. Silicon wafers which
were 7Oomm in diameter, p-type and 100 orienfation were used as the starting
material. They had silicon dioxide thermally grown to a thickness of 140004,
and were then deposited with 1.13um Al/1%Si, using a Balzers BAS 450PM
planar magnetron sputtering system. The wafers were then dipped in a solution
of aluminium etch such that the aluminium was removed from ! of the wafer
surface. The wafers were then coated in 1.3um of positive photolresist and a test
pattern defined by an Optimetrix 10X reduction wafer stepper. The reticle used
in this work was a test reticle which featured a square pattern of parallel lines
in various mark/space ratios from 6um — 0.7um. This arrangement allowed for

the possibility of scanning electron micrograph analysis of cleaved wafers. The

wafers were then hard baked prior to experimental dry etching.

Fach experimental run in the design in figure 7-2 is succeeded by a different set
of operating conditions, which feature different plasma characteristics within the
chamber. To attempt to increase the probability of stabilising these conditions at
the correct level a ‘conditioning’ run was performed before each experimental run.
A § wafer sample coated with unpatterned aluminium was placed in the chamber

and etched. This also allowed the machine variables to be set up accurately.

After the ‘conditioning’ run a } test wafer was etched. Test wafers were halved
down the crystal lattice such that the exposed, patterned SiQ; and Al covered
areas were equally divided. An experimental 1 wafer sample was then placed
in the chamber at the same position for each run. A period of one minute was
allowed at the start of each run for gas and pressure stabilisation. The pbwer was
then switched on and the process monitored using OES to assess the endpoint.
Although some overetch was necessary to ensure the Al had achieved endpoint,
interface times for the Al;O3/Al and Al/Si0; barriers were obtained by studying
the recorded OES Al* intensity.
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In order to create as little plasma disturbance as possible, only non-invasive
monitoring was employed to obtain the process characteristics. OES was used to
analyse the induction time and bulk Al etch time by monitorfng the Al* emission
line at 396.2nm. The self bias, Vau, was also measured during the induction
period and the bulk Al etch to infer the average ion energy which was present

during the process.

After etching, a Sloan Dektak surface profilometer was used to make multiple
step height measurements at the wafer centre above the Al tracks and the SiO,.
This allowed the combined average height of the Al track and photoresist mask
to be measured. The wafers were then photoresist stripped using an oxygen
plasma in a Tegal barrel asher and also wet etched in fuming nitric acid. The
Dektak surface profile measurements were then repeated to give the stripped
surface profile. When allied with the OES measurements of induction and bulk
Al etch time and processed film thickness data, these measurements allowed the
evaluation of photoresist etch rate, 5iOz etch rate, bulk Al etch rate and their

relative selectivities.

7.4 Process Models

Once the experiments had been completed, statistical models were created by
performing a least squares regression analysis on the process data. The models
were then analysed using the ANOVA and model fit techniques outlined in Ap-
" pendix A. The sections below describe the results of these analyses for the process

variable correlations. Values of the coeflicients, R2 . and %2*} are given in table
e

3
7-1 for all models. If a transform has been used to improve the model fit, then
that is also indicated in the table. The criterion for a model with good fit and
predictive ability was that it should have a RZ;; value of > 0.8 and ideally ~ 1
with % value of < 6. To visualise the process interactions, 3D plots are presented
in the following sections. For the most accurate models, these are accompanied

by contourplots in order that absolute values can be evaluated.
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Term Vden Vaena tind

1 -340.309 -321.300 0.03826
Pwr -37.200  -41.100  0.00669
Pres 12.500 16.800 -0.00214
cl1 -3.700 -0.300 -0.00555
Pwr? 2.273 o o
Pwr.Pres -1.375 -1.375 0
Pwr.Cl -3.875 -4.625 -0.00961
Pres? 1.773 2.500  0.00781
Pres.Cl -1,125 -1.125 -0.00266
C12 2.773 3.000 -0.01330
Goodness of Fit 1.42 2.63 0.36
R2 0.924 0.941 0.860
transform n 7 %

Table 7-1: Coeflicients of process response variables where Vg is the self bias
during the induction period; Vgacp2 is the self bias during the bulk Al
etch; tina is the induction time; Pwr is the rf power; Pres is the system

pressure and Cl is the %Cl;/BCl; ratio.

7.4.1 DC Self Bias

During an aluminium plasma etch at constant power, the value of Vg4, exhibits a
greater value of magnitude during the induction period than during the bulk Al

etch. For this reason, the process was modelled during both stages of the etch.

From table 7-1 it can be seen that both models for V4., exhibited good values

for Fit and R2

24i- Por the induction period, the 3D plots of the Vag, are shown

in figure 7-3 and the contourplots are shown in figure 7-4. For the bulk Al etch
period, the 3D plots of Vau are shown in figure 7-5 and the contourplots are

shown in figure 7-6.

As expected, it ca.ﬁ be seen that power and pressure were the major influences
on the magnitude of Vyu,. Vo, decreased in magnitude with increasing pressure
due to a reduction in the electron mean free path; and with decreasing power
due to a decrease in electric field strength. The resultant changes f(¢) leads to

a lowering of the magnitude of V4. Both effects are manifested in a nearly
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linear fashion. The ratio of Cl;/BCl; exerted a minimal influence on the Vgg,

characteristic.

7.4.2 Interface Times

Using the OES system an estimate of the interface times for the Al;03/Al bound-
ary was obtained. The induction time t;,q, has provided particular problems with
repeatability for the process engineer as discussed in section 2.3.6 and could pro-
vide a useful benchmark for the etch progress in comparison to the predicted
behaviour for a feedback control system. From table 7-1 it can be seen that the
model for tig has a lower Fit value than the V4 model which may indicate that
variation due to pure error is greater. The Rﬁdj values of 0.660 for tyq shows
that this is a relatively poor model. However, it does show trends which appear

consistent with expected phenomena, especially at low Cl; flow rates.

The 3D response surfaces for the variation of the induction period are shown
in figure 7-7. It can be seen that for low flow rates of Cl; and high BCl3 flow rates
in the process gas mix, that the rf power had a major influence on the induction
time. This is consistent with the hypothesis that the native Al,Os removal can
only be achieved by ion bombardment in the presence of an effective reducing
agent such as BCli. As the BCl; flow rate decreases, this effect becomes less

obvious and the induction time rises.

The results from this model should be treated with caution due to poor s-
tatistical fit of the model, especially at high Cl; flow rates. The reason for this
low level of model confidence can be attributed to both random process variation
(see section 7.6) and problems with interface identification using the OES. As the
process has not been optimised for uniformity, the rise and fall times for the Al*

signal are longer than optimum, leading to problems with interface identification.

149



Chapter 7 : Statistical Process Model

Term ERmetal ERy ERp: Dir Saipr  Saisios

1 4801.100 6862.082 1480.281 0.93102 4628  0.01735
Pwr 201.586  -265.700 320.500 0.28001 -1.260 0.00774
Pres -41.485 33.800 -0.500 -0.01700 0.180 - -0.00235
Cl 13.921 404.200 88.900 -0.04084 0.060 -0.00464
Pwr? 199.822 142.545 23.545 D0.22064 0.305 0.00253
Pwr.Pres 66.941 44,500 115.875 -0.27676 -0.375 0.00128
Pwr.Cl -193.217  -201.000 26.875 -0.20957 -0.125 -0.00271
Pres? -17.689  -520.955 51.545 0.08622 -0.495 0.00432
Pres.Cl -33.845 23.500 56.375 0.08044 -0.075 -0.00104
c12 -450.744 -129.955 -139.455 -0.06504 0.406  -0.00434
Goodness of Fit 0.90 0.45 3.44 1.43 0.41 0.23
Ridj -0.062 0.007 0.941 0.838 0.783 0.538
transform n 7 n togn 7 %1'

Table 7-2: Coefficients of performance response variables where ERjeta is the
overall metal etch rate; ER,j is the bulk Al etch rate; ER,, is the
photoresist etch rate; Dir is the directionality; Sai/p 1s the bulk Al to
photoresist selectivity; Sai/sio, is the bulk Al to SiO; selectivity; Pwr
is the rf power; Pres is the system pressure and Cl is the %Cl;/BCl;

ratio.

7.5 Performance Models

Performance models were created by analysing the data extracted from the pro-
cessed wafers. Specific variables studied were overall metal etch rate; bulk Al
etch rate; photoresist etch rate; directionality; bulk Al to photoresist selectiv-
ity; and bulk Al to SiO; selectivity. The analysis techniques were identical to
those describedh for process models. The model coefficients and statistical data

are presented in table 7-2.
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7.5.1 Etch Rate

The etch rates of the various materials in contact with the reactive plasma were

calculated as follows:

T
ERmetal = — (7.2)
tal/sio,
T
ERa = Al (7.3)
ta, 05741 — taysio,
Tor
ER, = £ (1.4)
ti:ot'.al
Tsio,
ERgio, = tt,st(il (7.5)

where ER is the etch rate; T is the thickness and t is the time. The data for
ERsio, was not modelled directly but was used for selectivity characterisation in
section 7.5.3. It should also be noted that the thickness of the native oxide layer
was not accounted for in the assessment of ERyeta1 as it forms < 0.3% of the layer

thickness and is not readily measurable.

From table 7-2 it can be seen that all the etch rate models pass the Fit test.
However the near-zero results for the Rﬁdj test show that the models for ER yeca)
and ERa) exhibit poor model fit characteristics. Although inadequate for the
purposes of feedback and control, the models display some interesting features

that are worthy of further comment and are displayed in figures 7-8 and 7-9.

The ERpeta1 encompasses the two differing etch processes of native oxide re-
moval and bulk Al etching. Native oxide is removal is an ion-induced reaction
as shown for low Cl; flow rates in figure 7-7 whereas bulk Al etching in figure
7-8 features an ion-enhanced mechanism with a large chemical component. The
attempt to model these conflicting processes as a single response allied with the
problems of t5y/si0, identification has resulted in the poorest model quality for
the entire range of parameters investigated. The model indicates that the over-
all etch rate is heavily influenced by the t;,q characteristics showing high power

dependence at low rates but little power dependence at high Cl; flow rates.
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The bulk Al etch characteristics given in figure 7-9 seem to indicate that
increasing power resulted in a decreasing etch rate at higher Cl; flow rates in
contrast fo ting- This exemplifies the hypothesis that bulk Al etching features
a high chemical etch component. High ion energies at the material surface may
lower the etch rate by reducing the rate of reactant adsorption, product formation

or product desorption at the surface.

Photoresist thickness was measured using the Dektak prior to etching, post-
etch and after resist stripping to obtain data on the reactive plasma etched resist
thickness. The etch time in this case was the total time that the rf power was
on which could be accurately determined. In contrast to the poor statistical
characteristics of ERpetal and ER 41, the ER,,; model has a high Ridj coefficient of
0.941. This demonstrates the relative ease with which single layer films such as
photoresist can be characterised compared to the difficulties associated with films
such as aluminium which effectively comprise multiple films. Three dimensional
models of this response are shown in figure 7-10 and the associated contourplots

are shown in figure 7-11.

ER,: is strongly dependent on the power density with the etch rate increasing
in a pseudo-linear with increasing power. Higher pressures and higher Cl; flow
rates also caused increased etch rates which could be attributed to greater etchant

concentrations.

7.5.2 Directionality

To gain an insight into the directionality of the etch process, samples had to
be prepared which were suitable for cross-sectional viewing in a SEM. Etched
samples were stripped of resist and then low temperature pyrolytic Si0; was
deposited onto the wafer surfaces. Each sample was then cleaved about its centre
and dipped into an aluminium wet etch solution. This left the oxide layer intact
but removed the exposed aluminium track. The samples were then given a thin
gold coating to reduce SEM charging effects. Samples were mounted at 90° to

the SEM chuck and, on investigation, displayed a range of sidewall angles from
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the highly directional profile of figure 7-12 to the isotropic profile shown in figure
7-13.

The range of observed profiles presented a problem in assessment of the wall
angle as some curvature was present in many of the profiles. One solution is
shown in figure 7-14 with the measurements which were performed to estimate

the directionality, tan 8, as follows:

2h
tanf = — Zdb_dt

2

(7.6)

It should be noted that this method provides no information on consequences of

mask erosion and only provides a measure of the final wall angle.

The directionality model displayed a good degree of fit with a RZ,; of 0.838

and a Fit coeflicient of 1.43. The 3D models of this response are shown in figure
7-15 and the associated contourplots in figure 7-16. As expected, the directional-
ity coefficient, tan #, increased as the power increased and the pressure decreased,
resulting in more vertical sidewalls. These factors both give greater sheath volt-
ages at the driven electrode and hence increase the average ion energy at the
wafer surface. As the BCl; flow rate is increased, the directionality also increased
which may be indicative of BCl, based polymer formation on the sidewall acting

as a lateral etch rate limiter.

7.5.3 Selectivity

Using the data for the etch rate of bulk Al, selectivity for the process with respect

to the photoresist and underlying Si10, etch rates were calculated as follows:

ER
Salfpr = ET: (7.7)
ERai
Saysio, = FReg (7.8)
i0y

Because these calculations incorporated the data for ER z; which has already been
shown to be statistically poor, the selectivity models also failed the Rgdj test with

values of 0.783 and 0.538 for Say/p: and Spyyp, are shown in figure 7-17 and the
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models for Saysio, are shown in figure 7-18. Again, although the models have
a poor quality of fit, they effectively demonstrate the lowering of selectivity that
occurred for higher powers. This transpired because of an increase in the ion
bombardment energy which resulted in a greater, non-selective, physical element

to the etch.

7.6 Induction Time Variations

One of the most probable sourcés of pure error which led to a poor statistical fit
for the induction pefiod model could be due to water in the chamber. To check
on the extent of the water influence, the QMS was set up in RGA mode and the
water content of the chamber monitored for an ‘inert’ He plasma and a reactive
BCl;/Cl;/He plasma at the same operating pressure, total flow rate and power
density. Before each plasma was struck, the chamber was vented to atmosphere
and the lid opened to simulate wafer loading. The results of monitoring the peak

at mass 18 are shown in figures 7-19 and 7-20.

As the He plasma is struck, there is a large rise in the intensity of mass 18 as
water is forcibly desorbed from the chamber electrodes by ion bombardment. In
this case it takes =% 60 seconds to return to level of pre-plasma water detection.
As the reactive BCl3/Cl; /He plasma is struck there is also a rise in the detected
intensity at mass 18 but this rise is markedly less. "This is most-probably due to
the reaction of BCl; based species with H,O, and this time & 40 seconds pass

before the intensity returns to the pre-plasma level.

The range of experimentally observed induction times ranged from 15 seconds
to just under 1 minute. The RGA results show that although the BCl; species
reduced the effect, there remained a large water presence for much of the time
which was not accounted for in the model and could therefore have been a major
source of pure error. One possible solution to this problem would be to employ a

load lock so that the main reaction chamber continually remained at low pressure.
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This would dramatically reduce the amount of water vapour which was available

for adsorption by the electrodes.

7.7 Summary

In this chapter, a CCF design for a statistical model of an aluminium etch process
was described. The model was constructed from the major RIE machine variables
of power, pressure and %Cl,/BCl;. Statistical modelling was carried out for
both process variables and performance variables. This work uses a quadratic
model which covers 3 manipulated machine variables, 3 process variables and 6
performance variables. This is the first time that rigorous statistical modelling
techniques have been applied to a BCl3/Cl;/He based chemistry or an Al dry
etch probess in order to systematically analyse both the plasma process and post-
process etch performance, although McLaughlin et al [129] have recently used a
similar technique for the characterisation of CF,/0; and CF4/H; etchingof Si and
Si0; films. Results from this section of the research have already been presented
[141]. This type of work is a necessary step towards the goal of automated
feedback and control which will be crucial to achieving the fine linewidth definition

needed for the next generation of etching machines.

Non-invasive process monitoring was carried out using OES and V44, analyses.
The models for Vya, showed a high quality of statistical fit, but tjng modelling gave
a poor model fit. This was attributed to inaccuracies in interface identification
with the OES and also variations due to water desorption during etching which

were not accounted for in the model.

Performance monitoring provided good quality models for directionality and
also for the important erosion rate of photoresist. However, models for ERecal,
ERa1, Saypr and Saysio, did not achieve satisfactory levels of statistical signif-
icance. This was due to problems with absolute identification of the bulk Al
endpoint using the OES system. As the process was not optimised in terms of

uniformity across the wafer, there was a ‘blurring’ of the endpoint as the wafer
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cleared. This gave a large error component in the data which prevented accurate
process characterisation. A reduction of these problems may be achieved by em-
ploying in-situ SIMS as a secondary diagnostic monitor and altering the process
centre point so.that a more uniform etch occurs. Although many of the models did
not achieve the statistical significance required for process feedback and control,

they did provide a useful insight into the aluminium process characteristics.

156



Chapter 7 : Statistical Process Model

d

[ LSS
/77 L7 TFH

A
:‘HZHHHWHW

o

PRESSURE

DCB

w
et

S LSS

50\7#11‘?’1!!71!!!

w
o

w
o

PRESSURE

DCB

~110

-3150

[/ L7
[ LT 77/

3

PRESSURE

7
T

L LT LT

777
L7

|
’
S
o
- &
]

24

28% Cl2/BC13

34.5% C€12/BC13

e

2%
20

POWER

41% Cl12/BC13

e
w
=
-]
=
o
H

~
&~

POWER

Figure 7-3: 3D statistical model for V4, during the induction period.

157



Chapter 7 : Statistical Process Model

28% Cl12/BC13

Hwdwuwntd o
LT I - S - T - ¥
T % 9K ¥ 9
l'l T T =T
Ww
=
c\

\.

* (9

L9

o

[

Lt

-

<

1

L

N

o

1 1 [ 1 1
T T T T 1

i

-330-340 -350 -360 -37]

VAR N .

!
1 T
169 170 180 190 200 210 220 230 240

POWER

TTET T

£6

340 -340
64 !
&2+, B
oot 34.5% C12/BC13
S8
*B10
s -330 -350 -370 -38[
A [ i

50 ¥
160 170 180 190 200 210 220 230 240

HAHadddwnwumxo

=)

POWER .
0 T T T T T T T
681 / / / /-
-300

66 =4
P -310 / -330 / -350 =370
R 4T -
E 621 4
gsr— - 41% C12/BC13
U T -1
R sst 1
E st -360 +

-320 / -340 -380
ST l/ / 4
:"150 1"70 1B 190 200 210 2‘20 2:=m 240

POWER

Figure 7-4: Statistical model contourplots for V., during the induction period.

158



DCE

28% C12/BC13

34.5% C12/BC13

41% Cl12/BC13

/777
777 171
i e

IEJ

Ll
o

220

POWER

PRESSURE

Figure 7-5: 3D statistical model for Vg, during the bulk Al etch.

159



Chapter 7 : Statistical Process Model

P

R

E

: 28% C12/BC13
g

R

E

P

R

E

: 34.5% C12/BC13
u

R

E

P

R

E

g 41% C12/BC13
u

R

E

T
170

Figure 7-6: Statistical model contourplots for Vg, during the bulk Al etch.

160



Chapter 7 : Statistical Process Model

Tind

28% Cl12/BC13

o

u
mjfl fTJf 1711;

-

i

F
H
£

I 34.5% C12/BC13

o

u
“f: . Tz P4 TI [

-

POWER

PRESSURE

Tind <

T — 41% Cl2/BC13

...
IGJ

mfr; <§§§§é '

o
o

POWER

PRESSURE

Figure 7T-T7: 3D statistical model for the induction time.

161



Chapter 7 : Statistical Process Model

28% Cl12/BC13

34.5% C12/BC13

41% Cl12/BC13

POWER

PRESSURE

Figure 7-8: 3D statistical model for the overall metal etch rate.

162



Chapter 7 : Statistical Process Model

28% C12/BC13

34.5% C12/BC13

41% Cl12/BC13

POWER

PRESSURE

Figure 7-9: 3D statistical model for the bultk Al etch rate.

163



Chapter 7 : Statistical Process Model

28% Cl12/BC13

POWER PRESSURE

ERpr

200

34.5% C12/BC13

160

120

BO

1B
20

POWER PRESSURE

41% C12/BC13

POWER ° PRESSURE

Figure 7-10: 3D statistical model for the photoresist etch rate.

164



Chapter 7 : Statistical Process Model

U VAV

48
1200 1500

p +
R (1 o {
E -+
S o] #1300 + 28% C12/BC13
S 1400
y
R
E

* 1500 T
54 —+
521 -
L 1 | ! -l 1 i
T T T T T T
2149 220 230

)i
160 170 180 19¢ 200 240

FOWER
70 T T T "l." T T T \
66 1906
1200
oot 1600 N
1400 ~ 1809 34.5% Cl2/BC13

M ounEdw

////// 1500 !
1600 L. .
) 1700 |

5o I A - )

166 170 180 190  A00 210 220 230 240

POWER
Ty \. T T T T |\
e 1300 \ 1900['
5300 1700 o+

P 1500
R S+ 4+
E s lSOQ'_
gsw— * N 41% C12/BC13
U SBT £

. 1300 ]
R 561 1700
E ool 1400

521

/ 1500 1600

5¢ t \ I1 } \I |

180 170 180 190 200 219 220 230 0

POWER

Figure 7-11: Statistical model contourplots for the photoresist etch rate.

165



Chapter 7 : Statistical Process Model

Figure 7-12: SEM etch profile of a highly anisotropic aluminium track.

Figure 7-13: SEM etch profile of a less anisotropic aluminium track.
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Chapter 8

Conclusions

There is no doubt that dry etching processes are crucial to the fabrication of VLSI
and ULSI circuits and are likely to remain so for the foresecable future. However,
the technique remains difficult to implement and the inherent complications are
epitomised by the problems encountered when patterning aluminium and its al-
loys. This is arguably one of the most difficult steps in the fabrication sequence.
Many of these problems have occurred due to the implementation of novel ma-
chine configurations and chemistries far in advance of any real understanding of
the interactions occurring within the process chamber. The underlying problem
with the dry etch process is the large parameter space of inter-related fundamen-
tal chemical and physical parameters, most of which are not easily accessible or
~ alterable due to the self insulating nature of the plasma. .Historically, process
development in this field has proceeded as a result of improvements in vacu-
um technology and design coupled to one dimensional, empirical trend analyses.
Reproducible automatic processing has relied on a stable, ‘well-characterised’ pro-

cess for repeatable automatic operation which few dry etch operations possessed.

These traditional approaches to procesé development have become severely
limited with the advent of ULSL This is evidenced by the gap which has opened
up between leading-edge photoresist pattern definition and etched material pat-
tern definition as shown previously in figure 1-4. In order to reduce this gap,
traditional process development methodologies must now be supplemented with

new techniques which result in a more rigorous characterisation of the parameter
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space. Improved characterisation leads to increased process control and opens
the way for equipment manufacturers to develop automated feedback and control

systems for dry etch machines.

Within the field of dry etching, the patterning of aluminium and its alfoys are
among those that have presented the greatest challenges to the process engineer.
This project aimed to address the problems of characterisation of a leading-edge
dry etch process: the BCl3/Cly/He etching of an aluminium alloy. As stated

previously, this was approached by investigating two major areas of interest:
e Assessment of diagnostic techniques.
o Improved characterisation through rigorous empirical modelling.

At the outset of the project the ultimate aim was to attempt to link the two
approaches together by feeding some diagnostic process outputs into the model.
This would result in a comprehensive approach with both process and perfor-

mance variables being modelled.

To accomplish the above aims involved investigating several different areas of
interest. Chapter 2 reviewed the concepts and terminology which are necessary
for a basic understanding of reactive plasma etching. Diagnostic methodologies
for plasma etch characterisation were outlined in chapter 3. Modelling strategies

and techniques for dry etch processing were described in chapter 4.

To achieve these goals, a Vacutec RIE machine, previously used to etch SiO,,
was extensively redesigned and converted into a purpose-built aluminium etcher.
Modifications centred around the need to operate a chlorine based chemistry and
allow access to the plasma for the selected diagnostic equipment: optical emission
spectroscopy, mass spectrometry and Langmuir probes. This range of diagnostic
equipment allowed access to a large range of process parameters. Chapter 5

described the assembly and test of the equipment used in this research.

Preliminary investigations carried out on basic glow discharges within the

RIE were also described in chapter 5. Monatomic argon plasmas provided an
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environment with a minimum of molecular species interaction in which to test
the equipment. The mass spectrometer was operated in an innovative in-situ
SIMS mode which entailed the detection of positive ions generated solely by the
RIE plasma. This allowed ion intensity monitoring which is closely linked to the
spread of the hot electron ‘tail’ of the electron energy distribution function within
the glow discharge. Electrostatic Langmuir probe studies were realised using a
driven rf feedback circuit in order to minimise the probe-plasma rf component
which allowed a more accurate dc characteristic to be obtained. The arrangement
involved an original variation on the circuit used by Braithewaite et al [105].
Greater flexibility and ease of implementation to a standard RIE was achieved

using this technique. Atomic argon emissions were investigated using OES.

One dimensional RIE machine parameter characterisation using the diagnostic
information disclosed that rf power and system pressure had the greatest influ-
ences on monitored parameters. Total flow rate effected only a minimal influence

on the monitored outputs of the argon glow discharges.

In chapter 6 a BCl3/Cly/He process récipe suitable for dry etching alumini-
um alloys was developed. The diagnostic techniques were then applied in order
to investigate suitable inputs for process modelling. In-situ SIMS provided the
most innovative data of the three implemented techniques. Plasma monitoring
revealed the major ionic components of the etching plasma as shown in section
6.4.1. Characteristic ion intensity distributions were obtained for the three stages
of an Al etch: induction period, bulk Al etch and overetch (SiO, etching). By
identifying the most sensitive ions ( 11B¥, 27Alt and ??A1>*Cl* ) and monitoring
with time, the interface points could be estimated. Although the plasma was
only & 0.1% ionised, the inherent sensitivity of the ion distributions allowed real
time etch progress monitoring. The value of this technique as an innovative pro-
cess monitor was evidenced when when attempting to etch oxygen contaminated
aluminium alloy. Incorporated material impurities proved to have a dramatic
effect on the behaviour and intensity of certain ionic components within the glow

discharge which was reflected in the in-situ SIMS results and later confirmed by
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depth profiling using full SIMS. Preliminary ion energy profiling results were also
described.

OES -techniques were also applied to the reactive glow discharge. Although
the majority of the molecular information was indistinguishable, the atomic Al
emission line at 396.2nm was identified as a suitable process monitor. This could

be used as a non-invasive etch process monitor.

This project performed the first attempts at Langmuir probe analysis of
BCls/Cl2/He plasmas. Driven electrostatic probes were employed to investigate
trends in V,, for one-dimensional changes in the major machine parameters. Da-
ta extraction from the IV curve in these reactive chemistries was impeded by
problems with transition region perturbation; high extracted currents and con-
tamination problems. Although some of these problems were addressed, the com-
bination of these errors proved that Langmuir probes in their present form could
not be used for routine process characterisation in BCl;/Cl;/He plasmas with

any degree of confidence.

This research also targeted the problems associated with statistical modelling
of an aluminium dry etch in chapter 7. As well as modelling the major per-
formance variables of etch rate, directionality and selectivity, the novel method
of modelling some of the process characteristics during the etch was undertak-
en. This established a link between the final performance variables which are

measured post-process and off-line and the actual plasma conditions.

A CCF experimental design was constructed from the major machine param-
eters of rf power, system pressure and %Cl,/BCl;. The final quadratic model
covered 3 manipulated machine variables, 3 process variables and 6 performance
variables. This is the first time that rigorous empirical modelling techniques have
been applied to a BCl;/Cly/He based chemistry or an Al dry etch process in
order to systematically analyse both the plasma process and post-process etch

performance.

Non-invasive process monitoring was employed at this stage, using OES and

Vaeb analyses. Models were obtained for Vg, during the induction period and
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the bulk etch which showed a high quality of statistical fit. The final process
variable, which was the induction interface time, gave a poor model fit. This was
attributed to inaccuracies in interface identification from the OES trace and also
variations due to water desorption in the chamber which were not accounted for

in the model.

Performance variable monitoring provided good quality models for direction-
ality and also the important erosion rate of photoresist. However, models for
ERmetal; ERAL, Saypr and Say/si0, did not achieve satisfactory levels. Again this
was due to problems in absolute identification of the bulk Al endpoint using the
OES system. Although many of these models did not achieve acceptable levels of
statistical significance, they did provide a useful insight into the process charac-
teristics. In particular, the major influence of the removal of = 30A native oxide

on the overall Al dry etch was apparent.

In retrospect, the single major factor which could have improved the process
reproducibility and hence the quality of the empirical models would have been
the installation of a load-lock. There was a water vapour variable present in
the process which was evidenced by the RGA results in section 7.6. As this
variable was not accounted for in the model, it inevitably acted as a source
of variation. More accurate interface detection could also have improved the
model characteristics. Extending the research project to model the process using
invasive techniques such as in-situ SIMS may also have provided an improvement

in model quality.

An unquestioned need for dry etch process improvement exists and this project
has shown that statistical techniques can provide rigorous process characterisa-
tion for even the most difficult of plasma etch operations. With the advent of
more complex etching technologies such as ECR; increased device sophistication;
and the continuing trend to smaller linewidths, the dual approaches of rigor-
ous empirical modelling and innovative diagnostics will be necessary to achieve

adequate process control.
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Appendix A

Statistical Notes

An analysis of variance and definition of terms used within the RS/1 statistical
software package is given below, where the mean sum of squares is the sum of

squares divided by its degrees of freedom.

Source of variation Mean sum of squares

= il = 1)*
,; (m - p)

U (??z'“—fhz
oy s = m)S )

5% = Pure (experimental) error =

S% = Lack of fit (about regression) =

i=1 =1 (n - m)
m T3 A \D
= Residual = Z (5 — )
i=1j=1 (n - p)
m ¥y 2
SZ = Total = Z (5 — %)

=1 j5=1 (n - 1)

where:
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Appendix A: Statistical Notes

m  number of unique z; locations

n  total number of data points n = _r;

=1

p  total number of parameters in model

r; number of data points at &; (replicates)

&, set of values of all independent variables (¢;) for data point ¢
n:; measured value of dependent variable at §; and replicate r;
%;  fitted value of n; at &; (from model)

7; mean measured value of dependent variable at §;

grand mean of all measured values

In addition to the ANOVA calculations, a number of tests were carried out to

test the quality of model fit:

Hypothesis Statistical test
52
Goodness of Fit of model ..5-,%
: : : . : S?
Adjusted squared multiple correlation coefficient Ridj =1- S—g

The Goodness of Fit test determines whether the model is an adequate fit for
the experimental data i.e., whether the empirical model is a good approximation
for the mechanistic model. The test determines whether the model predicted

variance in 7 is larger than the experimentally determined variance.

The adjusted squared multiple correlation coefficient RZ2,; is the proportion of

the total variation about the grand mean 7 that is explained by the fitted model

and has been adjusted to account for the number of parameters in the model.
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