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ABSTRACT.

A Thesis concerning

surface Chemical Effects In Ionised Environments.

submitted for the degree of Doctor of Philosophy,
University of Oxford by P.J.Astell-Burt, Christ

Church, 1987.

Plasma etching, the selective removal of
materials by reaction with chemically active species
formed in a glow-discharge, is widely used by the
electronics industry because of the advantages over
'wet’ processes. The full potential has yet to be
realised because chemical processes occuring in the
plasma and at the plasma/substrate interface are
incompletely understood. 1In this work attention was
focussed on the accumulation of polymers on surfaces

during plasma etching in fluorocarbon gases.

An apparatus was designed and constructed to
explore the conditions which give rise to these

deposits by:

i) The detection of the excited species such
as CF and CF, (by optical emission spectroscopy):;
and

il) The rate of accumulation or removal of
deposits (by means of a quartz crystal

microbalance).

D.Phil Thesis 1987



The gases CF4, CyFg, C3Fg and CHF3 were used at
pressures between 200-600mT, together with mixtures
with H, and a few runs with other gases to vary the
partial pressures of etching and polymerizing
species. Both substrate effect of, viz silicon and
thermally oxidised silicon (Si0Oy), and electrode

materials effects have been examined.

Polymer production from C3Fg has been found to be
more sensitive to electrode composition than that
from CHF3, but the material formed is overall less
thermally stable. On the other hand, polymers
produced from C3Fg accumulate at similar rates on Si
and SiO,, whereas those from CHF3 show a much
greater 1liklihood of building up on Si than SiO,.
XPS and infra-red spectroscopy have been used to
demonstrate that polymers arising from these two
gases exhibit marked structural differences, which
can be minimised by mixing H; with C3Fg. These
effects can be correlated with the decomposition

products expected in the plasma.
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1 ) INTRODUCTION.

The introduction begins with a brief review of
some of the ©processes that are utilised 1in
semiconductor device fabrication, concentrating on
Silicon based structures. The formation and nature
of plasmas is then discussed, and the wuses of
plasmas in dry etching processes 1is described in
some detail. Some of the previous literature in this
area 1is reviewed and the aims of the present work

are presented.

1.1 )Fabrication of Integrated Circuits.

A typical Very Large Scale Integration (VLSI)
device consists of a 20mm? slice of single crystal
silicon on which a circuit consisting of up to
250,000 circuit elements may be present{l}). A sample
circuit with 5 micron feature sizes is shown in a

photomicrograph in the Appendix{2)}.

The process for forming Metal Oxide Semiconductor
(MOS), Metal Semiconductor Field Effect Transistor
(MESFET), and Bipolar Junction Transistor (BJT)
Integrated circuits will include at 1least some of

the following main stages{3-8}:

1. Substrate preparation -Silicon.

Polycrystalline silicon, synthesised from Sio, + C

1 ) INTRODUCTION. 1



in an electric furnace, 1is the starting material.
This is converted to trichlorosilane and chemically
purified before decomposition in a H, atmosphere to
give semiconductor grade silicon. Another method of
purification used is 2zone refining. Growth of the
large single crystals of Si material required for
device fabrication 1is then accomplished from the

melt by one of three main methods{92-10}:

The Czochralski Technique.
The Float Zone method.

The Bridgman or Gradient Freeze technique.

Most often used is the Czochralski Technique in
which the material is contained in a quartz vessel
and melted by inductive or resistive heating. A seed
crystal of the required orientation is then dipped
into the 1liquid and when 1its end is molten it is
slowly withdrawn at about 10 micron s~1, resulting
in a single <crystal which grows by progressive
freezing at the liquid-solid interface. The crystal
diameter is controlled by adjusting the heat input

and pull rate.

In the Float Zone method a molten volume is
passed upwards through a polycrystalline bar of
silicon positioned vertically inside a furnace
chamber. A seed crystal is mounted in contact with
the lower end of the bar and a molten zone 1is
established by R.F. heating which fuses the seed

crystal to the end. As the molten zone is moved up,

1 ) INTRODUCTION. 5



the material freezing along the lower interface has
the single crystal structure and crystallographic

orientation of the seed crystal.

The Bridgman technique involves melting the
polycrystalline material in a 1long boat which is
then cooled from one end. A seed crystal placed at
the narrow end of the boat allows a single grain to
propagate at the liquid-solid interface, eventually
resulting in the whole melt freezing in a particular
crystalline structure. Since the boat grown
material crystal structure 1is highly defected from
the expansion of the silicon on freezing this method
is wusually only found for polycrystalline solar

cells.

After growth, a flat face is ground on the side
of the large single crystal that parallels the
growth axis. This 1is wused as a reference for
alignment for 1later processing and measurement
stages. Finally the ingot is sliced into wafers by
means of a diamond saw. The sliced wafers are then
lapped to remove the damage and irregularities
caused by the slicing operation and finally are
polished to an optically flat surface. The backside
of the wafer is then often damaged mechanically to

provide defect gettering sites.
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2. Epitaxy.
This is a deposition technique to grow a thin single
crystal 1layer upon the surface of a single crystal
substrate. These layers have advantages where high
speeds or current carrying capability are required,
but add increased complexity to the fabrication
process. Molecular Beam{ll}, vapour Phase{l2}, or
Liquid Phasel{13) Epitaxy can be used, but are more

common for III/V and II/VI semiconductors than for

silicon.

3. Thermal processes.
Heating semiconductor grade silicon wafers at
typically 1000-1200°C in an oxidising atmosphere
results in the formation of a SiO, layer. The
experimental methods used in this study are outlined
in "2.7 Preparation of samples". The SiO, films
formed are used for diffusion or implant masks,
surface passivation, electrical isolation of
individual devices, the gate oxides and capacitor
dielectrics in MOS devices, and use as a tunnelling
oxide in Electrically Alterable ROMS. Another
thermal process 1is diffusion which is discussed in
the next section. Wafers are also heated in inert
atmospheres for the annealing out of charge traps
and damage caused by 1ion implantation, and for

alloying of contact zones (silicides).
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4. Doping.
The introduction of p-type or n-type impurities may
be carried out by diffusion or ion implantationf{l4},
thus changing the electrical characteristics of the
material. Diffusion involves the thermally induced
distribution of impurity atoms through the crystal
lattice. This is generally achieved by a
pre-treatment stage in which vaporised dopant 1is
passed across the wafer surface into which it will
penetrate a short distance. This surface saturated
material is then heated to allow diffusion into the
substrate to the required junction depth.
Increasingly for VLSI, ion implantation{l4} is used
to place the impurity or doping ions at precisely
controlled depths in the semiconductor layers at
accurately controlled concentrations in areas
designated by means of beam steering and masking.
The depth is determined by means of the ion energy
because as the energetic ions penetrate the target
they 1lose energy due to collisions with atomic
nuclei and electrons in the substrate and eventually
come to rest. The range-energy relationship to
predict the depth 1is wusually obtained from LSS
theory{12}). The dosage is determined by means of the
total charge. This can even be extended so as to
form buried Si0O, layers by means of oxygen ion
implantation. A subsequent annealing process is

required since the damage caused by the ion beam

1 ) INTRODUCTION. 5



causes the silicon surface to become amorphous, and
the ions need to become substitutional to become

electrically active.

5. Lithography.
This invol?es the use of photomasks and
photosensitive organic, and to a very much lesser
extent inorganic, films for masking for subsequent
pattern definition{16-17}  These films are applied
by spraying or spin coating onto the surface of a
layer which is to be etched, followed by evaporation
of the solvent and baking at ca. 100°C. The
photoresist is then selectively exposed to
sensitising radiation, generally in the far UV. For
very high resolution work exposures to very short
wavelengths, such as X-Ray radiation, 1is required.
The exposure 1is through a mask or by a modulated
scanned beam as in Electron Beam Lithography, or Ion
Beam Lithography. Subsequent development of the
exposed portions of the photoresist causes either
the exposed or the unexposed portions to be removed
depending on whether the material is a positive or
negative photoresist. Positive photoresist
developers are dilute alkaline solutions, and those

for negative photoresists are organic solvents:

The photoresists themselves are often removed by
‘plasma-ashing’, exposure to an O, plasma, or by

means of a wet chemical stripper.

1 ) INTRODUCTION. 6






b) Definition of metal interconnect patterns.

c) Removal of substrate material in certain
isolation processes, e.qg. by formation of a
surrounding trench; or for the formation of through
wafer contacts -vias.

d) Photoresist removal after use, and
occasionally for pattern definition.

'‘Dry’ processes are dealt with in detail in
"1.2 Plasma Etching." as are some of the advantages

and disadvantages compared with ’‘wet’ etching.

8. Deposition.
Various techniques are used{19-20} +to deposit
metals, semiconductors and insulators. The commonest
films are thermally grown or deposited from the
vapour phase, such as Plasma Enhanced Chemical
Vapour Deposition (PECVD) or Low Pressure CVD
(LPCVD). These are for materials such as amorphous
Si, polycrystalline Si, SiO,, and Si3N4. Induced
decomposition of SiH4 gives amorphous Si. SiH4 with
CO, CO, or O, is used for SiOy, and SiH4 with NHj
and/or N, for SiNy. These are used for protective
layers -encapsulants, dielectric 1layers, or masks
for etching or diffusion. Their production is
discussed further in "1.7.1 Deposition of Inorganic
Materials". As encapsulants these can be used for
either electrical 1isolation or for a barrier to
contaminants such as Nat or H,0. High density SiNy

can be used below the first interconnect 1level, and

1 ) INTRODUCTION. 8



phosphorous doped silicon dioxide layers are
deposited on the level above for both isolation and
mechanical strength. There is interest in the use of
organic polymers for these purposes due to their
relative ease of formation at low temperatures in
plasma based systems. Evaporation and sputtering
techniques are also employed, more usefully for

metals rather than non-metals.

9. Metallisation.
This involves deposition over the diffused regions,
usually by Aluminium or its alloys with Si or Cu.
This layer is then etched to form the interconnects
between devices formed on the silicon, and also
connections to the edge of the complete die. The
metallisation is applied by sputtering or by
evaporation from filament or e-beam sources. Pattern

definition is again by either dry or wet etching

processes.
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penetrating through the photoresist to the surface,
or the capillary action of the 1liquid etchant can
undercut the photoresist. Small gas bubbles may
hinder access of the reagents as can contamination
by sub-micron dust particles. There are also the
problems associated with the handling, use and
disposal of relatively large quantities of toxic
acids and solvents as used in the wet etching and

resist strip processes and their associated health

hazards.

The alternative is a process based on gas phase,
plasma assisted etching which, under certain
circumstances, can produce the very high resolution
pattern transfer required. This retention of pattern
fidelity requires a high degree of anisotropy during
the etch, with the vertical etch rate substantially
exceeding the lateral etch rate. Further explanation
of anisotropic etching 1is in the section "1.5

Effects of Ion Bombardment!".

A typical plasma etching process involves the
loading of the wafer(s) into the reactor chamber
which is then evacuated. The reagent gas mixture is
then flowed through the system at a pressure
maintained in the region 5mT - 1 Torr by means of
control of reagent gas flows and pump throttling.
The gas is then ionised by an applied R.F. field and
the resultant species diffuse to, react, and then

the products desorb from the wafer surface. Upon

1 ) INTRODUCTION. 11



completion of the etching cycle the R.F.
flows are switched off.

out, vented with an inert gas such as N>, and the

wafer(s) removed.

are shown in Table 1.
are wide differences in the mechanisms of
plasma etching with different types of gases,
reactor configurations and plasma conditions,

these techniques have in common the use of plasma

The chamber is then pumped

Some sample gases and materials

It should be noted that there

activated species to achieve etching.

Etching gas.

Some etchable materials.

CF4, CF4/09

Si, Si0,, SiNy, Ti, Mo, W

CoFg, CHFj3 Si05, SiNy
CF4/H2 SiOz
CClF; Si, Au, Ti
CBrFj Si, Ti, Pt, Nb, Mo
CCl,Fj GaAs, InP, Au
SFg, +05 SiNX
ClF; Si
NF3,PF5 Si, Mo, MOSiz, Si02
HF Si, Si0,
F,, Cl,, Br, Si, GaAs, InP
Ho InP, GaAs

CCly, +0,, +Cl,
Cl,, Cly/05

GaAs, Al, Si, Cr, TiSi,
InP, GaAs, Si, Cr

BCl;, BCl3/Cl, Al
SiFy SiNy
SiCly, +Cly Al-alloys, GaAs
O, Organics, Resists

Table 1.

Plasma assisted
etching (ion milling and sputter etching){30-32},
reactive ion etching
etching{33-33}, reactive ion beam etching (RIBE) and

chemically assisted ion beam etching (CAIBE){36-38},
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Some typical gases and etchable materials.

etching methods include ion

(RIE) and reactive sputter

and gas

’overall’

but




and planar etching{39-41}, Ion milling relies on
physical sputtering by energetic inert gas ions with
energy ranges from several hundreds to thousands of
electron volts. The strongly directional incident
ions allow removal of substrate material to be
highly anisotropic. However since this process
relies on physical momentum transfer, rates are low;
and selectivity to the mask and underlying layers is
poor due to the small sputter yield differences
between materials. Characteristic surface and
sidewall redeposition, as well as trenching of the
material is often found as the ejected species are
not inherently volatile. The high ion energies can
also cause radiation damage. At the other extreme is
Planar Etching which <can be described as the
formation of a volatile product by reaction between
a solid and the active species created 1in a
comparatively high pressure molecular gas discharge.
With such a chemical process, very high
selectivities and rates, along with 1low radiation
damage to devices can be achieved; but isotropic
etching 1is usually as well as polymer deposition.
Reactive Ion Etching and RIBE 1lie intermediate 1in
effect, in that there is a contribution from both
physical and chemical processes, potentially
offering adequate selectivity along with controlled
anisotropy, without problems such as faceting of the

substrate and ion damage to MOS devices.
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In the basic dry etch process there are six main
steps. A relatively inert molecular gas which breaks
down to form species (atoms, molecules and ions)
that are chemically reactive with the material to be
etched 1is decomposed in a glow discharge by
inelastic collisions with energetic electrons. These
species then diffuse, or are accelerated by the
electric field to the surface of the wafer. Three
steps then take place at the actual gas/solid
interface. Firstly there 1is absorption onto the
surface, spontaneous or stimulated chemical
reaction, and then desorption of the product from
the surface. Finally the desorbed species diffuse
away into the gas phase and are pumped away. For Si
semiconductor processing, the halocarbon gases used
produce, among other things, fluorine or chlorine
atoms which will attack silicon and S5i0, leading to
volatilisation of the surface as SiF, or SiCly,,

gaseous products which simplify disposal problens.

In contrast to D.C. and R.F. sputtering, species
arriving at the sample are chemically active, so
there 1is concern with both the chemistry at the
gas/surface interface as well as the physics and
chemistry of the discharge itself. However the
complexity of the system can easily be seen in that
neutrals, radicals such as CFy species and F+, as
well as ions and higher order unsaturated
fluorocarbons and free electrons will be present.

The concentrations of these species depend on
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parameters such as power, pressure, feed gas
composition and flow rate, and the materials present
in the reactor. These will influence the competition
between ‘useful’ reactions and undesirable ones such
as low etch rates, loss of selectivity and
anisotropy, and contaminants such as polymer
deposition or sputtering of extraneous material as
well as damage to the substrate. All of these
factors must be carefully controlled in a practical
etching system. Important parameters to be

considered in dry etching processes are:

1. The rates of reaction.
The throughput of wafers can dgreatly affect the
economics of the process{42}), The rate should also

be reproducible from run to run.

2. Anisotropy.
The ratio of vertical to horizontal etch rates must
be controllable as this will affect the feature
sizes{43-48}), Not all processes are required to be
completely anisotropic (vertical), as sometimes a
process needs a slight wall slope such as for a

subsequent metallisation step.

3. Substrate temperature.
This can influence etch rates, mask erosion and

thermal damage to the devices{49-50},

4. Selectivities.
The etch should be highly selective with respect to

both the material under the film being etched and
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also the mask layer. This is because the etch rate
over the wafer and the film thickness itself may not
be uniform, and hence an additional overetch is
required beyond the point at which the average film
thickness would have etched to completion. The
materials of the system itself should also be

unaffected{51-53},

5. Loading effect.
One example is the depletion of active species by
increased substrate area{54-55}, thus giving
variable etch rates for wafers with different

exposed areas, or for a different number of wafers

present in the chamber.

6. Uniformity.
The etch should be uniform over the wafer surface
and over each wafer if in a batch system{36}. The

etch rate should also be uniform from run to run.

7. 8ide reactions.
Typical ones to avoid are; mask attack, polymer or
particulate formation{57-59}, and ion bombardment

induced damage{60-64},
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1.3 )Physics and Chemistry of Discharges.

1.3.1 )Formation and Nature of Plasmas.

In the presence of an applied electric field of
sufficient magnitude charged species found as a
small fraction of a neutral gas (from natural
radiation, photoionisation or field emission) can be
accelerated and wundergo elastic and 1inelastic
collisions. In the case of an elastic collision
between an electron and a gas molecule, very little
energy will be lost by the electron because of the
large difference in masses. Eventually the electron
kinetic energy will become large enough to undergo
an 1inelastic collision 1leading to 1ionisation or
excitation of a gas molecule e.g.:

Ar + e~ ----> Art + 2e-”

Oy + e~ ——=-=> 0% + 2e~
Ionisation frees a second electron and an avalanche
effect will occur if the applied voltage exceeds the
breakdown potential. This results in an abundance of
positive ions and electrons{65=69)}  1Inelastic
collisions with energy 1less than the ionisation
potential also happen causing promotion of gas
molecule orbital electrons to a higher energy state.
Subsequent radiative relaxation causes a glow whose
colour depends on the spectral features of the
species present. A second type of non-ionising

collision is electron impact dissociation of
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chemical bonds which can give rise to highly
reactive fragments{70-72} as discussed further in

the next section.

In the vicinity of surfaces regions of reduced
luminosity a few millimetres wide, called sheaths or
dark spaces are formed. In a D.C. discharge at the
cathode, positive 1ions are present at a higher
density. This causes a localised space charge and
due to the difference in their comparative masses
they are attracted more slowly to the cathode than
the electrons are repelled. Thus they have a higher
instantaneous concentration, increasing the electric
field in front of the cathode and screening the rest
of the discharge from the cathode voltage. As the
glow region is a good conductor most of the voltage
between the anode and cathode 1is dropped across
these sheaths and the charged species experience
their greatest acceleration here. As a result
electrons rapidly acquire large amounts of kinetic
energy and are more likely to cause ionisation on
collision than excitation in this region. The
cathode, and to a lesser extent the chamber walls,
also act as a source of electrons by secondary
emission when struck by ions, thus replenishing
electrons lost (to the anode for example). Ions can
cause sputtering of heavy particles which may
deposit on surfaces where they <can also be
catalytically active{73}. The secondary electron

emission leads 1n turn to further ionisation of the
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gas at an overall concentration of about one ion in
104-106 molecules. The charged particle
concentration is of the order of 109-1012 cm-3, with
a Debye length (screening distance) of 1072 cm. This
results in the generation of a non-equilibrium
situation in which the gas has a very high
electronic temperature. The large difference
between the electronic temperature, about 10°K and
the mean rotational/vibrational temperature 1is due
to the inefficient transfer of kinetic energy during
elastic collisions between electrons and gas

molecules.

With an alternating current supply each electrode
in turn acts as a cathode. The glow discharge is
still established but with a superimposed periodic
polarity reversal. Above a minimum frequency, of
about 2MHz, the ions created by the breakdown will
no longer have sufficient time to be extracted from
the sheath before the polarity change. At a higher
frequency still, in the R.F. range, a large fraction
of the electrons will oscillate in the gap between
the electrodes without being able to drift to the
positive electrode. Above this point the electrons
sustain the discharge independently of secondary
electron emission as they can pick up sufficient
energy during oscillations cause ionisation. The
ionisation collision probability is also increased
by the oscillation so the discharge can be sustained

at lower pressures, and this effect can also be
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caused by magnetic confinement of the electrons.
Typically these systems are run at an allocated
frequency of 13.56MHz. A further advantage of the
higher frequencies is that insulating electrodes, or
electrodes that become covered with an insulating
film, can be used. In a D.C. discharge the surface
would charge up to the plasma potential and the glow
would extinguish as soon as the insulator surface
potential dropped below the value required to
sustain the discharge. With an R.F. discharge the
positive charge accumulated during one half-cycle
can be neutralised by electron bombardment during

the next half.

With systems with insulating electrodes or run
with a blocking capacitor in the power feed, a D.C.
bias of up to half the applied R.F. peak to peak
voltage 1is established, the driven electrode being
offset negatively. This is due to the difference in
acceleration of the electrons and the ions, by the
same potential 1in the plasma, because of their
differing masses. This gives alternatively low
energy electron bombardment followed by a lesser
flux of high energy ions at the cathode, resulting

in secondary electron emission and some sputtering.

The energy of ions incident upon the substrate
depends on the applied a.c. field, as illustrated in
Figure 3. V(t) 1s the potential of the smaller

electrode, V(p)y the potential of the glow itself.
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There is also a dependence on
the area ratio of driven to grounded surfaces and on

which electrode the substrate is placed.

Y(p) Plasma potential 1

+V V(t) D.C. Bias
< Larger

0 4V(p) | ’{_—mnuwc
v | e

V(1) R
* T Smaller

Electrode

Y(t)
Smaller Larger
Electrode Electrode

Figqure 3.

Potential Distribution Across the Plasma.

1.3.2 )Species Production in Discharges.

Apart from electronic excitation as a result of a
comparatively low energy inelastic collision between
an electron and a molecule, fragmentation of the
molecule can also occur. This leads to the

production of atoms, radicals and negative ions,

e.g.:
(F+ e --> F* + e --> F + hvp)
Oy + € =—==- > 20 + e~ -=--> 0 + O~
CF4 + &7 —=———> CF3 + F + e~
C2F6 + &7 —-—==> 2CF3 + e~

and these species are the ones responsible for the
etching of the substrates, since the parent
molecules react only slowly or not at all without a

discharge present.
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Electron impact ionisation in the discharge is
the primary ion generation mechanism, but this can

also cause simultaneous fragmentation, e.qg.:

(05 + e” ====> 0% + 2e7)
CF4 + e~ --=-=> CF3% + F + 2e~
CFy + e~ --==> CF3% + F~ + e~

The loss of electrons and ions from the discharge
occur by a combination of recombination, diffusion,
attachment and drift. Electron recombination or
attachment with a molecular ion <can also be
dissociative. Atoms and radicals are lost by either
homogeneous or heterogeneous reactions:

M -===> Ay + M

A+ A+
* M —-==> A + M

A

Typically the plasma reactor contains 70-98%
reagent gas molecules, 2-20% etch product molecules,
0.1-2% radicals and finally 0.001-0.01% charged

species{3},

1.4 )Previous Studies.

1.4.1 )Halocarbon Plasma Etching.

R.F. discharges ' in flowing mixtures of
halocarbons and hydrogen or oxygen are known to be
efficient and selective 1in etching surfaces of
semiconductors and overlying films. Recently there
have been several good reviews of these

processes{74-94}, It 1is clear that most of the
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improvements in plasma etching processes have been
largely empirical with, for example, the effects of
changes in discharge power or amount of substrate on
the etching behaviour being studied. An idea of
some of the processes that can occur, for a CFy
plasma are shown in Figure 4, noting that in the
absence of a discharge CF4 does not etch Si since it
does not chemisorb. Fluorine on the other hand is

known to spontaneously etch Si.

CF4 ==> CF3°* + F* ==> CF3* + F* ===> CF* + F-
(Ions are also produced)

Third processes by collision with energetic
body ions, neutrals or electrons{95}.
v
CoFg etc.

<-- polymerising =-species- etching =-->

Fiqure 4.
Collision Induced Decomposition of CF4.

The reason why halocarbon gases are used instead
of, for example, F,, HF or XeF, is ease of handling,
and more importantly, if there 1is preferential
polymer formation on the substrate the polymer film
may act as an etch stop. This will prevent or slow
further attack giving an etching selectivity.
Anisotropy can also be enhanced by polymer
deposition masking the sidewall, which is not
subjected to ion bombardment, and thus passivating
it against chemical attack. However excess
deposition of material, either inorganic{96-97}) or
organic{98-99} can lead to problems of inconsistent

etch rate and poor pattern transfer. On the other

1 ) INTRODUCTION. 23



hand as the films are pin-hole free, in some cases
controlled film build up can be used to advantage
for sealing of devices, planarization, or insulating
purposes as for example as capacitor dielectrics.
Organic deposition processes are more fully

discussed in Section 1.7.

1.5 )Effects of Ion Bombardment.

In capacitively coupled systems, both the driven
electrode, grounded and floating surfaces are
subject to ion bombardment{100-105}  This effect,
together with the relative concentrations of species

such as F and (CFy)p present in halocarbon plasmas,

account for major phenomena such as:

1l.Ion enhanced polymerization:
(CF2)pn + Xt/~ ====> (CFa-x)n (s)-
2.Ion enhanced fluoridation:
F(g) + X/~ ---—> MFy (4) Volatile fluoride.
F(g) + X/~ ----> MFy (5) Involatile fluoride.
3.Chemical sputtering of deposited material:
(CFa-x)n + F(g) + X¥/~ ====> CpFonis
4 .Physical sputtering:
M, MFyx (s)y -- X'/~ --> sputtered neutrals,

secondary ions

where M is electrode material and X'/~ is any active
ion. Often it 1s observed that samples on the

grounded electrode, subject to low enerqgy
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bombardment, may form polymeric material; while
samples on the driven electrode, subject to
energetic ion bombardment, may etch predominantly.
This is 1illustrated later in Figure 5. as the two
points at the same gas composition, but differing
biases. The driven samples may also show a profile
with an enhanced vertical etch rate over the

horizontal -anisotropic etching.

There are several possible steps in the etching
mechanism that could be proposed to explain
anisotropy, due to the ion bombardment caused by the
acceleration of charged particles across the dark
space. This can cause an effect due to a combination
of all or some of the following factors{106-107},
There is firstly chemical attack by incident ions by
impact dissociation of reactant molecules and ions.
There 1s the formation of surface and several
monolayers deep damage and defects that can catalyse
or enhance chemisorption or etching compared to an
undamaged surface. There also may be the provision
of some of the reaction energy required, by momentum
transfer, for activation of ©processes at the
surface, and also stimulated product desorption or
removal of involatile residues and any polymer films
formed. Thus material exposed to the bombardment
will be removed and hence allow access to the
substrate, (the polymer breakdown species may
themselves take place in the attack), but material

deposited on the sidewalls will ©protect the
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substrate against attack. This mechanism of polymer
sidewall passivation has a major application in
allowing dry etching of deep vias in GaAs
substrates{110}, Thus the etch rate normal to the
surface 1is enhanced but not the lateral etching
rate. This mechanism also gives an explanation for
two observed effects, viz why samples mounted on the
driven or smaller electrode show greater anisotropy
(the voltage offset is greater here than for the
grounded electrode); and why there is an increase as
the pressure is lowered (the ion mean free path and
subsequent energy increases). This was examined by

Coburn and Winters{108-109}  yho studied the

reactions of Si, SiO,, SiC, and SiNy with XeF,;, F,,
and Cl, and the enhancements 1in rate caused by

energetic radiation ions and electrons. It was

/
found that the etch rate of a surface subjected to
energetic ion bombardment 1in a simulated plasma

etching system was greater than the sum of etch

rates of chemical attack and physical sputtering.
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1.6.1 )oxygen Additions.

S8tudies on S8ystems by Optical Spectroscopy.

Some of the earliest semiconductor orientated
examinations of the emissions from a discharge was a
study of photoresist stripping in an Oxygen
discharge by Degenkolb, Griffiths et a1{1l24-125} py
monitoring electronically excited CO and OH in both

the UV and visible regions of the spectrum.

The first comprehensive study was done Dby

Harshbarger et a1{126-128} They studied the optical
emission from CF4/0, in a simple parallel plate
system. The species monitored were atomic O and F,
and molecular CO. They observed a large increase in
the emission of F, when a small amount of O, was
added to the fluorocarbon plasma, and an increase in
the rate of etching of Si and SiNy. The emission
intensities of both F and O were found to be
significantly lower when the plasma was actively
etching these materials as well. This was used as an

end-point monitor and as a diagnostic tool. Flamm et

al{l129}  showed that though the F atom emission
increases with the amount of added 05, to about 20%
O,, the corresponding curve for the increase in etch
rate of the Si substrate peaks earlier. This was
shown by titration with Cl, not to be due simply to

the concentration of fluorine, as measured by the
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atomic emission of excited state F. This was
proposed to be due to a competition between 0 and F

for chemisorption onto the Si surface.

As the percentage of 0O, added to a fluorocarbon
gas plasma is increased the Si etch rate increases,
passes through a maximum at about 8% 05, and then
decreases. The corresponding Si0, etch rate
increases less dramatically to a maximum at about
20% O5. The F atom density in the plasma also
increases as can be seen by the 703.7 emission
intensity. This indicates that the function of
oxygen is to remove carbon from both
CxFy{122,130=133}  ana cyc1,{134-136} molecules in
the gas phase; and also from species adsorbed on the
Si surface. This increases the active fluorine

concentration allowing for highly selective etching

of Si over SiO5 by:

* Reaction with the carbon on the surfaces
liberating fluorine and also lessening the number of
fluorine atoms that would be consumed by reaction
with this adsorbed layer to form species such as
CoFg. More of the silicon surface is also exposed.

* Reacting with CF3, both on the surface and in
the gas phase, to 1liberate more fluorine for

etching:

CF3(abs) *+ O => 3F(aps) + CO  Surface Reaction.

or

CF3 + O => COF, + F => CO + F, Gas Phase.
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ii) Excess O, 1leads to chemisorption on

surface -blocks fluorine attack (’/Si0O2’ etching by F

is slower). The etching gas 1is also ultimately
diluted.
In terms of the F : C model the ratio 1is

increased by addition of O3, (or even CO; or N3O)
because more carbon than fluorine is consumed. Also
the effect of the oxygen in the SiO; lattice is to
locally increase the ratio thus allowing etching to
proceed as though the incident plasma had a greater
F : C value. Addition of fluorine to the discharge
can also be predicted in terms of increasing the

ratio, hence the etch rate of silicon is increased.

1.6.2 )Hydrogen Additions.

Studies on Systems by Optical Spectroscopy.

D’Agostino et alll38-139)  examined CyxFy/Hj

systems to obtain information as to the 1likely
decomposition channels for these gases in an R.F.
discharge. From this they concluded that the most
likely polymer forming species were CF and/or CF,.
For Si, at least, they proposed that the etching
species present were fluorine atoms. This was

extended further by Millard and Kay{1l40} who showed

that there was a relationship between
difluorocarbene emission and the rates of polymer

deposition. They found that the spectra obtained
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from inductive plasma discharges of fluorocarbon
gases, including CF4 and C3Fg, had the emission from
CF, for primarily polymer forming gases, and the
emission from CF for the etching gases as one of the
main features. Addition of H; to CF4 reduced the
fluorine atom emission and also increased the CF,
emission. They saw the HF spectrum as well provided
there was greater than 8% H; in the discharge. In a
parallel plate reactor they found that there was a
linear relationship between the emission from CFj
and the rate of polymer formation as a function of

changing power or flow rates.

As the percentage of H, in a fluorocarbon plasma
is increased, the etch rate of Si and photoresists
is monotonically decreased, reaching almost 2zero at
about 40% H,. There is however little effect on the
Si0, rate except at very high H, concentrations when
there is a dilution effect. The addition of hydrogen
or hydrogen containing molecules to the feed gas of
the plasma suppresses the F atom concentration by
scavenging to form HF and there is an increase in
the deposition rates of polymeric material. However
even H, plasmas themselves can be used to etch Si,
Si0, and III/V semiconductors such as GaAs, but
probably the mechanism has a high sputtering

component as well as hydride formation.

The combination of the Si and SiO; rate changes

gives a reversal in selectivity allowing SiO5 to be
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selectively etched over Si. This effect is also seen
when fluorohydrocarbon plasmas such as CHF3 are
used, or the F atom concentration is reduced by the
presence of large areas of F consuming materials
including the substrate, (the loading effect).
Overall the difference between Si and SiO; etching
is the presence of the oxygen in the SiO; lattice,
which is 1liberated as the reaction proceeds. This
can react with the carbonaceous 1layer that is
forming on the surfaces during the reaction from
dissociation of CF3 or other fluorocarbon radicals
upon being chemisorbed to form volatiles such as CO
CO. Thus in the case of SiO, etching, added 0O,, or
H> has little effect, however with an excessive rate

of film formation all etching will eventually cease.

In order to achieve a high selectivity for the
etching of Si rather than SiO; the Si etch rate must
be made to exceed the SiO, by a reasonable factor.
One way this can be achieved is by increasing the
active fluorine concentration. Methods to achieve
this include adding O, to fluorocarbon plasmas or
the use of inorganic fluorides such as SFg, NF3 or
XeF,. To reverse the selectivity when etching
through an oxide layer to underlying silicon for a
contact hole for example, free fluorine must be
suppressed and the larger fluorocarbon fragments
such as CF3 and CF, increased. Either H, can be
added or the gases with lower C:F ratios employed

such as C3Fg or CHF3. The exact process conditions
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are found to be highly reactor dependent as the
system must be operated very close to the

polymerisation/etching borderline for maximum

selectivity.

Again the F : C ratio model predicts that
increase in substrate area or addition of Hy will
consume F atoms without affecting any carbon thus
reducing the etch rate of silicon. Similarly the use

of gases such as CHF3 or C3Fg will have similar

effects.

1.6.3 )The Role of Other Gas Additions.

When gases other than O, or H; are added to
fluorocarbon plasmas{357,498-502} their effects can
be divided 1into either their influence on the
physics of the discharge, affecting the electron
energy/distribution; or may themselves take place in
the chemistry. In the first case they may be
electron donating species, electron acceptors or
possibly simply as dilutants; in the second they
could have an influence on the kinetics and

mechanisms of any polymer formation.
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1.7 )Fundamentals of Plasma Deposition.

1.7.1 )Deposition of Inorganic Materials.

Interest in low temperature deposition processes
for the semiconductor  industry{20,150-152)} jg

focussed on three main areas:

l. Semiconductors for use as solar <cells,
photoreceptors, or thin film transistors. Some

examples are PECVD of aSi:H at 220°C, and MOCVD of

GaAs.

2. Deposition of insulating films for interlayer
dielectrics or passivation purposes: encapsulants
for planarization or hermetic sealing using SiO,,
SicC, SiOxNy, or even organo-silicon polymers. Plasma
deposited SiNy is frequently found as a dielectric,
and phosphorosilicate glass (PSG) grown by
simultaneous oxidation of silane and phosphine at
low temperatures (350-500°C) and with about 8%P by
weight 1is a popular choice for a planarising or
sealing layer. Organic polyimide films have been
tried for this purpose{l33}, bput so far plasma
deposited organic polymers{®7}) have not found

widespread use.

3. Metallisations using metals, alloys or

silicides.
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The advantage of glow discharge process is that
sufficient energy is supplied for the reaction at a
relatively low substrate temperature, thus
minimising thermal effects such as the diffusion of
shallow junctions and the interdiffusion of metals.
The problems of pin hole formation from dust

generated by sputtering and LPCVD systems can also

be minimised.

1.7.2 )Polymer Films.

There is a growing interest in plasma polymerised
materials due to their unique
characteristics{154-156} The basic types of 1layers
that can be produced are General Organic Polymers,
usually CyHy(O,N), and related materials{157-165},;
Fluoropolymers which are of particular interest to
this study; and Metal containing Polymer films which
consist of finely divided material in an inert

dielectric matrix.

The wide differences between the formation and
stability of hydrocarbons and fluorocarbons in a
glow discharge can often be explained by
consideration of the relevant bond energies such as
C-F/C-H and H-H (436)% F-F (157)% H-F (569)% and the

L seen by the )
difference in stability asLheat of formation of the

two radicals CH, (+423)% and CF, (-194)%X For more

values see the section "5.3 Thermodynamic
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calculations". These values were used, particularly
in conjunction with the data obtained from the gas
breakdown studies in the mass spectrometer, to

understand the polymer forming behaviour of the

systems.

1.7.3 )Fluoropolymers.

The use of plasma polymerised fluorocarbon
monomers has developed to a 1large extent from
firstly the work done with hydrocarbon materials
(with the aims of producing more chemically and
thermally stable polymers); and secondly from their
formation as a by-product of high selectivity gas
mixtures used for etching. The 1latter has 1led to
attention being concentrated on their cause and ways
to control their formation while using low F:C ratio
etching gases or mixtures{166-169} yuysed to enhance
or reverse the selectivity of Si to SiO, during
etching. As already stated, polymer formation which
can ultimately stop the etching is favoured by
factors such as low F : C fluorocarbon plasmas, low
ion energies and D.C. bias voltages, and 1low
pressures. Excess polymer formation on the walls of
the reactor, as well as on the substrate, can cause
problems with the absorption of contaminants which
are subsequently released. They can also degrade at

later stages in a multistep sequence in the same

1 ) INTRODUCTION. 37



chamber, which could release fluorine as an

undesirable etching agent during, for example, an O,

based dry resist strip.

1.7.4 )Metal Containing Polymer Films.

Interest in metal containing fluoropolymer films
has arisen for two main reasons{170-192} Firstly
to extend the scope and usefulness of the
fluoropolymers because of their novel electrical,
magnetic and optical characteristics; and secondly
as a means of studying the behaviour of the metal
clusters either as isolated or interacting species
in a dielectric matrix. Conversely the modification
of the physical properties of the matrix as a
function of the incorporation of the clusters can be
studied. There are five main routes to these

materials:

1. The evaporation in vacuum of separate metal
and polymer sources{170},

2. Cosputtering from a composite or separate
targets{171),

3. Plasma polymerisation of organometallics{172},

4. Evaporation of metal in a system where plasma
polymerisation is taking place{173-174},

5. Sputtering of metal from an electrode in a
system where simultaneous plasma etching and

polymerisation is taking place{175-192)
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The 1last method is of most relevance to the
present work and has also been the most widely
studied as a method of examining electrode processes
during plasma etching{180}, The bulk of the studies

have been done by Kay and coworkers at IBM. with

Co, Ge, Mo, and W driven electrode
materials{181-188}  yith mainly C3Fg or C3Fg/Ar as
the fluorocarbon monomer. Other electrode materials
used include Au(188-189) A1(190-191}, and
co/al{192}, of the different processes proposed for
the transport of the electrode material the most
likely are ©physical sputtering of the parent
metal{188-189}  gsputtering of involatile fluorides
such as CuF, CuF,;, and CoF;, or by chemical reaction
followed by 1loss of volatile fluoride e.g. MoFg,

which then incorporates into the growing polymer

film.
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1.8 )Purpose of the Present Work.

The production of Si devices is a complex and
expensive process. The yield of usable die from a
wafer can be very low, and thus it is essential to
understand the processes that take place during
plasma etching to achieve improvements 1in at least
one area of device fabrication. In this study an
apparatus was designed and constructed to
investigate the conditions under which polymer
deposition occurs during etching of systems
consisting of a layer of metal, oxide or photoresist
on a silicon substrate, in a range of fluorocarbon

gas plasmas.

Optical emission spectroscopy was used to measure
excited species in situ, this technique having
previously been shown to be very useful in
identifying important gas phase species. The rate
of polymer film formation or etching was monitored
by the use of a quartz crystal microbalance. Mass
spectrometry was also attempted. 1In addition, the
deposits themselves were subjected to a range of
characterisation techniques. The most useful were
X-ray Photoelectron Spectroscopy and Auger Electron
Spectroscopy, Rutherford Backscattering
Spectroscopy, Elastic Recoil Detection Analysis,
Thermogravimetric Analysis, and Infrared

Spectroscopy.
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From this work, some of the polymer deposition
characteristics of these fluorocarbon discharges
have been further rationalised. The usefulness of
reliable ways of end-point monitoring{193-195)
methods were also borne in mind. Current methods
include; optical techniques such as
fluorescence{196-197} = opserving changes in atomic
or molecular emission{198-203} a5 a function of
time, e.g. F atom{1l99}, mass spectrometry{200-206},
laser interferometry{207-212) and other

techniques{213-216},

Chapter 2 details the design and construction of
the apparatus wused for this work, followed by
preparative work on the samples and electrodes. In
the following chapter analytical techniques used to
investigate firstly the surfaces of the samples and
the electrodes, and then the bulk properties of the
materials are discussed. The data obtained by the
various techniques is then assessed, followed by a
discussion of the results obtained from (1) pure
fluorocarbon and (ii) fluorocarbon/hydrogen

mixtures.

The appendices also describe some subsidiary work
done with a controlled atmosphere scanning electron
microscope, some studies of cracking patterns of
fluorocarbon gases 1n a mass spectrometer, and

finally some thermodynamic values.

1 ) INTRODUCTION. 41



2 )EXPERIMENTAL.

This section deals with all the basic
experimental work in constructing the apparatus and

sample preparation.

2.1 )Design and Construction of Plasma Riq.

At the commencement of this work there was no
suitable facility available at Harwell for
conducting experiments on fundamental aspects of
plasma etching/deposition. Considerable time was
therefore devoted to the design and construction of
a suitable rig. This section deals with the
evolution of the current hardware and the present
state of the apparatus, a photograph of which 1is

included in photographs in the Appendix.

2.1.1 )Support Frame.

Square-section tubing was supplied for the
initial framework. This was soon replaced by a base
frame 75cm square by 180cm in height constructed
from 1" Kee Klamps units and 1" galvanised pipe.
This enabled changes and additions 1in equipment to
be readily accommodated. Some sections of pipe were
subsequently replaced by synthetic laminate

insulating rod so as to break any continuous 1loops
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of metal that could act as resonant aerial lengths.
With large amounts of Radio Frequency Interference
found to be present, a lot of effort was put into
reducing its effects. This 1led finally to the
adoption of a star earthing system, where all
electrical wunits are only earthed by one common
point. This is explained in more detail in "2.4.1
R.F. interference problems". The main copper earth
block of the star earthing system was mounted on the
top aluminium plate on a high voltage insulator. A
cable was taken this block to the main building
earth and thence to a local substation. This gave

less than 3 ohms resistance to earth.

The bottom aluminium plate provided a base for
the vertical reactor assemblies plate and the
horizontal reactor system. The 1latter was itself
built into a smaller frame, also made out of
insulated rod. This second framework also carried
the R.F. power matching unit. The 13.56MHz R.F.
power from the cathode end of the matching unit coil
was fed directly to the electrode via a cable which
was as straight and short as possible to minimise
inductive losses. On the underside of the lower
aluminium plate was bolted the main diffusion pump,
as was the R.F. head electronics for the quadrupole
mass spectrometer. This was mounted on a small

insulated plate below the main bottom plate.
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Attached to the 1lower part of the frame but
electrically isolated from it; were the mass flow
meters, valves and mixing chamber for the gas flow

system (see Figure 12).

A side rail supported the weight of the magnetic
isolation valve and main valve D, which was
connected by a short flexible pipe to the baffle
chamber, which smoothed the pump flow and trap any
particulate matter which might otherwise damage the
main pump. A flexible length of pipe connected the
pumping system to the reaction chamber and along
with anti-vibration mounts on the base of the rotary
pump prevented movement being transmitted to the
main framework and thence to the reaction chamber
and sample. Any vibration here was found to affect

the quartz crystal microbalance.

The frame can be enclosed on all four sides, if
necessary by wire mesh to make a Faraday cage as a
further measure to reduce Radio Frequency
interference. These screens and the frame itself
were earthed by means of copper straps as was the

pump system.

A lathe bed was modified to support the optical
spectrometer and the associated quartz focussing
lens and focal point translation mirror. The
horizontal travel of the lathe bed and the x,y,z
mirror mount allowed the spectrometer to view

different regions of the discharge- radial for

2 )EXPERIMENTAL. 44



barrel systems, or 1linear for parallel plate (see
Figure 18). All the associated electronics for the
spectrometer system were mounted on and earthed to

the lathe bed which was in turn earthed directly to

the copper earth block.

2.1.2 )Vacuum System.

Current requirements of the semiconductor
industry are for vacuum systems with pumps and
fluids that are proof against many corrosive
materials{219-222)  Both reactant gases such as
O,,Hy, AsH3, and PH3; and by-product gases such as
SiF4, HF, and HCl have to be safely pumped without
allowing them to reach explosive or toxic
concentrations. With this in mind, considerable care
was taken in the design of the pumping system for

this apparatus{223-225},

For nearly all of the experimental work the main
pump for the rig was a single stage Edwards
mechanical rotary pump, model ISC 450B, with a swept
volume of 33.3 1hr~l and an wultimate vacuum
(hydrocarbon o0il) of 5mT. This pump was modified by
thorough degreasing and the adjustment of tolerances
on rebuilding, to run on Montedison Y-25G Fomblin
0il. Fomblin fluids are fluorinated polyethers,
often described as a ’‘liquid PTFE’, with general

formulae CF30 (C3FgO)p (CF20)p CF3, and the use of
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this Fomblin o0il was recommended as a means of
avoiding pump and oil degradation{226}, The oils are
chemically inert below 300°C, to the species found
in plasma effluents, e.g. halogens, halogenated
compounds, oxygen and acids. The pump was at all
times gas-ballasted with, for example N,{227},6 since

the Fomblin oil has a greater tendency to absorb gas

than hydrocarbon oils.

With the roughing pump running, typically at
about 50°C, an ultimate vacuum of 25mT was obtained.
Though by no means ’‘high vacuum’ this 1limit was
sufficient for the processes for which the system
was designed. Common operating pressures for
commercial Planar Etch and Deposition reactors are
about 200-1000mT; and Reactive Ion Etch systems are
operated at pressures between 2mT-100mT. It was
noticeable that the rather high vapour pressure of
the o0il leads to significant losses when the system
was running at high gas throughputs and gas ballast,
so an outlet mist filter was fitted later to recover
the fluid that was exhausted, particularly during
pumpdown. It could be seen that an emulsion was also
formed with water vapour. Though degradation of the
oil itself was not found, occasional filtering and
drying was required since acid residues were visible
floating on the liquid surface. The pump must be run
continuously or exposed 1internal metal surfaces
would readily corrode as the o0il 1is non-wetting.

Particulate matter accumulated also, despite the
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trap, which ultimately caused scoring of the pump
chamber leading to an irreversible 1loss of pump
efficiency. Subsequent analysis by Infrared showed
that the particulate matter strained out of the oil
was composed mainly of a mixture of metal fluorides
from attack of the pump surfaces and (0-Si-O)p
polymeric material. Adequate exhausting of fumes was
required because there 1is production of free
fluorine when the reactor was run, and also if the
Fomblin oil temperature exceeds 300°C. Other species
generated in the effluent can include COF,, HF and

SiF, =-all highly toxic{228},

An alternative was the wuse of a standard
hydrocarbon 0il1{229}, It has the disadvantage that
it degrades slowly under the corrosive running
conditions but 1is comparatively cheap to renew and
produces a better vacuum overall. Since the oil is
wetting it protects the pump if it stops for any
reason, the Fomblin o0il 1is better at preventing
damage to the pump when actually running -probably
due to the fact that the aqueous based effluents and

Lewis acids do not dissolve in the oil.

Major problems with reproducibility in commercial
systems are known to be qualitatively caused by the
chamber being exposed to atmospheric water and
contaminants when the reactor 1s 1loaded and
unloaded, SO in the present system unwanted

contaminants were minimised. The system was brought
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up to atmospheric pressure with high purity Argon.
Argon was used instead of N5 so that a leak could be
readily detected by the 1initial colour of the
plasma. After roughing, the chamber was hard pumped
with the help of an additional air cooled 150 1lmin~1
nitrogen cold trapped oil diffusion pump type EO2,
filled with 75cm3 of Dow Corning 740 oil after each
sample change. A 50 watt oxygen plasma was then run
for 15 minutes, before running as a plasma
etch/deposition system. This however was seen to

cause sputtering of electrode material in a few

cases.

The system could be set up in three different

ways, the roughing pump being run continuously (see

Figure 7).

i) Standby
Overnight.
Valves B,C,D open; A closed
Diffusion pump heater off.
Longer periods.
Valves A,D open; B,C closed
Diffusion pump heater off.
Ultimate chamber pressure 25mT.

ii) Pre-run
Valves B,C,D open; A closed
Diffusion pump heater on.

Ultimate chamber pressure < 10~2 Torr.

iii) Run (or roughing pump down.)
Valves A,D open; B,C closed
Diffusion pump heater off.

The operating chamber pressure could be from 1mT
to near atmospheric, but was typically in the region
of 200-500mT. At present the combined use of input

gas flow control and valve A as a throttling valve
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stainless steel plate which was directly clamped to
the end of the tube. This plate was fitted with a
central gas inlet, spectral observation port, an
insulated contact for the driven electrode and two
welded Swagelock fittings for the cooling water feed
and return for the ground electrode. At the other
end a second plate had connections for a vacuum
outlet, manual air-~admittance valve, Pirani port and
a fitting for a central electrode, as shown in
Figure 8. The Pirani head has been replaced by a
capacitance manometer gauge, as detailed in "2.2

Pressure measurement'.

Side ports of smaller bore pipeline were fitted
onto the main glass tube to accommodate ancillaries
such as the mass spectrometer for which a 300mm
length of 40mm bore pipe was inserted at right

angles to the tube axis.

R.F. power was initially supplied to the system
via inductive coupling so that the optical spectra
of the halocarbon plasmas could be examined with
minimal electrode effects. To confine the plasma
more and to obtain conditions similar to commercial
systems the present capacitively coupled electrode

system was designed and installed.
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2.1.4 )Electrode Assemblies.

Both inductively and capacitively coupled systems
were used in this study, the initial spectroscopic
measurements being made with the inductive system
and most of the etching and deposition work being

done with a capacitively coupled electrode assembly.

2.1.4.1 )Inductive Electrodes.

The driving electrode was a water cooled copper
coil. This was used either coiled around the
outside of the pyrex pipeline, or remotely mounted
close to the apparatus with power tapped off from
the coil to a separate stainless steel mesh wrapped

around the reactor{231-232},

Two types of central electrode assemblies were
utilised. The first had a fixed central electrode
made of —copper tube, Figure 10(a), thermally
isolated by a short 1length of poorly conducting
cryogenic stainless steel tube. Knowing the mass
(241.3g), the plasma power at the electrode could be
measured by the rate of heating with time as
measured by a thermocouple inserted in to the
copper. This setup was also used as a support for
tubular samples. It was attached to the end-plate,
but electrically isolated from it by a glass sleeve,

and thus could be earthed, floated to near the
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plasma potential or held at a fixed potential. The
second, Figure 10(b), allowed the electrode to be
detached from the end plate and was designed for the
purpose of monitoring potential electrode material
behaviour. Two major designs were used, firstly
various metallic electrodes for corrosion and
deposition studies, and secondly substrate holders
for etching work on the Si/Si0, system made from
e.g. PTFE, SiO;. These also contained single wire
Langmuir probes for measurements of the electrical
characteristics of the plasmas as well as
thermocouples. Again the electrodes were
electrically isolated from the grounded end plate by
a glass sleeve. Both plates had installed in them
pressure measuring and pumping ports. The apparatus
was used in this configuration to study both the
spectroscopy of the fluorocarbon plasmas without the
influence of samples and electrodes, and as a
’barrel’ etching system to study isotropic processes
such as photoresist degradation. Some erosion of the
glass tube was noticed so the discharges were never

completely free of substrate effects.
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2.1.4.2 )Capactively Coupled Electrodes.

A characteristic of this type of system is that
the voltage offset{233}, caused by the differences
in mobilities of the ions and electrons, gives
positive ion bombardment of the driven electrode.
This can lead to sputtering of @potentially
catalytically active material which <can <cause
polymer formation either in the gas phase or on the

substrate surface. Typical values of elemental

sputtering rates are given in Table 2.

Argon ion energy.
_100ev | 200ev | 300eV | 600eV |
Al 0.11 0.35 0.65 1.2
Si 0.07 0.18 0.31 0.5
Ti 0.081 0.22 0.33 0.6
Vv 0.11 0.31 0.41
Cr 0.30 0.67 0.87
Fe 0.20 0.53 0.76
Co 0.15 0.57 0.81
Ni 0.28 0.66 0.95 1.5
Cu 0.48 1.10 1.57
Ge 0.22 0.50 0.74
Mo 0.13 0.40 0.58 0.9
Ta 0.10 0.28 0.41 0.6 It
W 0.068 0.29 0.40 0.6
Yield in atoms per incident ion{234)
Table 2.
Ssputter rates for bombardment by Art.

The reason for the choice of titanium for some
current etchers, despite the volatility of the
fluoride, can be seen in terms of the low sputtering
rate for this material. Sputtering of impurity
elements present in the parent material, especially

true for Group 1 metals{236},  can have long term
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effects on device characteristics as the slow
diffusion of the ions can lead to a time-delayed
device failure. They form deep 1level traps and
affect minority carrier 1lifetimes and junction
leakage currents. It was found in the present system
that with most electrode materials a fine residue
was left on the surface of the etched sample due to
micromasking effects of sputtered electrode material
except 1in the case of Ti and Carbon and could
normally be seen in the SEM. It should be borne in
mind that all surfaces in the reactor can also serve

as recombination sites for reactive species produced

in the discharge.

For most of the etching and deposition
experiments, the top driven electrode was
constructed from a metal sheet with a tab to couple
to the power feed. After considerable evolution the
design shown in Figure 1l1. was used as it proved to
be very reliable. This is a coaxial arrangement with
a 3mm stainless steel conductor inside an earthed
length of 6mm stainless-steel tube packed with
ceramic beads which act as spacers and high voltage
insulators. This arrangement also helped reduce the
unshielded length of R.F. conductor. Ideally this
electrode should be watercooled, as incorporation of
a thermotropic strip indicated that the temperature
during the fluorocarbon plasmas was 1in excess of
260°C. The consequences of this high temperature

with respect to the type of polymer formed are
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2.2 )Pressure Measurement.

The vacuum pressure of the system was measured by
three PR-10K Pirani heads connected to an Edwards
model 101 controller. The first was just above the
roughing pump particulate trap, the second was above
the diffusion pump baffle valve and the third
connected directly to an end plate of the chamber
coupled to the pump. Despite filters in the power
supplies the readings when the system was running
were not accurate due to the R.F. fields. The
pressure readings were subject to correction, even
when the power was not applied, because they were
calibrated for systems where the thermal properties
of the gas were the same as air. Slow degradation
of the heads was found due to the hollow cathode
effect formed inside the gauge -despite an earthed
mesh across the orifice; which enhanced the reaction
of fluorine with the tungsten filaments, leading to
their eventual breakage. Therefore a capacitance
manometer pressure measuring system was obtained to
replace the Pirani head connected to the chamber.
This consisted of two metal diaphragms forming a
capacitor whose spacing changes as a result of
pressure changes on the vacuum system side of the
diaphragm. This change in capacitance is measured
and related to the system pressure{237}, The unit
was coupled to a three gas mass flow controller on

the input to allow control of pressure in the system
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by changing the total flow but maintaining a
constant ratio, to improve reproducibility. A
further refinement would be a throttle valve fitted
below the etching chamber and interfaced with the

present pressure/mass flow controller.

It should be noted that these systems have a
potential for end point monitoring, as there can be
a change in total system pressure indicative of a
change in ’‘chemistry’ as a film is etched through to
a substrate. In this system this was done by
observing if there were any changes in total gas
flow as the controller readjusted to maintain the
set point pressure, the pumping speed being kept

nominally constant.

2.3 )Gases and Flow Controls.

The tubular reactor system was initially
commissioned on high purity Argon gas, since there
was on site experience with Argon plasmas at
Harwell. A 5psi feed from a standard regulator was
fed to the rig through a leak valve to obtain the
characteristic blue argon colour due to the visible
atomic 1lines. This helped to check for leaks and
contamination problems, and to set up the original

spectrometer.
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After trying various systems, most work on the
pure gases was done with a Brookes model 5841 dual
channel mass flow controller, allowing reproducible
mixtures of two gases to be established. The first
check was to calibrate the unit using a bubble
flowmeter. The set up was used to mix a halocarbon
gas- CF4, C3Fg, C3Fg, or CHF3 with either 0, or Hjp,
inert gases, when used, being mixed in from an
Edwards leak valve. All of this was finally
replaced by a MKS 254 three gas controller that can
be programmed to flow at set rates, or ratio the
gases at a set chamber pressure. It has in fact
proved very difficult to set up the flow-controller
so as to control the pressure by varying the flow
rates in proportion to each other. This is due to

the distance between the pressure measuring point in

the chamber, and the flow valves, which 1is
constrained by R.F.I. and other design
considerations. Two lines are connected to

halocarbon gases, and the third to either the oxygen
or hydrogen cylinders via appropriate regulators. An
interlock was used so both H,; and O, could not be
run simultaneously for safety reasons. Maximum
flows for the halocarbon gases were 20cc min~1
except for C3Fg (15cc min~l). This was due to the
large differences in specific heat capacity of the
gases compared to the standard; N, = 1.0, for which
the mass flow controllers were calibrated. Though

there was a facility for dialling in a gas
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Among the factors to be considered were the
changes in reagent concentrations{238} possible by
combinations of pressures and residence times from
control of gas 1input rates and pump exhaust
speeds{239-243} | ywork was also started on the roles
of different carrier gases, since this can have a
major effect on the plasma characteristics and hence
etching and polymerization behaviour. Additions such
as He, Ne, Ar, Xe and SFg and other electron sinks
have been used, but not chlorine containing gases as

the mass flow controllers have not been adapted to

pass these corrosive gases.

2.4 )R.F. Generators.

The most used source of radio frequency was a
HFS-500E 13.56MHz generator with a maximum output of
500W, manufactured by Plasma-Therm Inc. This source
is widely used for commercial sputtering, plasma

etching, welding and spraying{244},

An alternative source was a nominally 2MHz Radyne

generator for investigating frequency dependent

effects{259-266}

The HFS-500E is a crystal controlled oscillator
in a Colpitts circuit driving a buffer which in turn
drives the R.F. power amplifier. A block diagram of
the generator is given in Figure 13., and of the

matching unit, after modification of the component
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values, in Figure 14. The output of the generator
was into a 50 ohm quarter wavelength coaxial cable
which was fed into a MRC matching unit, as a
source/load tuner. The function of the matching unit
is to match the output impedance of the generator
(50 ohms) into the load impedance (plasma), and to
ensure the applied voltage and current are in phase
at the load. The matching unit output in turn was
then taken directly to the driven electrode by as
short a cable as possible to minimise power losses.
This arrangement allowed the load to be matched to
the generator- 1i.e. tuned for minimum reflected
power (max VSWR). With the planar electrode
assembly the bias voltage meter fitted to the
cathode plate in the matching unit indicated due to
the self rectifying nature of the plasma (the r.f.
diode effect){245-253), The current system has the
lower electrode earthed and the other coupled to the
R.F. generator through the matching unit which has
an incorporated blocking capacitor. With the system
being run unbalanced, with the lower plate earthy,
it was found that the plasma became more stable and
easier to tune than with the barrel system. The peak
to peak a.c. voltage at the driven electrode, as
measured by means of an oscilloscope and high
voltage probe, was in the region of 1000V, offset by

about -20/50V d.c. dependent on the conditions used.
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2.4.1 )R.F. Interference Problems.

The R.F. generator was the source of
considerable interference in the low level
electronics of the ancillary equipment, particularly
the quadrupole mass spectrometer, quartz crystal

microbalance, and gas flow controllers.

In the case of the quartz crystal microbalance
for example, no readings could be taken while R.F.
power was applied to the system. Leaving the head
amplifier connected to the crystal, even though
disconnected from the control electronics eventually
led to the breakdown of all the enclosed amplifier

circuitry due to stray fields.

Problems with R.F. interference are well known in
plasma and glow discharge systems in general. As
examples, logic circuits are easily affected by
capacitance effects and spurious pulses; this
affects stepper motors, computing equipment and A/D
converters. The offset voltages affect sensitive
analogue circuits such as pico-ammeters used with
photomultiplier tubes, and obvious in this
particular system was charge build-up especially on
the quartz crystal microbalance sensor crystal.
There are also body capacity/aerial effects which

affect the reproducibility of measurements.
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The National Radiological Protection Board was
asked to assess the possible hazards associated with
the 13.56 MHz Gas Plasma equipment built, and after
measurements of the R.F. fields present they
produced several more recommendations from an
operator safety point of view. It was found that the
equipment generated fields which exceeded the limits
for continuous exposure that have been adopted or
proposed by other countries (but these standards and
codes of practice all assume whole body exposure at
an appreciable distance from the R.F. source). The
high field strengths they found with this equipment
were only observed very close to the equipment
localised at particular points such as the R.F.

power feed-through into the vacuum chamber.

As a result of this a few simple measures were
implemented. The R.F. generator was turned through
90° so that its back face was presented to the
adjacent wall to allow the R.F. 50 ohm output 1lead
to be routed well above head height. The various
monitoring instruments were mounted on the back wall
between the generator and the plasma system to
restrict access. The intense field close to the
generator cabinet was reduced by bridging the
ventilation gaps using perforated metal screens and
the same effective ventilation area was maintained
by adjusting the spacing between the generator

modules.
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To reduce the problem further, several additional
measures were implemented. As already stated in
"2.1.1 Support frame", the inner frame, its
supporting rods and main frame were partially
replaced by non-metallic rods to break aerial loops
and the grounding connections have been, as far as
possible, separated to eliminate earth 1loops.
Separate mains supplies, via voltage stabilisers,
were used to power the thickness monitor and optical
spectrometer as one system; the dgenerator as
another, and the main rack of electronics containing
the pressure measuring and gas flow systems together
with the mass spectrometer as the third. The
stabilisers here provide two main functions, firstly
they smooth the mains feed and minimise returned
ripple, and they also cope with fluctuations 1in

mains power caused by nearby furnaces.

Though these measures have helped to virtually
eliminate R.F.I., further ideas were in the process
of being implemented. These 1included an all metal
screened main assembly with good earth bonding, and
an exclusive return path for the main R.F. generator
output current with a balanced R.F. feeder. Separate
screening of the reactor inner frame was utilised to
confine the primary R.F. field., as was screening
and lead-through decoupling of all input and output

connections to the low level electronics.
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2.5 )Quartz Crystal Microbalance.

It was necessary in this programme to have a
method of measuring the accumulation or removal of
deposits{267}, This was accomplished by
incorporating a quartz crystal microbalance{268-270)
into the ground electrode block, as illustrated in
Figure 11. Initially a Nanotech unit was fitted
using S5MHz silver coated quartz crystals to measure
dynamic weight changes. This proved very unreliable
and was replaced by an Intellemetrics IL002 film
thickness monitor. This has a 6MHz crystal and is
based on digital not analogue electronics around a
8748 microprocessor, with similarities to a 2Z-80
based thickness monitor reported in the

literature{271},

The basic sensing unit for the balance was a
quartz crystal oscillator. The crystal itself was a
plano-convex plate approximately 14mm in diameter
and 0.25mm thick. It is excited into thickness shear
vibrations by the external local oscillator unit at
a frequency of about 6MHz. The exact frequency of
oscillation is determined by the mass of material
which may have been deposited on the exposed part of
the crystal surface. As the deposit builds up so the
rate of oscillation slows down and hence the
difference 1in frequency between the crystal and a
standard frequency source can be used to calculate

the mass of material deposited on the crystal
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surface. A plano-convex crystal was used since this
shape induces most of the oscillation to occur in
the central exposed region. This increases the
sensitivity of the crystal to deposited material and
allows the crystal to be firmly clamped at the rim,
so increasing the effectiveness of the water cooling
from the steel block surrounding the head. If the
crystal temperature is allowed to vary, a
temperature effect term must also be included{272},

especially for AT cut crystals.

In practice measurements of changes in frequency
of the crystal while the discharge was running
suffered from two main of problems. Firstly there
was the unequal charge build up on the faces of the
crystal, causing it to twist and thus imposing a
severe mechanical restraint on its oscillation (it
can even cause the crystal to break):; and secondly
there was Radio frequency Interference from the
plasma causing spurious frequencies in the local

oscillator.

The possibility of fitting a crystal head that
can operate when the R.F. power was present in the
system was being investigated. The best alternatives
seem to be either the use of an opto-isolator
between the head electronics and the control unit or
the use of an efficient R.F. filter system to allow
the approximately 6MHz signal but not the 13.56MHz

signal to pass.

2 )EXPERIMENTAL. 70



Previous studies.

Sauerbrey was the first to propose the use of a
quartz crystal resonator to monitor the deposition
of thin films{273-274) He made the assumption
that the deposited film would have the same effect

as an equivalent deposited mass of quartz

represented thus:

Tf - Film thickness (cm).

Nq - Frequency constant for crystal.
Pq - Density of quartz (g cm3).

f - Frequency of loaded crystal (Hz).
Pf - Density of film (g cm3).

fq - Frequency of unloaded crystal (Hz).

Often it 1is adequate to assume that (1/f2) =
(1/fq2) then T¢ is proportional to (fgq-f), but for
thicker deposits it should be noted that the film
thickness is not exactly proportional to the change
in frequency because the crystal frequency enters
into the proportionality constant and because of
penetration of the acoustic wave into the surface
film{275}. Provided that very heavy depositions were
not made however, the 1linear approximation is
adequate. In practice the proportionality constant
is made for each material and sensor crystal
location empirically, but if an approximate

calculation is adequate then:
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Ng = 1.67 x 10~3 Hz cm.
Pq = 2.20 g cm3.
f2 = 3.6 x 1013 Hz.

Quartz crystal microbalances are in frequent use
for measuring deposition rates of materials such as
optical coatings, and in sputtering systems. They

were used by Coburn and Winters in Si/Si0, etching

studies as very sensitive probes to the build-up of
even monolayers on surfaces{277), They have proved
also very useful in measuring the effect of ion
beams of, for example, CF3% impinging on Si and Si0,
surfaces. It was found, when using 500eV CF3+ ions,
with a clean Si surface deposited on the balance,
that there was a decrease in etch rate with
increasing dosage. 1900eV ions, on the other hand
showed etch rates that were proportional to dosage.
The decrease 1in etch rate at the lower ion energy
was due to the build-up of a carbon layer on the
surface which they observed simultaneously by AES.
At the higher ion energy this coverage was only
partial, and there was little impedance to the Si
etch rate. Subsequent measurements with Ar* ion
bombardment indicated that most of this etch rate
observed <could be accounted for by physical
sputtering by the incident CF3+ ions, with 1little
chemical assistance. For SiO; surfaces total
coverage by the carbon containing film could not be
achieved with the same dosages as those used for Si.

This led to the postulate that the oxygen in the
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lattice of the oxidised silicon effectively 1limits
the carbon film build-up, and can be used as an
explanation for Si/SiO; selectivity in etching that
is often observed in potentially polymer forming gas
mixtures. Hence this supports the F : C model and
indicates that the removal of carbonaceous material
as well as silicon etch products needs to be
considered in fluorocarbon plasmas. A later study
was also carried out using microbalance techniques
to examine the effect of changes in bias energy and

frequency.

Experimental.

The holder for the quartz crystal was machined to
fit flush into the water cooled ground electrode by
machining, and was sputtered with 200A of gold to
minimise contamination of the plasma and to improve
the electrical contact with the crystals fitted. A
hole was then made in the ground electrode plates
the same size as the exposed crystal area so that,
as far as possible, only the crystal surface was

exposed to the plasma.

In order to measure the rate of build up of
material on the inert gold surface, the power was
turned off every fifteen minutes and a reading
taken. Despite not knowing densities accurately,
attempts were made to relate frequency change

displayed in Hertz to the actual thicknesses of
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deposited material. Preliminary results indicated a
polymer density of approximately 2, and 0.5 Hz
change in frequency representing about 1A thickness
of deposit. This however may be an underestimation
as the tooling factors can vary for each crystal
head. The results are thus presented only in
relation to each other and not as absolute
thicknesses. Realizing the 1limitations of the gold
surface, it was hoped that a variety of surfaces
exposed to the plasma could have been tried, to
investigate the rate of polymer deposition on, or
removal of material from various potential electrode
materials, see "2.7 Preparation of samples". A
starting point would be materials such as Si, SiO,,
Al, and Ti, which could have been sputtered over a
partially masked crystal surface. An attempt was
made to expose part of the crystal silica to see if
it was possible to use the crystal material itself,
but the crystal would not then oscillate. It was
however possible to recover the crystal by recoating

the whole surface with sputtered gold.

2.6 )Spectrometers.

2.6.1 )Spectrometer -Optical.

It was decided to measure the optical emissions

from the discharge during both etching and polymer
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forming plasmas so as to obtain an insight into the
excited species present in the gas phase. A glass
window was therefore fitted onto the end plate of
the system to allow the plasma to be viewed by an
optical spectrometer. This was later replaced with a
quartz disc obtained from the end of an old hollow
cathode lamp, because of the greater range of quartz

(200-420nm) compared with pyrex glass (330-420nm).

Optical emission spectroscopy is widely used for
process monitoring and end point detection as it is
relatively simple to implement. Spectra are recorded
for plasmas that contain and do not contain the
material that is desired to be etched and the
spectral 1lines that show the greatest differences
are monitored. At the end point there will be a
change in emission intensity which can be used as a
signal to terminate the process. Both reactant and
product species can be used. This technique suffers
from disadvantages in that it 1is an averaging
technique over a whole batch and also if the areas
that are being etched are small, the change 1in
signal may also be difficult to detect. Relevant
species SO far monitored in plasma

etching/deposition studies are shown in table 3.

To overcome problems such as the build up of
polymer on the quartz window, slight variations
in applied power and system pressure, all spectra

were normalized to a mercury impurity line.
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| Emitter. Wavelengths (nm).
| CF 200-220,220~-290
| cF, 260-350
| CF3 180-300,450-750
CF4 630,1283
CN 387.1
#co* 297.7,483.5,519.8,230-271,283.3
co* 114-280,412-612,266-383
} H 656.3,486.1,434.0,410.2
| HF 486.8,435.1
| SF 748.2,731.1,730.9,703.7,690.2
: F 685.6,656.9,651.7,529.1
| Fo 651.7
|
| N 674,493.5,444.7,410.9,409.9
No 280-500
0 845, 777.2, 615.8, 533.1
0 436.8, 394.7
| on* 308.9
0, 777.7
Si 390.6, 288.2, 252.9, 252.4
si 251.6, 250.7
SiF 424-485, 777
SiF;* max-630 FWHM=260nm
SiF, 1031

General references{278-288};
End-point monitoring;
# -Resist stripping, $ -Si etch processes.

Table 3.
Species of prime interest -Optical. d

Excited species are most commonly formed by the

route:
(i) Collisions with usually secondary electrons
Parent molecule/atom ----e~----> mostly ions.
(ii) Then collisions mainly with heavy ions, e.g.
CF5(singlet) ---ions---> CFy*---> CF, + hv, or by

non-ionising inelastic collisions with electrons.
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2.6.1.1 )CF, Emissions,.

A comprehensive study of the literature had to be
made to be able to identify some of the many lines
that appeared on the measured spectra. There is an
extensive literature on the emissions of +CF, *CF,

and *CF3, some of which is outlined below({289}:

CF _emissions. The two main systems for CF are
both in the Uv{290-296}  An examination has also

been made of matrix isolated material{297}.

CF,_ emissions. The spectrum of CF; consists of a

large number of narrow red degraded bands{298-316}
The half life for CF, has been estimated to be of
the order of 1 sec, with the loss mechanism being by
slow dimerisation to form C5F4;* and subsequent
collisional stabilisation; or else by wall collision
processes. This has been examined further by
measurements of rates for dimerisation{317}. This
study also found the rates of reaction of CF,; with
olefins and O, to be very slow. This is important
when compared to the very fast rates for the less
stable CH,. Values measured for the quenching of

CF,* emission from the 1Bl state are:
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# values in units of
B values in units of

| Table 4.
lQuenching rates for CF,{318-323},

The infrared and microwave spectra are also

known{324-325}.

CF3_emissions. A study was undertaken into the

spectrum and reactions of CF3 by Suto and

Washida{326}, An IR study has also been done{327},

206.102 )SiFn EmiSSiOnS.

SiF emissions. There are seven major SiF systems
in the region 660-250nm{328-335}  There is also one

at 220-200nm found by Dovell and Barrow(336} and a

system in the infrared. Systems below 200nm are

also known.

System 660-250 nm. Transition

alpha A2sigmat - X2pi
beta B2sigmat - XZ2pi
gamma c2D - X2pi
epsilon(C’) 2pi - Alsigma*t
epsilon(D’) 2pi - Alsigmat
zeta Not known

eta ad4sigma- - X2pi

There was a delta band originally assigned but this
is now said to be SiFj.

Table 5.
L_ S8iF emissions.
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BiF, emigsions. For SiF, there is a series of

regularly spaced bands 418-365nm{337-338}, Mjicrowave
studies of the rotation spectra have been
done{339-340} IR studies of SiF, generated at high
temperatures and condensed on CsI windows at 20K,
have shown that it exists probably as (SiF;),. A

polymeric material was given on warming{341},

S8iF3_emissions. As already mentioned, these bands

were originally assigned to SiF but by comparison
with the spectra of matrix isolated species, they
have been reassigned to SiF3{342-345), This species

can be used as an end-point monitor e.g.{(346-347}

8iF4 bands have been observed also{348},

SiClx emissions- Bands ascribed to SiCl have been

measured in the region 283-276nm

Optical Emission S8tudies of Etching Plasmas.

This has already been discussed in Chapter 1.
Some work has also been done on avoiding the problem
of assuming the ground state concentration can be
measured by use of the emission intensity of an
excited state which is only valid if the radiative
lifetime of the species being measured is very much
less than the mean-free time between collisions. In
this case the emission intensity may be taken as a
direct measure of the number density of the emitting
state. Care must be taken with transitions to any

state that is relatively long-lived, in that as the
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concentration of this species increases so the
amount of radiation trapped will increase leading to
a false impression of intensity. A way of avoiding
this problem is to measure the ground state
concentration using Laser 1Induced Fluorescence
(LIF) {356-357}), Relevant species that have been
measured include CHF, CF,, and CFCc1{358-367}  1n

actual plasma systems CF, has been measured{368),

Hardware.

The optical spectrometer first wused was a
Hilger-watts medium prism spectrometer presenting
10" X 4" glass plates with a theoretical range of
200 - 900 nanometres. The radiation from the plasma
passed through a quartz optical flat attached to the
chamber end-plate and was focussed by a quartz lens
onto the entrance slit of the spectrometer. However
the emulsions used on the plates are only sensitive
to certain regions of the spectrum, as can be seen
in Figure 15. This spectrometer produced a plate as
illustrated in Figqure 61. The plates were then
scanned on a microdensitometer, to provide relative
values for the intensities. Sample traces can be
seen in Figure 16 for a N, plasma; and Figure 17 for
a CF, plasma. From this the actual intensities had

to be deconvoluted by weighting with the plate

sensitivity.
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Initial trial experiments were carried out to
test the vacuum system, R.F. power supply and the
Hilger-Watts optical spectrometer. A series of
experiments was done, initially with an inductively
coupled system and later with parallel-plates made
from hard anodised aluminium, to establish
appropriate power levels, exposure times and
apertures. The early results obtained with the SA1l
photographic plates used in the optical spectrometer
indicated that the required information was outside
their sensitivity range. Better results were
obtained with the 1-N plates but their supply was

limited.

Figure 15.

Spectral Sensitivities of 10" x 4" Plates.
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The limited sensitivity, slow response time, and
practical problems including availability, 1led to
the plate spectrograph being replaced with a 0.5m
Czerny-Turner scanning monochromator made by Spex
Industries. This has a grating ruled with 1200
lines/mm giving a dispersion of 16 A/mm and a blaze
angle of 17°927" making the instrument most sensitive
to the 400-500 nanometres region. This was chosen
since initially it was expected to be used in the
visible and near ultra-violet region of the
spectrum. This work though has concentrated on the
200-300nm region. The detection system consists of
a Hamamatsu photomultiplier tube with a spectral
range of 185-900nm and a Spex radiometer. The
output is recorded directly on a Farnell
chart-recorder giving traces as in Figure 19, or by
a microcomputer system with an Analogue to digital
converter. The slit width used was 150 microns on
both entrance and P.M. tube slits. This combined
with a dispersion of 16A mm~l gives a resolution at
half band pass of:

150 + 150
Resolution = --=------—--- X 16 = 2.4A}Q2Mmﬁ
2

Experimental.

During the runs the spectrometer was adjusted
such that a point between the plates was focussed,

by means of the mirror and lens system, onto the
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spectrometer entrance slit. The region between
200-275nm was scanned, usually at a rate of 0.1 nm

sec~1,

For a few runs measurements were made of the
intensity of 2238A CF, and 2490A CF, as a function
of the distance from the electrode surface.
Variations in intensity of the various species were
shown that would have warranted further
investigation. Other systems have used both moving
electrode assemblies in front of a fixed

spectrometer, and a movable quartz probe as a light

guide.

Stepper motor driven mirror.

For the purpose of measuring the spatial
distribution between the electrode plates, since
both the plasma and spectrometer were effectively
fixed, was by means of a tilting mirror driven by a
stepper motor. The front aluminised mirror,
originally supplied in a fixed holder, was attached
to an adjustable mount. This allowed it to be
rotated about two axes with a high degree of
precision, by means of two micrometer screws acting
on shallow wedges. The first permitted the mirror to
be rotated about its horizontal axis by means of a
stepper motor attached to the micrometer screw. This
allowed the concentration of emitting species to be
observed as a function of the distance from one

electrode plate to the other. The other screw
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adjusted the horizontal position of the focal point
so as to allow regions both on and to the side of

the sample to be viewed.

The micrometer screw, which has a pitch of 40
threads per inch, was coupled to the ten step
stepping-motor via a 50:1 reduction gear. Each
complete turn of the micrometer screw then
corresponded to a horizontal movement of 25
thousandths of an inch. Calculation of the range of
movement required to observe from one electrode to
the other let to the smallest sensible increment of
movement required to be one tenth of a turn,
corresponding to 2.5 thou. horizontal movement. The
overall range required was ten turns (0.25"
horizontal movement. The stepping-motor was moved
fifty steps at a time, corresponding to 2.5 thou.
horizontal shaft movement. Safety microswitches were
provided to detect forward and reverse overrun. The
motor could be operated either manually or
automatically in conjunction with an automatic data
collection system linked to the radiometer. There
was a search facility to enable setting any
pre-determined mirror orientation to dquickly move
from one electrode to the other for example, or to

go to either overrun limit.

The radiometer had a Binary Coded Decimal option
installed to simplify computer controlled data

collection. The BCD output was read by a port from
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an Intel 8155 I/0 chip connected to an 8085
microprocessor which also controlled the
stepper-motor drive electronics. This worked by
sending a TTL level pulse to the stepper-motor
electronics which caused the motor to be driven to
its next position. On arrival a pulse was sent back
to the 8085 which caused a jump to an interrupt
routine which read, converted then printed the
radiometer current and relative mirror position.

After a set interval a further movement pulse was

sent.

Due to the involved nature of the design and
hardware implementation, the system was shown to
work successfully but no quantitative measurements

were obtained.
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2.6.2 )Spectrometer- Mass.

Previous studies.

Mass spectrometry is used, almost routinely, in
plasma systems for process and end-point monitoring
as well as real and virtual 1leak detection. For
etching, particularly SiO; or SiNy over Si, the most
commonly monitored species is
SiF;+{206-207,381-382); yith the equivalent in
chlorine containing plasmas being SiCly
(x=1-3) {383-384}  gpecial care has to be taken with
hydrogen containing species as HC is formed on the
tungsten filaments wused 1in the mass-spectrometer
head. This then causes impurity desorption from the

wall materials leading to a high background{385},

Early studies concentrated on the elucidation of
mechanisms occurring 1in DC discharges wused for
sputtering by investigating the types and energy
ranges of particles present{386)}, This was extended
to uses in surface analysis and depth
profiling{377-385}), For other related processes,
plasma diagnostics have been used 1in tracing the
reaction routes for CF3Br etching plasmas{386}, 6 sFg
etching of  si{387}, and also for plasma
polymerisation of hexamethyldisiloxane{388}  and

silane{389},
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The most extensive study of polymerising and
etching fluorocarbon glow discharges was undertaken
by Kay, Coburn and Kruppa{390}. They investigated
discharges in CF4, CyFg, C3Fg and C,F,; and showed
that there was a good correlation between the total
concentration of the unsaturated species taken as
(CoFp%, C3F4%, C3Fg%, C3F3%, C4F4t, C4Fs*, C4Fet,
CsF3%, CsFgt, CgFst) and deposition rate as measured
with a quartz crystal microbalance. The overall C to
F ratio of the total unsaturates was also close to
that found for the polymer film. The effect of
hydrogen additions was to cause greater production
of unsaturates, but for CF,; and C;Fg there was found

to be a maximum in the deposition rate.

Hardware.

The mass spectrometer initially attached to the
system was a Supervac dquadropole mass spectrometer
supplied by V.G. Gas Analysis Ltd. This was capable
of detecting m/e from 1 to 100, but the presence of
the R.F. field caused malfunctions in the head.
While the instrument was being repaired it was
decided to upgrade to a 1 to 200 m/e quadrupole with
a remote R.F. head. This allows the observation of
the higher polymer forming species. The mass
spectrometer head is attached to a separate pumping
system from the main rig, since differential pumping

is required. This consisted of a LN, trap over an
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Edwards EO2 diffusion pump and a model 8 backing
pump, to give a vacuum at the head of about 10-5
Torr., With the chamber at a pressure of 1 Torr.
There are two ion pumps fitted along with a titanium
sublimation pump but these cannot be used while gas

is passing through the controlled 1leak in the

mass-spectrometer head.

To operate the system the pressure is checked
before switching on the quadrupocle (so as to
minimise the risk of damage to the mass-spectrometer
filament), by an Edwards 1002 Penning gauge and an
ion gauge. The filament material chosen was
thoriated iridium which is less likely to burn out
at the higher pressures required to be used. The
ion energy ultimately used was set at 5eV, as a
signal to noise compromise, but it is hoped to
reduce this, at the higher pressures used and also
due to the complications introduced by the breakdown
of species 1inside the head itself; see "5.2 Gas
breakdown studies by Mass Spectrometry" for some
results. The main species noted in the literature as

being likely to be identified are given in Table 6.
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terms of the amount of mass 17/18 -water present in
the system. This was found to have a major effect

on the reproducibility as found by other workers.

2.7 )Preparation of Samples.

2.7.1 )S8ubstrates.

There were basically two types of substrates to
be prepared:
1. The quartz crystals for the microbalance

2. The various types of silicon/silica wafers.

1. The quartz crystals originally supplied were
5MHz AT cut quartz crystals with a thin coating of
silver on each surface. The electrical properties of
the Ag quickly degraded so a 200A layer of gold was
sputtered over both surfaces. The same procedure was
adopted for the 6MHz crystals which, though supplied
gold coated, tended to degrade after a while. After
this treatment the edges were scraped clean to
prevent tracking from one contact face to the other.
Some experiments were attempted with Si and SiO;
sputtered films which necessitated the electrical

contact regions at the edge being masked.
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2. S5i0, layers were thermally grown on 3" and 4"
semiconductor grade silicon wafers by two separate
methods depending on whether the thicknesses

required were up to 1000A, or to 1 micron.

a) For oxide thicknesses to 1000A, the wafers
were first cleaned using a hot peroxide/ammonia
mixture followed by a hot peroxide/hydrochloric
mixture and finally a deionised water wash.
Immediately prior to insertion in the furnace the

wafers were dipped in a 10% HF/water mixture to

remove any native oxide.

Wafers were inserted into the furnace at 1050°C
in an atmosphere of dry nitrogen and 1left for 15
minutes. The wafers were then oxidised by switching
to an oxygen atmosphere, (1 litre/min oxygen flowing
through furnace), for 1hr 9mins to give an oxide
thickness of 1000A. This was subsequently confirmed
on an optical interferometer or by ellipsometry. The
furnace atmosphere was then switched back to
nitrogen for fifteen minutes before the wafers were

withdrawn.

b) For thicknesses to 1 micron the wafers were
cleaned as above, and again inserted 1into the
furnace in a nitrogen atmosphere. After fifteen
minutes at 1150°C the furnace atmosphere was changed
to wet oxygen. This was produced by bubbling oxygen
through deionised water held at 96°C, at the rate of

1 litre/min for 2hrs 30mins. After this time the
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atmosphere was once nmore changed back to dry
nitrogen and held for fifteen minutes before the
wafers were withdrawn from the furnace. This oxide

was measured at 1.03 microns on the interferometer.

To clean off regions of oxide where required the
silica was masked off either with positive
photoresist -usually Shipley 1350H or AZ-1360 baked
at 75°C for half an hour in the dark, exposed to
light through a contact mask and then development in
79g/litre NaOH; or the region required was masked off
with black wax dissolved in xylene. The substrate
was then etched chemically in either HF or buffered
HF- (40%-HF / 40%-NH4F in a ratio of 1 to 7). The
masking material was subsequently removed with an

acetone rinse in an ultrasonic bath.

To remove Si surfaces the ’‘CP4’ wet etch was used
(see Table 7). For example when experiments were
done with some ion-implanted wafers, it was used to
remove the dosed 1layer. Measurements were being
made at the time of the effect of impurities and
damage in the silicon on the etching

characteristics.

Etch rate (Si Ratio of acids.
microns min~ HNO; CH3CO5H HF
(at 25°cC SpGr.1.42 Glacial (40%)

6 5 2
4 4 1

| cp4 recipe.
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2.7.2 )Electrodes.

The electrodes wused in the parallel-plate
capacitively coupled system consisted of 5cm x 5cm
plates 1lmm thick, with a 1.5cm tab in one corner for
coupling the power in the case of the top electrode.
A 7mm diameter hole was drilled in the bottom plate

to expose the face of the Quartz crystal of the

balance.

A major aspect of this study was to investigate
the role of the electrode in promoting either
etching or deposition. The ideal electrode for a
plasma etching system should have a combination of
the following properties; low sputtering rates, (see
Table 2), and minimal contamination effects on the
substrate, as well as a high resistance to chemical
attack by the plasma, so the plasma reactive species
are not depleted, nor 1is the chamber eventually

destroyed.

The majority of experiments were carried out
using the following materials:
* Stainless steel electrodes from 18/8/1
stainless steel 1mm thick.
* Nickel electrodes made from 0.4mm metal foil.
* Titanium electrodes made from 130 Ti, 1.0mm

thick supplied by IMI.
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* Fecralloy electrodes, 1.0mm thick.

* Aluminium electrodes from a 1.0mm sheet of

99.9% purity.

Preliminary experiments were also carried out
using ‘80 Volt’ hard anodised aluminium electrodes
made in the following way:

* 1.0mm aluminium sheet was cut into 5 cm2
pieces and abraded with Scotchbrite.

* This was mounted in a Ti holder, between Pb

electrodes.
* These were then anodized at 7-10°C in a
stirred solution of;
100 ml/1 H5SO4 (Sp. Gr. 1.84).
50 g/1 Oxalic acid.
* Voltage rising from 20-80 V, in a process
time of three hours{391},
* The electrodes were then rinsed in

demineralised water and dried.

Plasma sprayed electrodes were also under
consideration with alumina, titania, 2zirconia and
similar coatings, onto Stainless-steel or Fecralloy
substrates{392-393}  This was to obtain chemical
inertness and low sputtering rates. One problem was
the tendency for the porous coatings to outgas for
some considerable time, and there was also a problem
found with thermal stress crazing the coating on the
driven electrode. No problem was found with the

electrical characteristics of the coatings with
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respect to the R.F., except for a tendency to form a

'hot-spot’ -a region of enhanced glow where the film

had burnt through.

The electrodes were handled with gloves to
minimise contamination and were cleaned before use
with a recommended degreasing solution for vacuum
components {324} of; HNO3 (1.37 Sp. Gr.) 250
ml/litre, HF (60%) 35 ml/litre, care had to be taken
with the acids and aluminium and alumina components.
An attempt was made to evaluate the effect of
various cleaning agents on the polymer deposition

rate. The types of treatments tried were:

1. Chemical etch cleaning -as above.
2. Bead/sand blasting.
3. Scouring pads such as ’‘Scotchbrite’.
4. Heating both in air and vacuum.
5. Sputter cleaning, precoating.
along with various rinses such as
7. Alcohol.
8. Acetone.
9. Deionised water.
but overall there was found to be little discernible

effect.
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3 )ANALYTICAL TECHNIQUES.

Several techniques were used to examine the
structure and chemical composition of the surfaces
remaining after etching or deposition. Since the
specimens were exposed to air before analysis, there
may be some tendency for hydrolysis at trapped
radical sites in the near surface{396-398}, This can
be clearly seen in the IR spectra of CF4 and CjyFg
plasmas with stainless-steel electrodes, where there
is a strong peak due to water associated with the
metal fluoride formed which can only have happened
as a result of atmospheric contamination. With
titanium electrodes the effect was exaggerated due

to the copious quantities of TiF,4 formed.

Firstly methods of analysis that are sensitive to
the surface or very near surface are discussed,
followed by techniques that examine the bulk of the
material. All analytical methods for which results
were obtained are presented in this section for
completeness, but some were found to be more
informative than others. In particular in examining
the nature of the polymers formed and the changes to
the electrode surfaces, XPS and Rutherford
Backscattering Spectrometry were found to be the
most informative. However SIMS, NMR and Laser
Induced Raman Spectroscopy on the other hand were
not found to be particularly relevant, once some

idea of the results that could be obtained was
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known. These latter techniques, not useful enough

for a major investigation, are noted separately in

Section 3.3.

3.1 )Surface Sensitive Techniques.

3.1.1 )Surface Profiling, Interferometry.

a) Surface Profiling.
The relative etch rates of Si and SiO; were measured
by means of a Rank Taylor Hobbs Talystep
instrument{399}, This consisted of a diamond tipped
stylus which is traversed while in contact with the
surface being examined. Thus the device resembled a
record player in its mode of operation, except that
the output was a trace showing height variations
during the scan. The stylus used was chisel shaped
with a width of 2 microns and a depth of 0.1 micron.
It was maintained in contact with the surface by a
load of a fraction of a milligram and could be so
traversed for a maximum distance of 2.5mm.
Electrical and electronic attachments enabled the
trace to be represented at horizontal magnifications
of 50X, 200X, or 5,000X, and at a vertical

magnification in the range 5,000X - 1,000,000X.

Like all devices, the Talystep suffers from
certain limitations. Thus it must be operated in a

low-vibration environment, and particular care has
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caused by steps or changes in refractive index in
the surface being measured. A Vickers photoplan
microscope with a mercury lamp or filtered tungsten
lamp as a 1light source was used. Problems with

transparent films were overcome where necessary, by

sputtering a thin gold layer{401},

There was limited access to a Gaertner
ellipsometer which was used to confirm the Talystep
measurements, by giving a value for the thickness of
transparent oxide film remaining on the polished
silicon after etching. Where the film appeared to
fluoresce, there was found to be polymer present on
top of the oxide, so no reading was taken. Since
most of the oxide used was thermally grown the
refractive index was accurately known to be 1.45. A
quick check by comparing the apparent colour of the
slice with a published chart when using tungsten
filament illumination in the optical microscope was
found only to be useful in the lower orders, where

the colours were strongest.

3.1.2 )XPS8/ESCA, Auger Spectroscopy.

The technique of X-Ray photoelectron spectroscopy
(XPS), alternatively known as ’Electron Spectroscopy
for Chemical Analysis’ (ESCA), is relatively new for
the purpose of surface analysis. The basic

experiment involves the ionisation of inner core
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electrons from the sample by irradiation with
X-rays. With a known X-ray energy and a measured
ejected electron kinetic energy, the electron
binding energy is the difference of the two. Since
core, unlike valence electrons, retain
characteristic energies; their elemental source can
be inferred thus leading to a chemical analysis.
Structural information is also obtained since
electrostatic interactions between the two types
will cause a ’‘chemical shift’. Though the technique
of measuring electron kinetic energies resulting
from X-Ray irradiation has been reported since the
early part of the century{403-407} only recently
have sufficiently monochromatic sources and high

resolution detectors been available{408-413)},

In the related technique of Auger Electron
Spectroscopy (AES) , electrons in a nearly
monoenergetic beam at a current between 10-7 and
104 Amps and typically in the 2-5KeV energy range
are focussed onto the surface to be analysed in a
50-500 micron spot. The energies of the secondary
electrons backscattered or ejected from the surface
are then analysed. Attention 1is focussed on the
small current peaks of electrons at fixed kinetic
energies ejected by the Auger process. These can be
used to identify the species present in the surface.

Ultra-high vacuum must be used here due to the
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tendency to build up carbonaceous material on the
surface. The electron beam is also comparatively

destructive especially for insulating samples.

XPS uses an X-Ray beam corresponding to
characteristic atomic emission lines, usually
Al-alpha, Mg-alpha or K-alpha, to excite the
photo-electron spectrum. The beam is of relatively
low energy, and hence 1less destructive than
techniques which use ion or electron bombardment of
the surface. The electrons emitted are both
photoelectrons and Auger electrons and hence the
energy distribution spectrum is more complex than
that arising from Auger processes alone. The signal
observed from the sample volume in XPS is a function
of the photoelectron inelastic mean free path in the
sample material which 1is of the order of 20-50A.
This is also the effect governing the depth profile
of Auger spectroscopy, and hence the effective
sample observed in both cases 1s essentially the
same. Thus the information obtained from XPS
originates in the very near surface, whereas most
other techniques rely on fragments knocked out of
the surface. As a result XPS does not have an
intrinsic depth profiling capacity as it 1is
measuring a fraction of a monolayer, although if
required, profiling can be carried out by sputter
erosion of the surface, dgenerally by means of an
Argon ion gun. It should Dbe noted when

undertaking quantitative work, that the mean free
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path for electrons is a function of depth, kinetic
energy of the escaping electrons and sample
composition, and hence the effective sample
thickness may not be the same for photoelectron

peaks observed at different energies.

One caution is that though the electron mean free
path in a polymeric material, such as we are
concerned with here, is of the order of 40-100A
there is often a change in sample surface potential.
Non conductive materials normally become positive
and hence retard the ejected electrons, thus leading
to higher apparent binding energies. This combined
with the inability to measure hydrogen limits the

amount of structural information obtained.

Incident particle| Photon (X-Ray) Electron
Energy. Al Ka 1487eV. 1-10 KeV.
Mg Ka 1254eV.
Flux. 50 - 100W. 10~3-10 microaA.
Emergent particle| Photoelectron, || Auger electron.
Auger electron.

Enerqgy. Al 0-1500eV. 0-2000eV.
Mg 0-1260eV.
Analysed depth 1-10 monolyr. 1-5 monolayers.
area. 1-50 mm<. 107° - 10~ %mm2
Elemental sensit.| ca. 1073 atom% [ca. 1073 atom %.
Spread. < 10. < 10.

|Table 8. Comparison of XPs / AEs(414)

Previous studies.

XPS has been demonstrated to be an extremely
useful and powerful tool for the investigation of
structure, bonding and reactivity in polymeric

systems{415-421},  This is aided by the small
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sample volume required, the non-destructive nature,
and the minimum of preparation required. Fluorine
containing systems are well suited to examination by
XPS since fluorine 1is the most electronegative
element and induces the largest chemical shifts in
the Cyg levels. There is also comprehensive data on
fluorine containing materials. Often it is the case
that XPS provides the only detailed information
available about plasma polymerized compounds,

especially for the fluorocarbons{422-429}).

Carbon environment. Carbon 1s peak (eV).
-C~C~, -C-H 284.5 - 285.5
HoC-CH,-CH> 285.4
-C-F 286.0 - 287.0
F-C-F 290.7 - 291.3
CF-C~CF 286.0 - 287.0
CF-CFp 288.8 - 289.4
CF,-CF3 294.8
- (CF3) 293.0 - 293.4
pi-pi* CF 295.3 - 296.2

Table 9. XPS Carbon 1s peaks.

Figure 21 illustrates the distinctive nature of
the C;g levels for typical structural features found
in fluoropolymers as well as showing a typical Cjg
XPS spectrum from a plasma deposited fluorocarbon
films. This shows contributions from CF3, CF;, CF,

and C not directly bonded to fluorine.
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Typical Cyg_Binding Energies for fluoropolymers.

Prior studies of material deposited on silicon or
silica substrates have been done including inorganic
films on silicon substrates{430}, cleaning
procedures{431}, and more importantly the
preferential polymer formation on Si rather than
Si0o, surfaces which leads to the selectivity of SiO,

over Si in certain etching processes. Davies et.

al1.{432)}, jinvestigated the two types of polymer film
that could be formed during plasma etching of SiO,.
These are known as ‘’‘persistent’ -resistant to
removal by O, based discharges, and ’‘non-persistent’
-removed quite easily. The motivation for this study
was that the formation of the persistent film
inhibited completion of the etch process during

their silicon device fabrication process.

3 )ANALYTICAL TECHNIQUES. 106



The non-persistent film was found to be mainly a
long chain fluorohydrocarbon polymer, whereas the
persistent film was found to be of a shorter chain
length (greater -CF; contribution) with
incorporation of electrode materials such as Al and
Stainless-Steel throughout. Si-F bonding was also

more 1in evidence at the interface in the 1latter

case.

Experimental.

The solid state instruments service at Harwell
uses a MA500 ultra high vacuum scanning electron
microscope made by V.G. Ltd. The SEM resolution is
better than 500A and Auger spectra can be obtained
on sample areas as small as 1000A in diameter. A
scanning argon ion gun is fitted to allow controlled
stripping of the sample surface to give profiles of
composition with depth. This was needed since all

the samples were exposed to air before measurement.

3.1.3 )Microscopy.

The main microscopes used at various times were:
1. Phillips SEM- A.E.R.E. Harwell.
The scanning electron microscope used initially was
a Phillips PSEM 500X with an eucentric goniometer
stage. The typical working vacuum Wwas 107 Torr.
Theoretical resolution is 70A, but is usually 100A.

The range of spot sizes was 100A to 1 micron and
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beam powers 1-25KeV, with typically 640X and 25KeV
being used for these studies. The standard signals
were obtained; secondary electron, back-scattered,
and specimen current (in the range 10-11a). Analysis
was by either a wavelength or energy dispersive
spectrometer with resolution for the former of
0.01%, and the latter of 0.1%. Magnifications in the
range 10-80,000X were possible and photos were taken
on 4" X 5" plates. The specimen was held
mechanically, not glued, and could be up to 2.5cm in
diameter and 1lcm high. Both uncoated and gold

coated samples were examined to see the surface

morphology.

2. JEOL 100CX- Chemical crystallography, Oxford.
For small specimens the JEOL 100CX TEMSCAN at the
Department of Chemical Crystallography, Oxford was
used. Several attempts were made to examine the
heavy metal content of the polymer films and
residues left, by transmission electron microscopy,
and also by use of the elemental analyser fitted to

the instrument.

3. Optical Microscopy.
A few optical micrographs were taken using a Wild
M400 microscope with a polaroid attachment. This was
capable of magnifications of 6.3-32X. This was also
used to examine the gross morphology of the
substrates and also to estimate the remaining oxide

film thickness by colour.
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3.2 )Bulk Measurement Techniques.

This section on ’‘bulk measurement techniques’
includes all the methods that produce information on
the bulk composition or properties of the
substrates, electrodes and polymer films. Samples
were submitted to the Harwell Nuclear Physics
Division for analysis by Elastic Recoil Detection
Analysis and by Rutherford Backscattering. Samples
for Infrared analysis were submitted to the
Physico-chemical measurement unit (PCMU) and some
substrates were also measured on an instrument

belonging to the Special Processing group.

3.2.1 )Elastic Recoil Detection Analysis.

The light elements present in the polymer films
were qualitatively determined by ERDA, also known as
Forward Scattering:; in the Harwell Tandem
Accelerator{450-452},  This is one of the few
methods for profiling hydrogen{453}. The target is
bombarded with a heavy ion beam and the energy of
the recoiling impurity atoms is analysed. This is
unlike the Rutherford Backscattering technique which
analyses the energy loss of the primary beam. The
energy of the recoil, which is dependent on its mass

and depth (t) in the target is given by:

ER](t)=K[EB[O]—LxISB(E)dx:]=KE,,(t]
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and the energy it is ejected with is:

Eaalt)= £, (0)- [ 5,(F)dx

where E denotes energy, S denotes stopping power and
the subscripts B and R refer to the bombarding
projectile and the recoil respectively. x; and X
are the path lengths for the projectile and recoil
and are dependent on the geometry- hence changes in
geometry can be used to enhance particular depth
profiles with respect to each other. The kinematic

factor 1is:

_ 4M5MR
(M, + M)’

K cos?0

where M is the mass and Theta the scattering angle.

The cross-section for the recoil is:
(50) [ Z,Zge? Me+Mg) 1P 1
60 ), Bre,MaE,lt) cos’6

The advantages of a heavy projectile are that

they have large Rutherford scattering cross-sections
and high stopping powers. The high stopping power
gives a high depth resolution and also allows the
use of a stopper foil in front of the detector to
prevent the scattered primary beam from reaching the
detector whilst allowing light recoils through. This
absorber also stops recoiling substrate atoms but
has the disadvantage that it degrades depth
resolution because of the energy straggling of the

light recoils as they pass through the foil.
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Previous studies.

The two major uses of ERDA in semiconductor
technology have been to profile impurities such as
hydrogen and boron in hydrogenated amorphous silicon
materials and for measurements of doping levels. The

technique has also been successfully used to measure

oxide thicknesses on Sif{454).

Experimental.

In the present studies, a 30MeV beam of 35Cl1 ions
with a current of 10-20 particle nA was obtained
from the Harwell Tandem Accelerator and recoiled off
the film of interest, with an angle of 70° between
the beam and the target normal axis. The
experimental arrangement is shown in Figure 22. A
surface barrier detector was located at 30° to the
beam axis and subtended a so0lid angle of 0.4msr with
an acceptance angle of 12mrad. A 12 micron Mylar
absorber, the thickness of which was determined by
the energy 1loss of 5.8 MeV alpha-particles, was
employed to remove the heavy 1ion background.
Analysis was carried out at 10°6 Torr with
additional 1liquid nitrogen trapping in front of the
target to minimise carbon build-up. Owing to the
kinematic relation between recoil energy and
mass{455} the detector gives a pulse height spectrum
which separates the different particle masses and a

multichannel analyser was used to record the

spectra.
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background from primary beam scattering, and
secondly because the scattering cross-sections are

large (rms radii{456}),

Sample spectra are shown in Figure 35m,faaﬁb. A

different geometry was tried to resolve fluorine

without much sucess.

3.2.2 )Rutherford Backscattering (RBS).

This technique, also known as Nuclear
Backscattering Spectrometry, depends on the
interactions which occur when energetic charged
particles undergo elastic Coulomb scattering by the
nuclei of target atoms{457-460} The incident
charged particles, which typically are Het in the
few MeV energy range, enter a target chamber as a
collimated beam, typically 1mm2. The principle of
RBS is that some of the Het ions will undergo close
nuclear collisions with target nuclei and
consequently be scattered from the target with
reduced energy. The energy retained by the Het ion
after such collisions is dependent on the masses of
the target atoms involved. The energy spectrum of
backscattered ions was measured by a surface barrier
detector, mounted inside the target chamber, close
to the bombarded specimen. The ion energy is then
directly related to the mass and depth of the struck

nucleus; for instance, recoil without energy loss
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would take place from an infinitely heavy nucleus,

while more energy transfer occurs the lighter the

target mass.

The main features of the technique are

illustrated schematically in Figure 23.
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Some Features of RBS.

Of particular relevance to this work are:

1) The technique is mass sensitive.
When an ion of mass mj, charge z; and energy Eg 1is
scattered at an angle Theta from a nucleus of mass
m,, charge 25, its energy E as registered at the
detector will be given by:

— T\ ]2
(nhc099+(n@—1nfmn°er)
E=F,

m,+m,
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Thus the best mass resolution is obtained for
lighter elements. Also the relationship of (E/Eg)

with mp; for He' is also shown inset in Figure 23.

2) It is quantitative.

The number of He' scattered at energy E into a solid
angle Theta subtended by the detector is directly
proportional to the concentration of scattering
nuclei of the corresponding species. For an
elemental thin film, the area (total counts) C of a
peak in the backscattering spectrum gives a direct
measure of the quantity of material present N (atoms
cm~2). If the film thickness is only a few thousand
A or less, one may use the relationship:

C=/VEEﬂ69
(60)°°7

where g is the number of incident Het ions for the
run, and ds/dTheta is the differential cross-section

for coulomb scattering.

3)It is rapid and non-destructive.
Doses of typically 10 microC in a 1lmm2 spot for a
few minutes were used, not sufficient to heat the

test area significantly or cause radiation damage.

It emerges as a technique suited to the
quantitative, non-destructive examination of
materials consisting of one or a relatively few
elements on substrates composed of low atomic number
elements. RBS 1is especially valuable in Silicon

device technology because of the low atomic numbers
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of the silicon/silica substrates and the polymer
films, which makes it easy to observe heavier

species such as incorporated electrode material, at

or close to the surface.

Previous studies.

This technique has been used to study many species
in silicon matrices. These include measurements of
diffusion profiles and the diffusivities of, for
example arsenic in polysilicon, depth profiles of
implants and metallisations, the formation and
properties of silicides{459-460} and the growth of
Si0, films. It has also been used to measure
contamination on a silicon surface from tungsten.
This was from the ion source of a reactive ion beam
etcher{46l}), In a channelling orientation, where
the beam is aligned with a crystal plane and hence
can penetrate further, the signal intensity can be
used to indicate disturbances to crystalline
perfection{462) or the effects of annealing
treatments. One drawback of RBS is the large size of
the beam and thus poor spatial resolution, for small

device studies.

Experimental.

oMeV Het ions were used from the Harwell 3MeV Van de
Graaf accelerator, IBIS (Intense Bunched Ion

Source), collimated to a beam diameter of 1mm{ 463},
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Backscattered He' ions were detected by a silicon
diode used as an energy sensitive detector, mounted
to receive particles recoiling at an angle of about
160° to the incident beam. A backwards scattering

angle was chosen in order to optimise discrimination

between different target masses.

The scattering yield (vertical scale) plotted as
a function of ion energy (horizontal scale) is
reduced by the dilution of each element by admixture
of another, hence the basic differences between the

two substrates Si and Si diluted by oxygen -SiO,.

The thickness of the individual layers is related
to the (horizontal) energy scale by the known rate
of energy loss for He't. The information concerning
composition as a function of depth 1is therefore
obtained without any removal of material, and
quantitative accuracy to a few percent is achievable

both for stoichiometry and depth data.

3.2.3 )Infrared studies of Polymers.

Previous studies.

The Infrared spectra of large fluorocarbon
molecules are highly complex with most bands in the
region of 1400-1000cm™1 being associated with C-F

stretching vibrations. With mixed
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hydrocarbon/fluorocarbon molecules there is also the

problem of the very intense C~F bands masking the

weaker C-H bands.

Metal fluoride absorptions were also seen,
predominantly in the region 650-300cm~1 but
individual bands are not well documented{464-467},
Bands due to the substrate were also observed and

their assignments are listed below:

Substrate material{468},

Assignment.

$i02 SiNx a-Si:H

OH
OH
NH
BH
SiH
NH
Si0
SiOH
SiH,SiOH
SiN
Sio
SiH
SiN
Si0
Table 10.
Substrate peak assignments by IR (em~1).

Experimental.

To detect the presence of fluorocarbon deposits
on the electrode surfaces IR double transmission
spectra were recorded. Ordinary transmission
infrared absorptions were attempted for the
silicon/Si0, substrates but were difficult to

obtain, despite the fact that the Si was 1infrared
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transparent. The very thin polymer films present
were easily lost in the combination of noise and the
interference pattern generated from the front and
back surfaces of the slice. Therefore a multiple
reflection technique was tried, using a Perkin-Elmer
Model 580 instrument, to enhance the absorptions by
increasing the effective path length through the
sample. Also once it had been shown, by XPS, that
changes in gas composition had a major effect on the
rate and a minor effect on the composition of the
polymer films produced, Si and SiO, substrates which
had been exposed to the plasma for longer periods of
time, but varying gas ratios, were then used to
build up thicker films which were more readily
examined by this technique. Si and SiO, comparison
spectra were also obtained on a spectrometer capable
of computing the difference Dbetween the two
substrates to find if the nature of the surface had

an effect on the deposited polymer.

3.2.4 )Thermogravimetric Analysis (TGA).

TGA involves measuring the change in weight of a
samplef473} as it 1is subjected to increasing
temperature. This was used to measure the thermal
stability of polymer scraped off various surfaces in

the reactor including the electrodes.
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A DuPont 951 Thermogravimetric analyser module in
conjunction with a DuPont 1090 thermal analyser was
used for measurement of weight loss as a function of
temperature. Up to 500mg of sample was mounted in a
platinum pan suspended from a quartz rod which is
attached to a taut-band meter movement. The balance
beam is maintained in position Dbetween two
photodiodes by an optically controlled servo-loop.
A shutter on the beam causes the 1light from a
constant intensity light source to shine equally on
the two photodiodes when the balance beam is in its
null position. As sample weight is lost or gained
the beam will move from the null position and cause
a difference in the amount of light striking each
photodiode. This unbalances an amplifier and
produces a current flow in the meter movement to
which the beam is attached. This causes a restoring
force to be applied and drives the beam back to the
null position. The magnitude of the current flow is
directly proportional to the sample weight lost or
gained. This signal, after conditioning, is then
displayed as weight% lost/gained (Y axis), against a
thermocouple output from the sample chamber (X

axis).

Previous studies.

Fluorocarbon polymers have been widely wused
commercially due to their thermal stability and high

degree of chemical inertness. The ’'parent’ compound

3 )ANALYTICAL TECHNIQUES. 120



is usually PTFE from which thermal stability

comparisons have been extended to other fluorine

containing organic polymers.

Weight 1loss techniques have been used to study
the thermal stabilities of an extensive series of
fluorocarbon polymers in vacuum{474}., Relative
stabilities were obtained in the form of a plot of
loss in weight at temperature after two hours
against temperature. The most stable polymers were
found to  be PTFE and CoF4/C3F¢g copolymer.
Substitution of fluorine atoms by Cl or H was shown

to lead to a marked decrease in thermal stability.

In oxygen the same series of polymers was
used{475} and the same overall pattern of thermal
stability was found, but shifted by about 200°C to

lower temperatures.

Experimental.

The balance pan containing 10-20 mg. of sample
was heated over the range 25-900°C at 20°C min~1,
with an air flow through the system of about 10cm3
min—l. Ccare had to be taken that the fine powdered
material was not exposed to high air flow rates that
would lead to false weight losses caused by physical
removal of sample. On the other hand too low a flow
rate leads to inaccuracies and damage due to

corrosion of the quartz balance beam by fluorine

containing vapours.
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also form images of the elemental distribution on
the surface of the sample, as well as providing data
on the elemental composition{433-438)_  Both
positive and negative incident ions can be used at
typical beam energies of 5-15KeV. O0,% ion beams are
used to generate high positive ion yields of species
such as 11B*, 31p*; and beams of e.g. Cst are used
for electronegative species such as 160~ from SioO,
and for 75As~- The lateral resolution is of the
order of 1-2 microns and the progressive removal of
the specimen surface during the analysis allows the
distribution in depth of a particular element to be

studied with a typical resolution of 1/10 of the

eroded depth.

Previous studies.

Most work with this technique on semiconductors
has concentrated on the depth profiling of
impurities in these materials{439-440}), the effect
of ion implantation or doping{441-442}  and the

formation of silicides{443},

Experimental.

Examination of plasma exposed Si and SiOj
surfaces was carried out using a CAMECA IMS 300 ion
analyser. The wafer was scribed and broken to give
a 1cm2 or smaller sample which was mounted 1in a
holder and bombarded by a beam of oxygen ions. Also

tried were argon and nitrogen ion beams, but these
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generally gave lower yields. Automatic sequential
mass analysis (ASMA), combined with a digital data
logging system and an Apple computer utilised as a
multi-channel scaler, was used to analyse a 100

micron diameter area.

Problems were usually experienced with samples
that consisted of Si/SiO,/polymer due to the severe
charging effects on a highly insulating substrate.
Some of this was be minimised by using a sample with
a thin layer of sputtered gold. The minimum possible
ion current was also employed, consistent with the
detection equipment 1limitations. The masses that
were analysed were 180H,~, 19r-, 24c,-, and 28si-
with a rate of erosion of about 45A per channel.
The ASMA ensured that the resultant elemental depth
profiles were interrelated. This data was then
plotted using the Statistical Analysis System
package to produce elemental profiles. Because of
the experimental difficulties only a few results

were obtained, similar in nature to the XPS data.

3.3.2 )Laser Induced Raman Spectroscopy.

Raman spectroscopy involves measuring the
wavelength and intensity of radiation emitted when a
sample interacts with incident monochromatic
radiation. The effect was observed and identified by

Raman{ 444}, and involves quantised energy exchange
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between molecules and incident photons. The
frequency of the photons are either decreased
(Stokes), or increased (anti-Stokes). Since most
molecules are found in the ground state the Stokes
emission due to energy lost from the photon to the
molecule is stronger. These shifts in frequency, of
which the relevant ones are given in Table 11.,
correspond to differences in energy 1levels of the
molecules. They are however caused by changes in
polarizability rather than dipole moment. Thus the

information obtained was complementary to that

obtained from Infrared.

" Species Freq.shift (cm~1){50/51}, "
CF (stretch) 900 - 1300
CF4 " vl 904,v2 437,v3 1265,v4 630
CCl " 450 - 850
CH " 2850 - 3050
SiF (stretch) 550 - 1040
SiCl " 400 - 750
SiH " 2100 - 2250
C - O 1080 - 2370
(stretch)
o - ¢ - O 650 - 1070
(bend) _
Si - o 800 - 1050
(stretch)
O - 8Si - O 500 - 515
(bend)

Table 11. Important Raman lines.

Previous Studies.

Raman techniques have been used in semiconduqtor
technology for only a few years mainly for
analytical purposes. These have included the

characterisation of substrates such as wet oxidised
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S$i0,{446}, s5i-0 films, or the depth of ordering of
laser annealed Sif{447)}., contamination studies have
been carried out, using laser Raman microprobes, on

solder balls{448}, hard disks and solder pads{449}.
Experimental.

Ordinary Raman spectra were measured in the hope
that a surface Raman technique could be used to
partially characterise the polymer films in situ.
These were obtained by mounting the sample in the
path of a focussed beam from a nominally one watt
Art laser. The cavity was tuned such as to cause
lasing at 488nm, and a series of prisms were used to
remove any contribution from other Ar' spectral
features. The 1light scattered from the sample was
then directed onto the entrance slits of a
monochromator. This was then scanned away from the
exciting line so as to observe any Stokes Raman
lines. Care had to be taken near the exciting
frequency due to stray 1light components from
Rayleigh and Tyndall scattering caused by photons
recoiling from collisions with  molecules in
homogeneous media and by collisions with suspended
particles. These contributions can have intensities
from 105 to 1012 that of the Raman light and can

easily damage the photon counting system.
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proceeded. The Electrotech #2 sample which had

deposits of polymer from CF4/Hy etching was

included.

A high degree of fluorescence, due to absorption
of the incident radiation followed by re-emission at
longer wavelengths, was noted in the case of the
bulk polymer samples, or ones with with organic
polymer on the surface. This in nearly all cases
caused the very much weaker Raman signal to be
swamped, even with a change of exciting frequency.
This however led to a quick and easy way of
monitoring the polymer build up on the surface, by
measuring the fluorescence induced by a laser beam
hitting the coated wafer. The polymer films also
produce a high intensity of scattered light compared
to the normal reflection off the highly polished
surface. This can be used in combination with the
normal interferometric technique to measure both

rates and quality of etching.

Measurements were attempted on polymers on both
electrodes and on the silicon substrates. With CHFj
derived materials, as well as the problems of
fluorescence, the samples decomposed in the beam. By
adjusting the cavity length to lase at the 514.5nm
Art laser line, no Raman signals were observed from
any of these samples. The reduction in intensity of
the laser was less than the loss in signal strength

of the Raman light. Thus, despite some success with
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monitoring the ‘quality’ of etching by measuring the
fluorescence as well as observing a possible end
point by the loss of the Si~O peak no further work
was done. It was noticed that there was a tendency
for the beam to enhance the etch rate leading to

anomalous intensity measurements.

Considering the effort involved in moving the
entire plasma system to the Raman facility the
results were somewhat disappointing. Sample spectra
were shown in Figure 25 for the polymer that was
produced from C3Fg/H, with a characteristic high
polymer induced background fluorescence signal, for

PTFE and 1 micron SiO, on Si.

3.3.3 )NMR Investigations of Polymers.

1. Liquid phase.
Several attempts were made both at Harwell and at
Royal Holloway College, University of Londoni{469)} to
investigate these polymeric materials using both 13c
and 19F NMR, but it was not found possible to find a
solvent system in which any of these materials was
sufficiently soluble for subsequent analysis. All
trials resulted in no discernible signal being

obtained.

2. Solid State.
There have been a few so0lid state NMR studies on

plasma-polymerised materials to obtain information
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complementary to that obtained from techniques such
as ESCA(470-472).  ysing c,; hydrocarbons, a study
was made of the material formed in a discharge using
a 22.36MHz 13¢ NMR spectrometer. Both
cross-polarisation with magic angle spinning and
high power decoupling, and delayed decoupling
techniques were used. Five main bands were found in
the spectrum (with their shifts from TMS), they are:
Unsaturated, non protonated =C @ (130-150ppm):;
Unsaturated =CH, =CH, @ (100-145ppm); Quaternary C @
(30-55ppm) ; Methine, methylene -CH, -CH» e
(12-60ppm) ; and finally Methyl -CH3 @ (10-30ppm) The
overall percentages of unsaturates increased across

the series: CyFg-(19%), CyF4-(24%), to C,F,-(38%).

An initial study was also made of the
polymerisation of C,F5 which gave rise to six bands:
Unsaturated, =CF5; Unsaturated non-fluorinated;
Trifluoromethyl -CFj3; Difluoromethylene -CFy:
Fluoromethine -CF; Quaternary C. The contribution
from unsaturated CF is buried between 1ii) and iii).
No major differences were seen between the bulk
material by NMR and the surface (by ESCA) but the
NMR has the advantage of being able to distinguish

readily between C=C and C-C.
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4 )RESULTS AND DISCUSSION.

This section has been divided into two parts,
firstly the results using pure halocarbon plasmas,

and secondly the results of adding H, to the

mixtures.

4.1 JRuns With Pure Fluorocarbon Gases.

As already indicated in Chapter 2, the various
aspects of the system were tested and the initial
problems found. Various gases were used, both to
set up the Brookes mass flow controllers and to
calibrate the emission spectrometer scale. An Oj
plasma was found to clean the system of waste
products and residual gases and was subsequently run
for 15 minutes between each different gas and
whenever the chamber was opened. Lines obtained on
the 1-N plates were measured on a microdensitometer
as were shown in Figure 16 and Figure 17, and their
positions and intensities compared with known flame
and arc spectral 1lines from the 1literature. A
series of trials showed that successful etching was
possible in both the inductively and capacitively
coupled systems using CF4 and CF4/05. Attempts were
made to use the mass spectrometer with a low measure
of success, resulting finally in the necessity for a

complete overhaul of the quadrupole systenm.
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The entire rig was then moved to another building
since the lasers and spectrometers used for the
Raman studies could not themselves be moved. When
the equipment was brought back from the Raman
trials, the vacuum system was refurbished, the new
parallel-plate electrode assembly was installed and
the new Spex monochromator and 1-200 amu quadrupole

fitted. A series of trials was then repeated to

calibrate the scanning monochromator.

4.1.1 )Results From Riqg.

The relative tendencies for polymer deposition or
etching ability for the series CF4, CyFg, C3Fg, CHF3
was studied using a range of electrode materials.
These included nickel, 18/8/1 stainless steel#®, pure
aluminium, dural® and Fecralloy*. A complete series

of runs was then done with combinations of:

Electrode Gases Pressures Flows
materials mT. cm3 min~1

St/Steel CF4
Aluminium C>Fg 600 20(15)*
Nickel C3Fg 300 10(7.5)7%
Titanium CHF3 200 5
Fecralloy

+ Flow rates of 20cm3 min~l not possible for
C3Fg, see "2.3 Gases and flow controls".
Léll at 40W power.

# -18% Ccr, -8% Ni, -1% Si type St/Steel.
B Aluminium alloyed with Cu, Mn and Mg.

* Yttrium, Aluminium containing steel.
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4.1.1.1 )Quartz Crystal Microbalance.

Since the crystal surfaces when new were either
silver (the 5MHz microbalance), or later gold, only
deposition of material could be measured on exposure
to the plasma. This means that a false impression
may be given for etching plasmas since even if the
sample 1is being eroded, the balance will only

indicate a weight gain due to any sputtered

material.

Rates of deposition for the four fluorocarbon
gases were measured with flow rates of 20 cm3 min~1
(15 cm3 min~l for C3Fg), at a pressure of 600mT and

40 Watts applied power at 13.56MHz.

As a rough guide, the shift in frequency in Hz
s=1 corresponds to a <change in polymer film
thickness of A s~l. It should be noted that this is
a function of film density and this will in turn
depend on factors such as the polymer density, metal
contamination and sublimate content. The changes in
frequency as shown in Figure 26 from CF4 plasmas,
and Figure 27 for CyFg, indicate the low
characteristic deposition rate due to sputtered
material. Neither of these gases would be expected
to show any particular tendency towards polymer
formation as, referring back to Figure 5 -the F : C
ratio etch/polymerisation diagram, both exist as

primarily etching gases at all bias voltages.
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There 1is an anomalous result obtained from
exposing the Titanium electrodes to the discharge.
This was due to the formation of what appeared to be
a liquid which condensed on the water cooled
electrode and deposited on the quartz crystal
microbalance surface. A white waxy material
simultaneously appeared on the walls of the vacuum
chamber downstream of the parallel plate electrode
system. On opening the chamber to air, this material
gradually turned to red flakes over a period of ten
minutes. Some of these were collected and examined
using the energy dispersive X-ray analysis system
attached to the SEM. These flakes were, not
surprisingly, titanium rich. This combined with the
corrosion of the tube as the material absorbed
atmospheric moisture indicated that it was probably
hygroscopic TiF4. This would sublime, particularly
from the hot top electrode, as the sublimation
temperature at atmospheric pressure 1is 284°C. The
fluoride would then readily hydrolyse to a mixture
of oxyfluoride and hydrous oxide on exposure to

moisture in the atmosphere.

The deposition rates from C3Fg plasmas, are
shown in Figure 28, indicate a variation that is
strongly dependent on the electrode material. This
effect is not shown to anything like the same extent
with any of the other pure gases. Finally the pure
CHF3; plasma deposition rates are seen to be

comparable to those from C3Fg, but without the
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Two factors will cause this effect. Firstly the
sputtering rates increase as the pressure is
lowered. The residence times are shorter of the gas
phase species and their collision frequencies
decrease. The ion mean free paths get longer and
their maximum energy increases. Secondly the rate of
sublimation of any fluorides formed will increase as
the pressure 1is 1lowered. Typical sublimation
pressures are 284°C for TiF4, greater than 1000°C for

FeF3, 1000°C for NiF, and 1291°C for AlFj.

For CHF3 a certain amount of the decrease is
caused by elimination of HF being enhanced by the
higher ion and electron energies. This will tend to
slow down the rate of film growth but there will
probably be a change in density to contend with in
working out the absolute differences 1in deposition

rates at the two pressures.

Also as the pressure is decreased the average

electron energy will increase. This is due to the
fact that, at the same power density, the electric
field present has more chance of accelerating the
electrons between collisions. Hence these collisions
will occur with increased energy, leading to a
higher probability of reactive species being formed.
There will however be 1less multiple collision
reactions due to the greater energy per impact and
the lower species density. This results in an

overall shift in the vibrational progression towards
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4.1.2 )Examination of Surfaces.

With the effect of exposing the polymer to the
atmosphere having already been noted, the samples
were removed from the vacuum system and then
subjected to the analysis as outlined in "3
Analytical techniques employed". From this a better
understanding of the results obtained in the

previous section was obtained.

4.1.2.1 )S8tep Measurements.

A series of measurements for a set of related

runs using the four gases is given below:

Notes; upstream of the mask.
downstream of the mask. (see Figure 20.)
E= negative step- etching.

| P= positive step- polymer film formed.

SAMPLE ETCH RATE Amin—1 ETCH RATIO ETCH
si sio, si/sio, GAS
up 193 -E- 100 0.52
aool CFq4
down 80 -E- 43 0.54
up 18.3 70 0.26
a002 C5Fg
{ down 25 70 0.36
up 123 -P- 110 ny,2m
a003 CiFg
down 120 -P- 110 L B L
up -P- 19.3 -—-
a004 CHF ;3
i down -P- 17 -
|
|

From these results the principle findings was

the difference in behaviour on the Si and SiOj
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substrates. The polymer forms to an approximately
equal thickness on both Si and SiO; in the case of
C3Fg; but in the case of CHF3, the polymer is formed
preferentially on Si. No reproducible reading could
be obtained on the step caused by the polymer due to
its extreme softness. A thin gold 1layer was
sputtered on top to try and give the layer some

support, but this was unsuccessful.

4.1.2.2 )XPS/ESCA, Auger Spectroscopy.

The first samples submitted for analysis to the
Harwell service were two commercial thermal oxide
etching samples obtained from Electrotech Ltd{476},
Comparisons were made between specimen #1, etched in
CHF3/Ar; and specimen #2, etched in 70% CF4/ 30% Hj.
The former had etched satisfactorily but the latter
has visible evidence of polymer formation, as can be
seen in the SEM photographs shown in Figure érfﬁ%ext
the samples were examined by XPS and a comparison
made with a PTFE standard. The thickness of the
surface layer on the sample was explored by argon
ijon bombardment to see the extent of atmospheric

contamination. The area of sample examined in each

case was approximately 3mm in diameter.

In the as received state only carbon, fluorine
and oxygen were observed on the surface of both

samples. A high resolution scan through the carbon
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1ls peak showed a substantial proportion of the peak
shifted from its normal position, consistent with
the presence of C-F bonds. In both cases the F
content was high although not as high as the PTFE
standard (the fact that hydrogen is not detected is
to be noted). On ion bombardment the F peaks on
specimen #1 dropped rapidly and Si peaks appeared.
The surface polymer layer is only a few monolayers
thick. In #2 the F signal dropped less rapidly and
no Si peaks were detected even after removing 70A
from the surface. The polymer film here is clearly
thicker on #2 than #1, but ion bombardment is not
reliable for measuring the thickness of the film
since F will be preferentially lost from the

polymer.

The drawback with XPS in this case was the
presence of a fine circuit pattern on the surface of
the specimens with resulting different areas of
substrate materials being exposed. AES was
attempted, as the beam can be focussed down to a
small enough spot size to measure on only one type
of substrate feature at one time, Unfortunately the
polymer film was readily degraded with loss of
fluorine and severe charging effects from the

insulating substrates were also observed.
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Specimen #1 o]
As received 7
10A removed 80 11 5
30A removed 88 3 5
Specimen #2 C F o] 8i
As received 59 33 8 -
30A removed 80 18 1.8 -
70A removed 82 15 2.6 -
| PTFE standard

The next set submitted were samples run in each
of the gases CF4, CyFg, C3Fg, CHF3; in the reactor
while using hard anodised aluminium electrodes. XPS
measurements were again made on a 3mm diameter area.
Depth was profiled by sputtering with an argon ion
gun, with each pA min~l approximately corresponding

to 1-2A min~1 sputtered from the surface.

Each sample consisted of an area of Si and an
area of Si0O, exposed to the plasma. In the ‘as
received’ state, the surfaces of specimens from CFy
and C3Fg plasmas had traces of aluminium as well as
the usual fluorine, oxygen, carbon and silicon.
Adventitious carbon, from atmospheric contamination
was found on all specimens as a peak at 1200-1203eV
kinetic energy. Carbon bonded to fluorine was also
found on the surface, as can be seen in the shift of
the carbon peak by about 7eV. Carbon was also
present ‘in’ the film, from its presence on depth

profiling, in the cases of C3Fg and CHF3 on both Si

and Si02 .
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The Carbon 1s spectra of both polymers show
contributions from CF3, CF,;, CF and C not directly
bonded to fluorine. However the spectra of the
polymer formed from C3Fg on the driven electrode is
very different in nature from the material deposited
on the water-cooled ground surface. On the driven
electrode is found a dull black carbonaceous coating
along with Al-F 21%-60%. The material on the
grounded electrode 1is a 1light yellow material.
This, when examined on the silicon specimen, is
shown to have contributions from all four types of

C1g signal.

Gas used. Top electrode. Si sample.

60.7% 53.7%
12.4% 44.4%
5.9% 1.3%
21.0% 0.5%

---- 1189
1195.3 —
1200.5 1193.1

Table 15. o
% Element in film and C;g peak position.

From CHF3 plasmas on the other hand the spectra
of the polymeric material formed on both surfaces is

very similar. There is also a very much greater
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contribution from the CF and CF; species indicating
greater cross-linking and possibly longer chains
than for C3Fg polymers. This is most likely due to
ion bombardment induced cross linking in the polymer
by elimination of HF. This is supported by the fact
that the top driven electrode, which is subjected to
the higher energy bombardment, has the %C > %F

whereas the grounded surface has %C < %F as seen in

Table 15.

4.1.2.3 )ERDA.

Layer depth

3.2x1016
CHF3

5.5x1017 2.5%1016

The relevant spectra are shown in Figure 35.
Additional spectra were obtained from CHF3; with the
peaks in different 1locations due to a change 1in
geometry. This was in an attempt to obtain a
fluorine peak separated from the background noise.

Also included is C3Fg/Hj (70%-30%). Elemental
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concentrations could not be quantitatively obtained
due to the very much thicker polymer films, since

these were of unknown stopping powers.
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4.1.2.4 )Rutherford Backscattering.

Overall the RBS spectra of all specimens exposed
to CF4 and CyFg plasmas show that only thin films,
heavily contaminated with the appropriate electrode

material were formed. This was consistent with the

quartz crystal microbalance data, as these gases do

not form polymer to any significant extent, and the

sputtering of electrode material is known to be the

predominant characteristic. Thick

polymer films

were produced on the substrate surfaces exposed to

C3Fg and CHF3 plasmas, with much 1less metal
contamination. The results are given for CF4, C)Fg,
C3Fg and CHF3 plasmas using Stainless Steel

electrodes (Figure 36), and Titanium (Figure 37).

Sample. "Fe" concn at surface atoms cm™2.
Si Si02

CHF3/Al < 1014 < 1014
CHF3/SS < 1014 7.0 x 1014
CF4/SS 4.2 x 1016 3.3 x 1016
CoFg/SS 1.5 x 1016 1.4 x 1016
CoFg/Al 1.2 x 1013 1.8 x 1015
C3Fg/SS #
C3Fg/Al < 1014 < 5 x 1014

# - The polymer film is thick and contains
"Fe" at about 0.2-0.3% of the fluorine

concentration

Gas "Fe" concentration
comp Si Si0y
| CFy 5.8x1016 7.9%x1016
| Cc,F¢ 2.1x1016 2.2x1016
| C3Fg # #
| CHF, # #

#- T,ittle metal found in the film.
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In the case of CHF3 this is more than simple
dilution effect for the Si surface. The Si0, surface
on the other hand can be seen to be uncontaminated
by polymer in most cases and is also thinner showing
that Si0O; etching has taken place. A graphical
comparison of the amount of "Fe" (Fe,Ni,Cr)
transferred from each of the four gases at 600mT
with stainless-steel electrodes is shown in Figure
37. Comparison should be made with the CF, emission
under the same conditions. The effect is
underemphasised however by the fact that there is
almost certainly a significant sputtered "Fe"
contribution from the oxygen preclean plasma in each
case. Thus the baseline is probably very near the
top of the CHF3 peak resulting in a greater ratio

between the four results overall.

10
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“Fe”surface concentration

CF, emission at 24294

Fiqure 37.

RBS Results, Transferred "Fe'.
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4.1.2.5 )Microscopy.

The Phillips SEM at Harwell was used to examine
some commercial samples to see the effect of the
polymer formation on some device wafers etched in a
commercial machine. It was reassuring to see that
both the etch profiles and the morphology of the
polymers encountered occurred on the test samples

etched in this apparatus. Figures 39 -41 show some

of these features.

Using the Cambridge Stereoscan in I. & A. P., the
surfaces of the four specimens from each of the pure
gases was examined. These were all with
Stainless-Steel electrodes at a pressure of 600mT.
The specimens had to be gold coated due to the
severe charging. The surface features shown are the
regions: Masked Si/Si0O,, exposed Si/Si0O; and the
intersection of these two areas. Since small
fragments of wafer were laid on top as a mask, in
this case, the edge of the etch is somewhat diffuse.
At very high magnifications a grassy surface was
seen and it was possible to imagine a "Fe" signal
from the tips, indicating sputtered electrode
material was acting as a mask. These features were
apparently much less in height than the expected

etch depth since the etch would tend to undercut and

break off the full height features.
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4.1.2.6 )Infrared Studies of Polymers.

Transmission and some reflection spectra were
recorded from 5mm diameter masked regions over the
range 4000-200 cm~l for <CF, and CHF3 exposed
electrodes and samples to confirm the principle
features of the polymer as suggested by XPS.
Comparisons were made with reference spectra of a
silicon wafer blank and again after coating with a
fully fluorinated o0il, Fluorolube. Also spectra were
recorded of a 5 micron Teflon powder in a 16mm

diameter KBr disc.

The results were encouraging SO a more
comprehensive set of transmission spectra were
recorded directly from the films on the silicon
wafers and also from the upper and lower electrodes
after reflection from the metal substrates, (double
transmission) for each of the four gases for
different electrode materials. Further IR spectra
were recorded from scrapings of the yellow deposit
on the upper electrode when incorporated in KBr
pellets. Vapours arising on vacuum pyrolysis of this
deposit mixed with KBr were also examined in a 10cm

pathlength, minimum volume cell.

Some IR results for pure gas fluorocarbon plasmas
are shown in Figure 42 for Stainless-Steel

electrodes, and Figure 43 for Titanium.
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No evidence for polymeric material was found on
either of the electrodes nickel, stainless-steel or
aluminium in either CF4 or C,Fg plasmas and the
driven electrodes wusually had traces of metal
fluoride absorptions. This was most pronounced for
stainless-steel with CF4, and CyFg. These show a
strong peak at ca.510cm™l and 3300cm~1 due to water
associated with the fluoride{477-478) after exposure
to atmosphere. The spectra associated with the
titanium electrodes show strong peaks due to the
titanium oxyfluoride with traces of C-F absorptions.
The unexpected appearance of the fluoropolymer 1is
probably due to the scavenging effect of the
titanium suppressing the back reaction between
fluorine and "CF;" on the electrode surface to

reform the reactant gas mixture.

For C;3Fg the top electrodes are
characteristically ’clean’ with traces of metal
fluoride peaks in the regions seen for the CFy4, CyFg
spectra. However typical C-F stretching peaks could
be seen in the film that has deposited on the
bottom, grounded electrodes. These are at ca.
1230cm~1 for CF53 and CF,, 980cm™1 for isolated C-F,
and 740cm~1 for CF-CF3. The absorption near 1370cm~1
(shoulder on the 1230cm™1 peak) is tentatively
assigned also to CF-CF3. Possible unsaturation in
the fluorocarbon film 1is <consistent with the
presence of the weak 1730cm~1 band (>C=F,, -CF=CF,

and -CF=CF- are possibilities). The increase in
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polymer deposition as the pressure is lowered, as
evidenced by the quartz crystal microbalance results
for C3Fg (Figure 30), could also be seen by
comparing C3Fg/Ni (600mT) and C3Fg/Ni (300mT). Again
the Ti electrodes gave anomalous spectra. The driven
electrode, though ‘clean’, showed no oxyfluoride
bands but was etched, though to a far lesser extent
than shown for the CF4 and C,F¢g discharges. This is
consistent with the lesser amount of free fluorine
present in C3Fg plasmas. The grounded Ti counter
electrode showed both oxyfluoride and polymeric
peaks. Material was scraped off this electrode and
this spectrum is illustrated along with the similar
transmission spectrum from the silicon wafer. This
was done because the IR spectra are clearer than
those of the electrodes, which were complicated by

the uneven deposit formed.

The spectra of the films on the electrodes from
CHF3 plasmas were surprisingly similar to each other
and also to the material formed on the grounded
electrode from C3Fg discharges, with very little C-H
present in the film. This was despite the
differences revealed by XPS. The 1230cm~1l band is
broadened by the enhanced 1370cm™l CF-CF3; due to
greater cross-linking, and the 1720cm™1
runsaturation band’ is also stronger. Virtually
complete suppression of free fluorine 1s indicated
by the Ti spectrum being closely related to those

obtained from the other electrode materials Ni,
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Stainless-Steel and Al. However the hydrolysis peaks
are still in evidence. There is also proportionately
greater unsaturation and cross-linking in the
polymer film due to 1loss of fluorine from the
growing film from bombardment induced HF formation

and the generation of TiF,.

A comprehensive search of the IR reference
library failed to produce anything near the spectra

obtained, but some common features were found with:

1. PTFE
2. Vinylidine fluoride - hexafluoropropylene
copolymer:
F F F
|
-(- CH2 - C -)- -(-C-C -)-
| n | ] m
F F F

This polymer has been observed before as a result
of pyrolysis of C;F4 and decomposition of various
fluorocarbon gases in the presence of a catalytic

platinum filament{477)},

A copy of the spectrum of the scrapings from the
top stainless-steel electrode, run in CHF3 at 600mT,
was submitted to Mond Research Services (ICI) for
comparison with their reference collection. They
reported sodium hydrogen fluoride as the 1likely

major component.
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Checking with a reference spectrum of NaHF,, and
also KHF,; did not support this interpretation. Also
NaHF,; and KHF; are both water-soluble with densities
greater than 2, and the film scrapings were found to
float on water and were obviously insoluble. Little
solubility could be obtained on boiling with aqua
regia and ICP analysis failed to detect significant
amounts of metallic elements. LECO analysis for

carbon on a small amount of sample indicated its

presence as a major component{480},

4.1.2.7 )Thermogravimetric Analysis.

When sufficient material could be obtained,
scrapings of the polymer film from electrodes or the
chamber walls were analysed to obtain some 1insight
into the thermal stabilities of the materials that
could be formed in an R.F. discharge.Samples were
analysed under the following standard conditions:
ca. 10mg sample, with a heating rate of 20°C min~—1
and an air flow of 10cc min~l. Standard samples run
for comparison purposes included PTFE, PVDF
(Polyvinyldifluoride - (CH5CF5) n-) PFA
(Perfluoroalkoxy-teflon), Polythene, and FEP 140

(Hexafluoropropylene).
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Sample Major peak temp Minor peaks.

PTFE 560°C 93.2% 5200C 23.2% (s)

PTFE L 575°cC 78.8% 560°C 66.8%

PTFE M 5500C 96.0% 520°C 22.2% (s)

PFA 5500C 82.0% 5259C  a46.0% (s)

Polythene | 350°C 71.6% 530°0cC 2.0%

PVDF 470°C >100.0% 5450C 9.2%

FEP-140 505°C 73.8% 565°C 64.0%

CHF3 Top | 370°C 53.6% 4359C 30%, 6359C 10%
" "Bott | 330°C 45.6% 2250C  al6.0% (s)
(s) -Shoulder on main peak, (a) =-About

| L -Low molecular weight material

Medium molecular weight material

M -

These results are illustrated in Figure 44, and
include the weight losses for CHF3 derived polymer
run with Al electrodes. Care had to be taken not to
scape off metal from the electrodes as this will
cause a loss in sensitivity as a certain fraction of
the mass, corresponding to the metal, will not
change weight except by oxidation. The overall shift
of decomposition temperature that would be expected
if the top electrode was at an elevated temperature
can be clearly seen in the shape of the envelope.
Extra thermal stability is also gained due to cross

linking of the polymer on the driven electrode.
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4.1.3 )Interim Summary -Pure Gases.

Before discussing the fluorocarbon with hydrogen
plasma measurements, it can be seen that the
different techniques give a very consistent series
of results. Variations in the rates of deposition
from the pure gas plasmas can be correlated with the
breakdown schemes proposed in "5.2 Thermodynamic
calculations." and the separate studies done with a
mass spectrometer. For CF4 and CyFg, the dominant
processes are the formation of the etching species
CF3- and F by ion bombardment. For C3Fg and
particularly CHF3 the generation of species for
formation of the polymer precursors is the most
favorable.All of this behaviour is predicted by the
F : C model. Though optical emission monitors
excited CF,; and not the ground state, it can still
be seen that there was a close correlation between
the rate of polymer formation and the CF,; intensity
as 1llustrated for the three main electrode
materials used. It should be borne in mind though,
that CF,; is still not necessarily the actual polymer
precursor. Of most interest from these pure gas
depositions was the fact that C3Fg polymer
deposition was strongly dependent on the chemical
nature of the electrode material used, as discussed

further in the next section "Electrode effect

-C3F8".
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The second effect, particularly noticeable in the
RBS spectra of Si and SiO, surfaces exposed to CHF;
discharges, was the preferential polymer formation
on the Si surfaces compared to the SiO, for most of
these runs. This can be seen in the different

positions of the Si ’‘edge’ when comparing S$iO5 with

Si substrates.

Overall the material from C3Fg plasmas appears to
be thermally unstable, or easily degraded by ion
bombardment. This can be seen in that the top
driven electrode material remains exposed. The
predominant mechanism for stabilisation of the CHF;
derived material 1is cross-linking of the chains by
radiation induced elimination of HF. This |is
feasible due to the intense UV radiation generated
by the discharge. This would account for the only
minor differences between the material from the
driven and ground electrodes for CHF3 which would
not be found for a predominantly ion-induced

polymerisation reaction.
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4.1.3.1 )Electrode Effect- C,F

This is due to formation of an unstable polymeric
material which can deposit on the water-cooled
ground surfaces, but is unable to remain on the
driven electrode which is subjected to energetic ion
bombardment among other processes. This ion
bombardment causes ion-enhanced fluoridation and
physical sputtering of both metal and the consequent
metal fluorides. This material arriving at the
grounded surface can act as a catalytic chain
initiators for the (CF;), species found. However the
overall ‘’electrode effect’ 1is a combination of
several factors of varying importance:

1. Ease of formation of a protective layer on
the electrode, e.g. Fluoride or a stable polymer
film.

2. Rate of sputtering of the metal.

3. Rate of sputtering/decomposition of the

fluoride/polymer.
4. Catalytic activity of the metal.

5. Catalytic activity of the metal fluoride.

Hence even 1if a parent material is known to be
catalytically active this could be masked if the
fluoride, for example, was easily formed and had a
low sputtering rate. The low rate of formation of
polymer using Fecralloy electrodes 1is most 1likely
due to case 1., the ready formation of an 1inert

alumina/aluminium fluoride surface layer.
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With the XPS data showing that the degree of
cross-linking in the polymer derived from CHFy3 was
very much greater than that from C;Fg, when
comparing material deposited on the grounded Si in
both cases, it is proposed that this was due to
ion-enhanced elimination of HF to give a highly
cross~linked material. This is supported also by the
low component of CH in the same XPS C-1s spectrun.
This effect is even more pronounced on the driven
electrode as the energies of the ions striking the

surface are greater, but the effect of the elevated

temperature must also be considered.

4.1.3.2 )Substrate Effect- CHF3.

This effect has been observed before, and
explained as being due to the reaction of the
forming polymer film with oxygen from the Sio,
lattice, giving rise to products such as COF, and
CO. As already stated, this reaction could be
followed by monitoring 483.5nm CO*. This leaves a
fresh damaged Si surface with plenty of reaction
sites since oxygen is missing from the 1lattice.
Fluorine atom attack is then more favorable, till
the oxygen atoms of the underlying SiO,; lattice are
once more exposed for the cycle to repeat 1itself.
Thus this effect is enhanced 1in 1low C:F ratio

etching gases where polymer forms easily, but is not
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found for mixtures where the polymer forming species
are suppressed i.e. CF4/05. With excess polymer
formation this effect will be suppressed by the

inability of the ion bombardment to remove the film

sufficiently quickly.

In the case of the Si surface there 1is no
corresponding mechanism for removal of the growing
polymer film, thus the surface tends to become

protected against chemical attack.
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4.2 )Runs With Fluorocarbon/Hydrogen Mixes.

Following the study on the deposition rates from
the series CF4, CyFg, C3Fg and CHF3, the effects of
the addition of hydrogen to these fluorocarbon
plasmas was investigated. This concentrated
primarily on C3Fg/H; and to a 1lesser extent on
CF4/Hp. It was hoped that the C3Fg/H, gas mixtures
would lead to the same type of behaviour and
generate polymeric material with the same
characteristics as that from CHF3. The CF4/H,
plasmas were examined to observe the effect of
suppressing the F atom concentration, and to study
the reactions of a commercial etching mixture with a

known high selectivity.

These experiments were performed by establishing
a gas composition using the three channel mass flow
controller and allowing it to equilibrate for
quarter of an hour before striking the plasma.
Microbalance frequency readings were then taken
every quarter of an hour until a linear increase in
weight, as measured by the change in frequency, was
obtained. The cycle was then repeated for the next
ratio of halocarbon to hydrogen. By using this
method neither the chamber or optical system was

disturbed for the duration of the run.

4 )RESULTS AND DISCUSSION. 173



A few measurements were also made with mixtures

of CF4/H; with inert gases to investigate changing
the electrical characteristics of the discharge and

are noted at the end.

4.2.1 )Results From Rig.

4.2.1.1 )Quartz Crystal Microbalance.

The result of an increasing percentage of
hydrogen in a CF4 plasma was found to lead to an
abrupt change from an etching plasma to one that
deposits polymer easily. This has a maximum effect
up to 10% added H, after which the increase in rate
lessens. The optical emission from CF,* also passes
through a maximum at the same percentage of hydrogen

as given by the microbalance results.

With the C3Fg/H, gas mixtures no limit could be
found for the increase in rate of polymer deposition
up to 50% H,. There were problems in that the rates
of deposition from C3Fg plasmas were already high
and the increase soon swamped the available range of
frequency of the Quartz crystal microbalance.
similarly there was no clear maximum to the CFy”*

emission.
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The results for CF4/H2, C2F6/H2, and C3yFg/H»

mixtures are illustrated in Figure 45. Some sample

CF4/Hy with inert gas results are also given.
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4.2.1.2 )Dynamic Optical 8pectroscopy.

Again this was used for a comparison of
intensities of CF,* (249nm) vs. polymer build-up
rate. As stated in the quartz crystal microbalance
section the optical emission from CF,* also passes
through a maximum at the same percentage of
hydrogen. At the same time, though 'the atomic
hydrogen emissions were always observed, no Hj
molecular emissions were clearly visible until 10%
H, by volume had been exceeded. The F atom emission
was markedly quenched by addition of H;. The HF
emission lines were looked for but not observed,

they are known though to be weak.

With the C3Fg/H, gas mixtures no limit could be
found for the increase in rate of polymer deposition
up to 50% H,. Similarly there was no clear maximum

in the CFZ* emission.
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4.2.2 )Examination of Surfaces.

Si sample.

47.1% 51.3%
51.4% 47.8%
1.5% 0.8%

1188 1187
1190.3 1188.
1192.7 -—
1194.7 1193.

2% 63.3%
.3% 1.7%
.3% 35.0%
.2% 0.0%

F 44.8% 45.0%
C 2.4% 2.1%
o) 52.8% 53.0%
Al 0.0% 0.0%
CF; 1189.3 1190.0
CF, 1191.7 1192.6
C-CFp 1193.8 1194.7
C 1196.1 1197.0

1198.3

The spectra are given in Figure 52 for C3Fg, CF4/Hj,

CHF3 and C3Fg/H, respectively.

4 )RESULTS AND DISCUSSION. 184









4.2.2.3 )Infrared Studies.

A range of electrodes and Si0, wafers from
CxFy/Hy mixtures were also examined by IR. These are
shown in Figure 53. All of these mixtures were

characterised by thick polymer films deposited on

both electrodes.

CF4/H; top electrodes indicated traces of metal
fluorides - presumably due to the initial pure CFy
plasma. These also show a lesser C-H content than
the corresponding ground electrodes. The similarity
shown by XPS between the CF4/H, generated material
and - that from C3Fg 1is not shown by the IR to any
significant degree. However the spectra do indicate
that there are similarities between the material
from C3Fg/H, and CHF3 on the top electrodes that was

also shown by XPS.

The experiments that were done with Al electrodes
and CF4/H2 and C2F6/H2 discharges showed some
evidence for the substrate effect in that, whereas
the bottom electrodes were coated in polymer, the
Si0, surfaces examined show very 1little (CFy)p

material.
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4.2.2.4 )Thermogravimetric Analysis.

Sample Major peak temp| Minor peaks.
Oc
Polythene | 350°C 71.6% 530°C 2.0%
PVDF 470°C >100.0% 5459C 9.2%
CHF3 Top 370°C 53.6% 4359C 30%, 635°C 10%
B 3300C  45.6% 2259C a 16.0%(s)

CF4/Hp T 4950C  11.4% 330°cC 7.2%

" B 375°C 40.8% 490°C 20.8%
CaFg/HoT 4120C 52.0% 510°C 36.0%

" B 591°C  52.8% 3100C 51%,96°C 6.4%
C3Fg/H,T 415°C  12.1% 520°C 12.5%

" B 315°C 26.1% a550°cC 4.0%

(s) -Shoulder on main peak, (a) -About
Conditions: ca. 10mg sample.
Heating rate 20°C min~1
Air flow of 10cc min~1
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4.2.3 )Overall summary and Conclusions.

A number of fluorocarbon gases, viz CF4, C5Fg,

CyFg, and CHF3 were compared for their relative
tendencies to deposit polymeric material during the
plasma etching of Si/Si0O,. Emission spectroscopy
confirmed the correlation between the production of
CF2* in the plasma and the corresponding rate of
polymer deposition. The role of the composition of
the electrodes in the polymer production process has
also been examined, particularly for the two gases
C3Fg and CHF3, which produce the greatest abundance
of polymers. It was found that polymer production
from C3Fg 1is much more sensitive to electrode
composition than that from CHF3. On the other hand,
polymers produced from C3Fg can accunmulate at
similar rates on Si and SiO;, whereas those from
CHF3 show a much greater 1likelihood of building up
on Si than on SiO,. XPS and Infrared spectroscopy
were used to demonstrate that polymers arising from
these two gases exhibit marked structural
differences, which can be minimised by mixing

hydrogen with C;3Fg.

It is proposed that the ’electrode effect’
associated with C3Fg is as a result of metal or
metal fluorides being transferred from the driven
electrode (where the dominant process 1s 1ion
enhanced fluoridation), to the substrate surface

where they may act as catalytic chain initiators for

4 )RESULTS AND DISCUSSION. 191



the polymerisation process. The effect is not
observed for CHF;, since the formation of the more
thermally stable polymer film on the surface of the

top electrode acts as a mask and inhibits sputtering

of electrode material.

Rutherford Backscattering Spectrometry was used
to examine the polymer films, especially for the
presence of metal contamination from the electrodes.
This technique 1is especially suitable for the
quantitative detection of the distribution of
relatively heavy elements in 1light matrices. These
spectra confirmed the presence of metal
contamination in the polymer films 1laid down from
C3Fg plasmas, which also showed a layer of polymer
on both Si and Si0O,. This was in contrast to the
spectra from CHF3 where it was found that
preferential polymer deposition occurred on the Si
surface. This phenomenon, the ‘substrate effect is
generally ascribed to oxygen in the §SiO, 1lattice
being able to oxidise the fluorocarbon polymer, as it
forms, to CO, CO,, and COF,, which can then desorb
from the surface. No such effect was observed for
CyFg, perhaps because the presence of catalytic
material on the substrate surface readily promotes

new polymer formation.

The RBS spectra of all specimens from CF4 and
C,Fg plasmas showed that only thin films, heavily

contaminated with metal, were deposited. This was
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consistent with the fact that these gases are
essentially etching in nature, forming little or no
polymer, and so sputtering of electrode material can
occur readily. For this reason, their RBS spectra
are very similar to those to be expected from

‘clean’ Si and SiO, substrates, but with traces of

sputtered metal on the surface.

XPS studies of the polymers deposited in C3Fg and
CHF3 plasmas were performed to give an insight into
the types of fragments present in their molecular
structure. When C;3Fg was used, the top electrode
showed a carbonaceous deposit visible as a black
film mainly around the edge of the electrode
surface. The Si sample, which was covered by a layer
of light yellow polymer, showed contributions from
four main structural types. These differences may be
attributed to the fact that while polymerisation is
the dominant process occurring at all grounded
surfaces, ion-enhanced fluoridation and physical
sputtering dominate at the driven electrode which,

in this system, can be about 250°C hotter.

On the other hand, the polymers deposited from a
CHF3 plasma on to the top electrode and the silicon
substrate were found to be very similar. Also the
degree of <cross-linking in this material was
apparently far more extensive than those from C;3Fg.
It is proposed that this is due to the presence of H

atoms in CHF43 derived polymers which is likely to
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give rise to adjacent C-H and C-F in the material.
The elimination of HF is then a favorable process
(QH ca. -302kJ/mol), 1leading to stabilisation by
cross-linking and formation of double bonds. This
elimination mechanism in polymers from CHF3 would
also account for the low intensities of the C-H

component of the XPS C;g spectrum.

In order to detect the presence of fluorocarbon
deposits on the electrode surfaces, infrared double
transmission spectra were recorded. No evidence for
polymeric material was found on the electrodes from
CF4 and CyFg plasmas, though some metal fluoride
absorptions were observed. Under the present
operating conditions, these gases are therefore
etching in nature and do not form any polymeric

fluorocarbon films to any significant extent.

The top electrode surface from a C3Fg plasma gave
two peaks in the region 600-400cm~1 that may be
assigned to metal fluorides, while the bottom
electrode showed extensive absorptions in the
fluorocarbon region, which correlated well with the
results obtained by XPS. Good agreement between XPS
and IR was also found with the CHF5; samples, where
extensive C-F absorptions were found for both top

and bottom electrode surfaces.

Following this initial study of the deposition
rates, and the characterisation of polymers 1laid

down by pure fluorocarbon gases, the C3Fg/H, system
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was examined. Hydrogen addition to the C3Fg plasma
suppressed the F atom concentration by formation of
HF, and reduced the rate at which species such as
CF, were consumed by recombination reactions to
give, for example, CFj. This resulted in a
considerable increase in the polymer deposition
rate. The electrode effect, a characteristic of the
pure C3Fg plasma, was drastically reduced as well.
This was presumably due to a masking 1layer of
polymer being laid down on the top electrode which
prevented sputtering of catalytically active
material. This was reflected in the RBS results
which showed only a very 1low 1level of metal
contamination in the polymer films. There was no
evidence of any substrate effect, but this was not
totally unexpected, since the high rates deposition
would tend to swamp any such effect. XPS Cj;g spectra
of the polymers deposited on the top electrode and
the silicon substrate were very similar and closely
resembled those from CHF3. The C-H component did
appear to be more intense though. Unlike the pure
C4Fg plasmas, there was again an apparent high
degree of cross-linking within the polymer, made
possible by the presence of hydrogen which, after
incorporation, could presumably be eliminated as HF
from the polymeric structure. IR double transmission
spectra were again recorded, and both electrode
surfaces showed strong absorptions in the

fluorocarbon region, although they were less
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extensive on the top electrodes where a metal
fluoride absorption could also be observed. This is
consistent with the fact that pure C3Fg was used at
the start of the run, before H, was added. There was
a strong similarity between the spectrum obtained
from the bottom electrode and that from a CHF;
plasma. This agrees well with the similarities also
observed by XPS between the polymers on the silicon

samples comparing C3Fg/H, and CHF3 plasmas.

Hence overall this study has confirmed the
relationship between polymer deposition and the
presence of certain species, such as CF; in the
plasma. It has used Rutherford Backscattering
Spectometry to interrogate the polymers, especially
for the detection of metal transferred from the
electrodes, and thereby highlighting the role of the
electrodes in influencing the likelihood of polymer
formation. Furthermore it has demonstrated
significant differences between the two gases viz.
C3Fg and CHF3, which in this work have given rise to
the highest rates of polymer deposition. The former
gas shows a sensitivity to the nature of the
electrode material. This 1is ascribed here to the
fact that the polymer from the C3Fg discharge is
unstable to a combination of ion bombardment and
high temperatures. Hence the electrode material is
always available for the production of catalytic
species and is also likely to remove atomic fluorine

from the system as metal fluorides, thereby further
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enhancing the probability of polymer formation. On
the other hand, the polymers arising from CHF3 are
thermally more stable and do not allow the electrode
to participate in the various reactions. The
structure of the latter polymers, confirmed by XPS,
is consistent with their being formed via an HF
elimination mechanism. This concept is supported by

the similar structures formed from C3Fg/H, mixtures.

{ Parts of this work have already been published

as "A Study of the Deposition of Polymeric Material
onto Surfaces from Fluorocarbon RF Plasmas", in

Plasma Chemistry and Plasma Processing Vol.6é No.4,

417-427, (1986).
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S )APPENDICES.

S.1 CONTROLLED ATMOSPHERE SEM.

As the project was involved in etching as well as
deposition studies on Si/Si02 substrates, some
mention will be made of the work that was done in a

controlled atmosphere scanning electron microscope.

S.1.1 )Introduction.

Most of the work so far, in the field of
controlled atmosphere scanning electron microscopy,
has concentrated on two main areas{481-484}.

1. Atmospheric SEM -detection takes place
above a pressure limiting aperture with the sample
pressure usually below atmospheric.

2. Environmental SEM -detection takes place
below a pressure limiting aperture -sample generally

at atmospheric pressure.

The main limitation is the electron-beam
scattering due to gas molecules present which takes
place in three distinct regions; firstly between the
electron gun and objective aperture, between the
objective and pressure limiting aperture, and also

between the pressure limiting aperture and the

sample.
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The microscope operates by generating a fine beam
of electrons from a heated tungsten filament. These
are accelerated by a potential of typically 20kV and
focussed as a fine spot on the surface of the
specimen by electromagnetic lenses. Electrons
leaving the surface and up to a micron below, due to
the action of the primary beam, are attracted to the

secondary electron collection systenmn.

Apart from producing an image of the specimen,
the second important effect of the incident electron
beam is the possibility of breakdown of any species
chemisorbed on the sample surface. This process is
achieved in the plasma rig by the high electron

energies produced by the R.F. field.

With the very much 1lower pressures used the
specimen detail resolution should be better than
500A and could be as good as 150A. This is in a
system with magnifications from 20X to 50,000X.
Hence, if successful etching can be achieved,
sub-micron masks and device features could be
fabricated, in scanned areas of 5mm to 2 microns.
The three major observable effects should be loss of
surface material as volatile products, formation of
growths on the sample or the laying down of

coatings- the major effect so far observed.

In this study the microscope was intended to be
used as a very fine Reactive Ion Beam etch type

system, but using electrons as the charged particles
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instead. In this way it was hoped to be able to
demonstrate ‘maskless’ etching of Si and Sio,
surfaces with very fine dimensions. The possibility
of pattern delineation by the deposition of

material, and/or oxygen atmosphere etching was also

examined.

5.1.2 )Instrument.

A Cambridge S2A scanning electron microscope,
illustrated in Figure 62, was adapted for use as a
controlled atmosphere instrument. The main advantage
with this particular model 1is that the column is
sealed from the chamber except at the aperture. This
is due to the quick specimen change feature offered
by Cambridge Instruments, in that the chamber can be
brought up to atmosphere without breaking the vacuum
in the electron-optics. This particular instrument
has a major disadvantage in that the electron-gun to
objective aperture 1is pumped centrally. This 1is
unsatisfactory for CASEM work, because the gun and
objective should be pumped separately. This 1is to
ensure that the pressure in the gun chamber is as
low as possible. This was particularily important
when it was intended to have fluorine containing
species present, whilest using a tungsten filament.
Unfortunately modifications here are difficult on
this instrument, but using the smallest of the three

supplied apertures, the chamber pressure can be at
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2mT (at the vacuum trip level), without bringing the

gun pressure above 2 X 1075 torr at a backing

pressure of 0.2 torr.

5.1.2.1 )Vacuum Systen.

Only slight modifications were carried out on the
vacuum system of the Cambridge S2A scanning electron
microscope, for the controlled atmosphere work. The
diffusion pumps for the electron gun and specimen
chamber had the standard oil supplied changed to
Convalex-10, a special high efficiency low
contamination poly-phenyl ether. The main
backing/roughing pump used a standard hydrocarbon
0il, which did lead to problems with degassing when
the system was in use. It was found that the safe
limit for controlled atmosphere work at the highest
pressure the microscope would allow was about two
hours. Longer than this, and the filament lifetime
was seriously degraded due to the increased pressure
as well as oxidation, carbon buildup and formation
of volatile WFg -from breakdown of the etching
gases. When the pumps have had time to degas,
preferably overnight, work can safely be
recommenced. Whilest no serious problems with oil
breakdown were found due to effluent contamination,
a single stage Fomblin o0il containing pump as fitted
to the plasma rig was on order. Though oil

contamination and carbonaceous buildup are claimed
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to be reduced in Scanning Electron
Microscopes({485-488) this will have the
disadvantage that the backing pressure to the

diffusion pumps will be higher, with consequent

problens.

5.1.2.2 )Hardware and Stages.

The microscope has two stages that have been
modified for controlled atmosphere work:
* A standard X-Y stage with rotate.

* A 25-1100°C controlled temperature stage.

5.1.2.2.1 )X-Y stage with Rotate.

This used standard 5cm thin aluminium discs on to
which the samples were attached with aquadag,
silverdag or some other suitable conducting medium.
The stage was used for 1larger specimens since a
reasonable range of movement was allowed. The gas
inlet nozzle was positioned initially directly above
the holder. The stage was also tilted at 45° towards
the scintillator to collect the maximum number of

electrons.

5 )APPENDICES. 202



construction of the Gas Cell.

One of the problems was the amount of gas
actually at the surface of the surface being low due
to the distance between the jet and the specimen.
Initial work with CF4 and CyFg indicated that a
layer would build up and be retained by the surface
but etching would only proceed at very low rates.
The main influence of the electron-beam was to cause
deposition of carbon on the surface. With a higher
pressure of gas at the surface there is more chance

of electron induced ionisation to generate active F

atoms.

With a small piece of clean Silicon loaded onto
the stage the electron beam was scanned across the
surface in line mode. This was to ensure that the
effect of electron beam degradation of the residual
hydrocarbon o0il in the system was not confused for
an etchant gas effect. With a small flow of CFy
introduced an effect was observed; showing that
there was a small but significant pressure of gas
above the surface. However the change in morphology
of the surface of the sample was extremely slow with
the most likely explanation being the low
concentration of gas present. A confining cell was
therefore designed and built to increase the gas
concentration above the specimen as much as
possible, on this stage. This consisted of a brass

cap machined to very close tolerances to fit over
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the rotating stage on which the sample was mounted.
It was necessary also to coat the edge of the
observation port with carbon to minimise secondary
electron emission from the cell. Then with vacuum
grease applied to the edge of the stage as an
additional seal, the pressure in the cell could be
increased so as to destroy the image completely by
electron scattering, without approaching near the

vacuum trip. This stage is illustrated in Figure 63

in the photographs.

5.1.2.2.2 )Temp. Controlled Stage.

This was a heated stage for small samples, thus
allowing deposition and etch rates as a function of
temperature to be studied. However temperatures
above 100°C when power is applied to the heater,
lead to noisy images due to the thermal electrons
emitted. This was partially countered by a fine grid
which 1is held at -5 volts with respect to the
sample, to supress all the very low energy
electrons. This was 1in practice difficult to use as
it has to be carefully installed electrically
isolated from the sample boat and thermocouple
probes. The detection system scintillator voltage
was also reduced to discourage the 1low energy

thermal electrons from entering the electron
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5.1.3 )Progress and Results.

In the controlled atmosphere role some etching,
but mainly deposition was oberved, using CF4 with
Si0, specimens. Some films were shown to be due to
the influence of the primary beam on the pump oil
present above the sample, but filament growth and
polymer film growth has been demonstrated.
Unfortunately the age of the microscope means that
it 1is tempramental with trouble both in the
sequencing of the vacuum system operation and the
high voltage supply to the gun. Thus only a few

preliminary results are presented here.

5.1.3.1 )AGR Fuel Pin Studies.

As well as examining semiconductor specimens,
samples consisting of H; annealed Advanced Gas
Cooled Reactor fuel elements were studied. Work on
AGR fuel pins showed that it was possible to grow
filaments on the ferrous metal surface about 100A
long at temperatures between 500-800°C in a pure CO
atmosphere. The electron-beam however had only a
slight additional effect. The filaments could not be
observed in situ as their size was below the
resolution of the instrument in the scanning mode.
They could however easily be observed in the other
SEMS, but this meant that the particular area

exposed to the electron beam in the first microscope
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was difficult to find. Typical deposits that could
be obtained are illustrated in a photo at the end,

Figure 66.

5.1.3.2 )siog. W, Mo on 8i S8tudies.

The microscope was used for the initial
examination of etched and coated specimens from the
plasma rig. Initial examination of some etched
samples, where the SiO; on Si has clearly been
removed, failed to detect the edge profile, due to
the isotropic nature of the etch and the poorly
defined edge of the mask, even with lowered
accelerating voltages. The method of measuring edge
discontinuities by observing fringes in a drop on
the surface and by using the Talystep was however

adequate.

Work was done with both CF4 and CyFg as the
etchant gases. The theoretically more reactive
CF,/0,, CFg/0, mixes were also tried, as being the
various gases used in commercial plasma etching
systems on Si02, Mo and W films on Si. These
mixtures were made up on the plasma rig gas mixing
system, hence allowing the possibility of direct
comparisons between the two systems. The mixtures
were introduced through a micrometer needle valve,
the maximum pressure allowable in the chamber again

being determined by the vacuum trip. One interesting
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area would be the effect of wusing XeF,, if
fluorination problems of the microscope can be
overcome, as a comparison to XeF, with Ar?

bombardment.

There was some evidence for a change in the X-ray
emission from the surface as W or Mo films on Si
were etched. Thus the Kevex detector was indicating
the end of etch. However the absorption of Si
characteristic radiation is high and hence care
would have to be taken with this method for thicker
films. Loss of the products WFg, MoFg, SiF; was
easily obtained due to the high vacuum conditions
and low boiling points, but breakdown products were
not detected by the mass spectrometers. The fact
that the electron beam is reducing, thus possibly
producing lower valent higher melting point ionic

compounds should be noted.

Work was stopped on this instrument due to the
time it consumed because of the difficulties
associated with controlled atmosphere microscopy,
and the effort concentrated on the main plasma rig.
other work that was hoped to be achieved in the
laying down of polymers and other coatings on

substrates had to be abandoned.
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5.2 )GAS BREAKDOWN IN MASS SPECTROMETER.

A V.G. Magnetic Mass Spectrometer was used to
study the breakdown of the homologous series of
fluorocarbon gases as a function of varying ion
energy. The measurements were made at energies of
15, 20, 40, and 100eV with the four pure gases. This
was to study the ion induced reactions of these
gases and also because there have been previous
studies on measuring the appearance potentials of
various CFy species. Results obtained are shown
below in Figure 57 for CF4, CyFg, C3Fg and CHFj3
respectively. Attempts were then made to correlate
this data with the thermodynamically favorable
reaction routes calculated from the thermodynamic
information available. Again due to hardware
problems, now with its control computer, this mass
spectrometer was unavailable for the more

interesting CyFy/H; measurements.

In all cases, except CHF3, the highest intensity
signal was from CF3%, and the concentrations follow
a pattern that is to be expected from the bond
energies. For CHF3 though, the CF3+ signal appears
to be lower than expected, possibly due to CF3 + H

——— CF2 + HF.
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5.3 )THERMODYNAMIC CALCULATIONS.

5.3.1 )CF, 8pecies.

CF
CHF
CF, -182 (-171/-194)
CHoF -33

CHF -248

CF3 -472 (-469)

CoFg -887 (-909)
CH;3CF> -303

C3F7 -1282

CF=CF, -192

H +218
F +79.1

CFq4 -911
-451
CoFy -636
CoFg -1324
CaFg -1083
-285
-1720
-680 (-698)

-64.8
=172

-639
-765
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5.3.1.2 )Bond Energies.

Species. kJ mol-1l

436
157
569
309 (293)
519
452
505
427 (444) =
515 (477) |

Notes:

# C2F4 sigma-bond (142.1), pi-bond (163.3)
Average bond energies: C-C (607), C-F (536), C-H

(337)

5.3.2 )CyFyH; Reactions- Pure Gases.

| Parent Products kJ mol~1
| cry —-—=> CF3 + F 520
: CF3 + CF3 402
| . Fg ———>
! CoFg + F 477
‘ C>Fg5 + CFj3 361

C3Fg -——>
! CyF7 + F 437
l
| CF3 + H 427

CHF3 ————>
| CHF, + F 505
| !
| Then: CF3 =--=> CFp + F ;
| except for CHF3 ----> CF, + HF |
| —

Note{489): 2CFy, + M ——==> C3F4 + M

K(3) ca. 2.1x107 dm3mol~ls~1 @ 298K
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5.3.3 )gxgygz_geactigps- Ho_ Additions.

Parent Products

CFq + Hp ----> CF3 +

HF

CF3 +
CoFg + Hy ===-> o p
25

CF3

HF

CyFs
C3F8/H2
C3F7 +

CFj

HF

CFy +
CHF3/H2
CHF, +

H

HF

Then: CF3 + H =---> CF2 + HF
except for CHF2 ----> CF + HF

5.3.4 )8i/8i0,_ processes.

5.3.4.1 )Heats of Formation.

Ref(490).

5.3.4.2 )Bond Energies.

Species.

Si-0
Si-F
Si-H
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